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Preface to ”Frontiers in Healthy Cities: Policy Impacts

and Inclusive Governance”

Today, the proportion of human beings residing in cities has exceeded 56 percent, and this

number is increasing every year. By 2050, 70 percent of the world’s population will live in cities.

While cities provide many opportunities for human being development, they also pose unique health

risks. The disproportionate effects of the contagious disease COVID-19 on the urban world today

has strongly urged policymakers worldwide to place health high up on the social, economic, and

political agenda of city governments. As articulated by the World Health Organization (WHO) in

a recent statement, a healthy city is defined by a process, not an outcome. The WHO also defines

healthy cities as a process to strive to create social and physical environments which empower people

to mutually support each other, both in getting on with daily life and reaching their maximum

potential. The planning and design of urban space, the built environment, and community structures

have been found to be critical elements in the formation of a healthy city. However, to ensure

health justice, people’s involvement and inclusion in the governance of urban health issues are

also crucial. To promote advances in the knowledge on the formation and governance of healthy

cities, we organized this Special Issue on “Frontiers in Healthy Cities: Policy Impacts and Inclusive

Governance” in the peer-reviewed scientific International Journal of Environmental Research and

Public Health. The current collection contains 37 high-quality original papers that drew from a large

number of submissions after a rigorous double-blind reviewing process. A broad range of topics are

covered in this collection, something which will help to shed light on the improvement directions of

the governance of healthy cities for worldwide policy makers and scholars.

Jie Chen, Qian Zhou, and Ting Zhang

Editors
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Abstract: This study takes urbanizing China as the research object, employs data from three follow-
up surveys conducted by the Harmonized China Health and Retirement Longitudinal Study, and
examines the effects of urban sprawl on public health from physical and mental health perspectives.
Although urban sprawl does not necessarily increase the risk of each specific type of disease or
psychological feeling, it has a significant impact on overall physical and mental health. Further
analysis reveals significant heterogeneity in the effects of urban sprawl on the physical and mental
health of different groups. Specifically, urban sprawl is detrimental to the physical health of males
and females, but only has negative impact on the mental health of females. Younger groups are
more vulnerable to physical and mental health damage from urban sprawl relative to middle-aged
and older groups. In addition, urban sprawl has a significant negative impact on the health of the
low-education group but a very limited impact on the health of the high-education counterpart.
From an income perspective, however, the preference for suburban housing among middle- and
high-income groups makes their health more vulnerable to the negative effects of urban sprawl than
low-income groups living in urban centers.

Keywords: urban sprawl; physical health; mental health

1. Introduction

Urban sprawl has become a common spatial structure worldwide [1–4]. This phe-
nomenon is characterized by the expansion of urban areas exceeding the growth of the
urban population, the dispersal of large numbers of people and economic activities to
the suburbs, a decrease in land-use intensity and population density, and a decentralized
and polycentric urban form [5–8]. According to the OECD measurements of 1156 cities
in 29 OECD countries, many countries and cities have experienced a dramatic increase in
urban sprawl since 1990 [9]. Such low-density urban spatial growth pattern resulted in a
range of negative impacts on urban economic, social, and environmental aspects, such as
lower productivity and labor wage incomes [10,11], higher energy consumption [12,13],
decreased air quality [14–16], auto reliance [6,17], and ecosystem fragmentation [18,19]. As
a result, urban sprawl has become a hot topic of concern for scholars and policy makers
worldwide [1,3,4,20].

Recently, researchers in urban planning and public health have begun to focus on the
relationship between urban sprawl and public health, noting that a sprawling urban spatial
growth pattern can be harmful to public health [21–27]. One branch of the literature focuses
on the effects of urban sprawl on obesity and finds that people living in sprawl areas are
more likely to be obese than those living in compact areas [22,25,28–30]. Another stream of
literature explores the effects of urban sprawl on mortality and various diseases [25,31] and
confirms that residents living in sprawl areas may face higher mortality rates [32,33] and

IJERPH 2021, 18, 10181. https://doi.org/10.3390/ijerph181910181 https://www.mdpi.com/journal/ijerph1
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are more likely to develop heart disease [25,34], high blood pressure, and diabetes [25]. By
contrast, a compact urban form can reduce cardiovascular mortality [35]. The third branch
of the literature examines the impact of urban sprawl on the health care costs of the residents
and establishes that urban sprawl increases residents’ health care expenditures [36,37].
Accordingly, the World Health Organization (WHO) advocates the use of urban planning
as a tool for high public health [38].

Several studies subsequently explore the mechanisms by which urban sprawl af-
fects public health and verify that urban sprawl can affect public health through reduced
physical activity [25,36,39], decreased air quality [14–16], pedestrian-unfriendly built envi-
ronment [1,40,41], pedestrian injuries and fatalities [22,42], and other ways. Urban sprawl
can reduce the physical activity of residents, and the lack of physical activity is considered
the fourth leading risk factor for death globally and causes 3.2 million deaths annually.
Urban sprawl also tends to fragment intra-urban spaces and increases commuting dis-
tances for residents, with this occurrence leading to reliance on cars and a reduction in
active transport (e.g., such as walking and cycling), which is considered a convenient way
to increase physical activity [6,43–45]. Furthermore, urban sprawl tends to create built
environments that are not friendly for walking, and this situation can lower the proba-
bility of resident engagement in physical activity [1,40]. In addition, urban sprawl can
lead to a decrease in air quality, a condition which affects the health of residents [14–16].
Urban sprawl contributes to increased vehicle emissions [12,13] and rising construction
dust [46], both of which can further harm the residents’ health by causing respiratory
diseases, cardiovascular diseases, and liver fibrosis [47,48].

Relatively rich research on urban sprawl and public health is available, but some
shortcomings and deficiencies are evident in the literature. First, scholars have mostly
studied the effect of urban sprawl on public health from the perspective of physical health.
Some discussions regarding mental health have emerged in recent years, but they are still
very limited. In fact, urban sprawl also affects mental health directly or indirectly. Air
pollution caused by urban sprawl can increase oxidative stress and systemic inflammatory
responses in humans, directly contributing to depression and cognitive dysfunction and
even causing brain damage and dementia [49,50]. Changes in the built environment
because of urban sprawl can also increase the risk of depression among residents [51].
Second, existing studies on the relationship between urban sprawl and public health
mainly focused on developed countries such as European nations and the U.S. [27,28], with
relatively few studies targeting developing countries. China is a typical case of a developing
country for studying this issue. As a developing country undergoing rapid urbanization,
China’s traditional high-density model of urban spatial development has been disappearing
gradually. On the contrary, urban sprawl has become a common phenomenon in its current
urban development [4,52]. Although urban sprawl in Chinese cities has been promoted
jointly by local states and market forces and simultaneously by real estate developer and
industrial manufacturers, both of which are different from western cities, the spatial pattern
and its multidimensional impacts are quite similar to those in other countries [53,54]. At
the same time, public health has become an important challenge for developing countries.
This is the case for China as well. The WHO (2016) reported that mental illness, diabetes,
and cardiovascular disease will cause the most economic damage in urbanizing China
in the future among all diseases, and this trend is exacerbated by urban sprawl and the
lifestyle and the work changes it generates. Third, given the limitation of survey data,
most previous research on the relationship between urban sprawl and public health have
used cross-sectional data. Nevertheless, cross-sectional data are difficult to control for all
unobservable individual differences and are prone to problems such as omitted variables.

Accordingly, this study uses the authoritative data published by the China Health
and Retirement Longitudinal Study (CHARLS) to examine the effects of urban sprawl on
public health in urbanizing China. The main contributions of this work are as follows.
First, this article assesses the effect of urban sprawl on public health from the perspectives
of physical and mental health, which are comprehensive viewpoints. Second, this study
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uses China as a case and thus makes up for the relative lack of such research in developing
countries. Third, the data used in this work are tracking survey data, cover three periods
(2011, 2013, and 2015), and are comparable between periods. The tracking survey data
provide information on the dynamic behavior of individuals and can significantly improve
the precision of the estimation. Fourth, this work further explored the heterogeneous
characteristics of the effects of urban sprawl on the physical and mental health of different
groups in four dimensions: gender, age, education, and income level.

2. Research Methods and Data Sources

2.1. Model

To test the impact of urban sprawl on public health, this study constructs the
following model.

PHict = β0 + β1USct + γ1Xit + τc + ωt + εct (1)

MHict = β0 + β1USct + γ1Xit + τc + ωt + εct (2)

where the subscript i represents different individuals, c denotes city, and t denotes waves
of survey. τc and ωt refer to the city fixed effects and time fixed effects, respectively.
PHict and MHict represent the physical and mental health status of respondent i living
in city c for the tth waves of survey. USct represents the degree of urban sprawl in city
c in year t. Referring to the previous literature, the control variables mainly include the
following three categories. The first category controls individual demographic variables,
such as age, gender, marital status, education level, and employment status. The second
category controls lifestyle and health behavior variables, including smoking and alcohol
consumption. The third category controls family structure variables, including the number
of people living in household, whether any child is co-residing with the respondent, and
annual household income. As CHARLS involves longitudinal data, this study refers to
Lim and Hong [55] and Wang et al. [56] and employs the generalized estimating equations
(GEE) method to examine the relationship between urban sprawl and public health.

2.2. Data Sources

The individual-level microdata of middle-aged and older adults used in this paper
were obtained from the Harmonized CHARLS database which was provided by the Center
for Socioeconomic Research (CESR) at the University of Southern California and has been
widely used to study health problems of Chinese residents [57,58]. The raw data for Har-
monized CHARLS came from the CHARLS data organized by the National Development
Institute of Peking University. CHARLS started the baseline survey in 2011 and conducted
follow-up interviews in 2013, 2015, and 2018. CHARLS adopted a multi-stage cluster and
stratified probability proportionate to size (PPS) sampling method to conduct the survey to
ensure the representativeness and unbiasedness of samples. CHARLS randomly selected
residents aged 45 years or older and their spouses for the survey. For ease of use and
international comparison, CESR linked the CHARLS data to the variables from the Health
and Retirement Study data produced by the RAND Corporation (RAND HRS) and named
the outcome as Harmonized CHARLS. The Harmonized CHARLS database combines the
CHARLS 2011, CHARLS 2013, and CHARLS 2015 samples, making each wave of survey
comparable for easy establishment of panel models. In addition, the Harmonized CHARLS
integrates numerous variables on the basis of CHARLS data, with relatively few missing
variables and high data quality.

The urban sprawl index was calculated according to the MODIS Global Urban Extent
Product (MGUP) data [59] and WorldPop global population density data. To obtain a reli-
able urban sprawl index, the extent of urban built-up areas and their respective populations
needed to be identified. However, the area provided by China’s urban economic statistics
may vary in standard from time to time and from city to city. Furthermore, China does
not have resident population statistics accurate to the neighborhood scale as the United
States does. Therefore, a more precise method is required to measure urban built-up areas
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and their population. In this research, we use MGUP data to identify the largest patches
within the administrative boundaries of each city as urban built-up areas, combine the
WorldPop data to calculate the population of each built-up area, and finally compute the
urban sprawl index accordingly. MGUP data are widely used in the study of global urban
areas [59,60]. MGUP has been validated to be more than 90% accurate in identifying urban
boundaries in multiple scenarios [61]. As a class of data reflecting the spatial distribution of
population, WorldPop data have higher estimation accuracy and longer duration compared
to other gridded population spatial distribution data and is ideal for measuring the spatial
distribution of urban populations [62].

We linked individual-level survey data for each city with city-level urban sprawl index
for further analysis. This study only retains samples that are 45 years old or older and
do not have missing dependent and important independent variables. As urban sprawl
mainly affects the health of residents living in urban areas, this study removed the sample
of respondents living in rural areas. It is worth noting that although the lifestyle and
mobility of residents living in the suburb are affected more severely by urban sprawl than
those living in the city center, the latter cannot completely escape from the impacts of urban
sprawl because their commuting and everyday life are citywide behaviors which cannot be
restrained only in the city center.

2.3. Variable Definition

This study used the total number of diseases from which the respondent suffered
as a measure of physical health, which is widely used in the previous literature [63,64].
CHARLS asks respondents whether or not a doctor has told them they had a specific disease.
The specific diseases include cancer, high blood pressure, diabetes, dyslipidemia, heart
problem, stroke, asthma, lung disease, liver disease, kidney disease, stomach/digestive
disease, and arthritis. A code of 0 indicates that the respondent does not report having
been told by a doctor they have the condition. A code of 1 indicates that the respondent
reports having been told by a doctor they have a condition. We summed the respondents’
answers to 12 conditions as a measure of physical health. The final value of PHict ranges
from 0 to 12, with larger values representing poorer physical health.

Previous studies have mostly evaluated the mental health in terms of cognitive ability
and depression self-assessment [49–51]. Relatively, self-assessment of depression is a more
common indicator to measure residents’ mental health. Fortunately, CHARLS offers the
short form of the Center for Epidemiological Studies Depression scale (CESD-10), which
is widely used in mental health research [57,65,66]. Lei et al. examined the reliability and
validity of the CESD-10 scale using CHARLS data and confirmed the validity of the scale
in the Chinese population studies [57]. The CESD-10 scale contains three depressive mood
items, five somatic symptom items, and two positive mood items. The CESD-10 scale
contains three depressive mood items, five somatic symptom items and two positive mood
items. CHARLS reports the frequency of the respondents’ feeling over the week prior to the
interview, specifically including whether the respondent was feeling depressed, whether
the respondent was feeling that everything was an effort, whether the respondent’s sleep
was restless, whether the respondent felt happy, whether the respondent felt lonely, whether
the respondent bothered by thing that did not usually bother them, whether the respondent
felt they could not get going, whether the respondent has trouble keeping their mind on
what they are doing, whether the respondent felt hopeful about the future, and whether
the respondent felt fearful. When respondents answered to negative mood as “rarely or
never (less than once a day),” “some or a little of the time (1–2 days),” “occasionally or a
moderate amount of time (3–4 days),” and “most or all of the time (5–7 days),” they were
scored 0–3 points. The positive emotions were reverse coded. Referring to the existing
literature, this study used the CESD-10 scale to measure the degree of mental health. The
score ranges from zero to 30, with higher values representing worse mental health.

Given data limitations, previous literature typically used population density as an
approximate measure of urban sprawl. This study adopts the approach from Fulton
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et al. [67] to reflect the degree of urban sprawl by calculating the ratio of the urban built-up
area growth rate and urban population growth rate using the following method. Note that
the larger the USct, the higher the degree of urban sprawl.

USct =
Act − Act−1

Act−1
/
(Pct − Pct−1)

Pct−1
(3)

where Act refers to the built-up area at time t, and Pct refer to the population within the
study area at time t.

The control variables are defined as follows. Age indicates the respondent’s age.
Gender indicates the respondent’s gender which set to 1 for male and 0 for female. Marriage
indicates the respondent’s reported marital status. Marriage is set to 1 for married and 0 for
separated, divorced, widowed, and never married. Education indicates the highest level of
education the respondent has attained. Education is defined 1 for upper secondary and
vocational training and 0 for less than lower secondary education. Education_2 is defined
1 for tertiary education and 0 for less than lower secondary education. Employment refers
to the working status. Employment is set to 1 for currently working and 0 for unemployed,
retired, or never worked. Smoke indicates whether the respondent reports ever smoking.
Smoke is set to 1 for ever smoking and 0 for never having smoked. Drink indicates whether
the respondent has had any alcoholic beverages in the past. Drink is set to 1 for having
had an alcoholic drink in the past and 0 for never having an alcoholic drink in the past.
Hhincome (for household income) indicates the sum of all income at the household level.
To make the data comparable, this work uniformly converts annual household income to
2015 prices according to the consumer price index, excluding the effect of price factors. To
eliminate the effect of heteroskedasticity, annual household income is taken in logarithmic
form in the regression. Hhcoresd indicates whether any child is co-residing with the
respondent. Hhcoresd is set to 1 for any child co-resides with respondent and 0 for no child
co-resides with respondent. Hhnum indicates the number of people living in household.
Table 1 shows the descriptive statistics of the main variables.

Table 1. Descriptive statistics of the main variables.

Variable Name Definition Obs Mean SD Min Max

Health
Physical health Total number of diseases the respondent had 9232 1.718 1.586 0 10

Mental health Score of the short form of the Center for
Epidemiological Studies Depression scale 9435 7.160 5.757 0 30

Urban sprawl
Urban sprawl Urban sprawl index 9803 2.581 3.092 −11.813 19.625

Individual demographic characteristics
Age 9803 60.502 9.439 45 94
Gender 0 for female; 1 for male 9803 0.471 0.499 0 1

Marriage 0 for separated, divorced, widowed, and never
married; 1 for married 9803 0.135 0.342 0 1

Education 0 for less than lower secondary education, 1 for
upper secondary and vocational training 9803 0.156 0.363 0 1

Education_2 0 for less than lower secondary education, 1 for
tertiary education 9803 0.035 0.183 0 1

Employment 0 for unemployed, retired, or never worked; 1
for currently working 9803 0.536 0.499 0 1

Health behavior variables
Smoke 0 for never having smoked; 1 for ever smoking 9803 0.404 0.491 0 1

Drink
0 for never having an alcoholic drink in the
past; 1 for having had an alcoholic drink in
the past

9803 0.428 0.495 0 1
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Table 1. Cont.

Variable Name Definition Obs Mean SD Min Max

Family structure variables
Ln(Hhincome) The sum of all income at the household level 9803 9.713 2.379 0 14.863

Hhcoresd 0 for no child co-resides with respondent; 1 for
any child co-resides with respondent 9803 0.549 0.498 0 1

Hhnum The number of people living in household 9803 3.305 1.576 1 12

3. Empirical Analysis

3.1. Benchmark Regression Results

Table 2 shows the results of the benchmark regression of the effect of urban sprawl on
public health. Urban sprawl has a significant negative effect on the physical and mental
health of respondents. As the level of urban sprawl increases, the total number of specific
diseases and the level of psychological depression of the respondents rose significantly.
Specifically, each 1-unit increase in the urban sprawl index was associated with a 1.1% rise
in the number of specific diseases and a 1.2% rise in the CESD-10 scale score which reflects
the degree of depression.

Table 2. Benchmark regression results.

Physical Health Mental Health

(1) (2)

Urban sprawl 0.011 *** 0.012 ***
(4.04) (3.94)

Age 0.033 *** −0.000
(25.13) (−0.34)

Gender −0.208 *** −0.244 ***
(−6.40) (−8.26)

Marriage −0.084 ** 0.112 ***
(−2.53) (3.74)

Education 0.049 −0.240 ***
(1.27) (−7.64)

Education_2 0.048 −0.345 ***
(0.79) (−5.56)

Employment −0.024 −0.045 **
(−1.49) (−2.40)

Drink 0.058 *** −0.005
(3.75) (−0.24)

Smoke 0.133 *** 0.061 **
(5.66) (2.26)

Ln(Hhincome) −0.008*** −0.022 ***
(−3.68) (−7.18)

Hhcoresd 0.012 −0.006
(0.83) (−0.28)

Hhnum −0.032 *** 0.006
(−5.42) (0.93)

Constant −1.342 *** 2.296 ***
(−14.22) (26.62)

N 9232 9435
*** and ** indicate significance at the 1% and 5% levels, respectively.

The regression results of other control variables are further observed. As age increases,
the physical health of the respondents worsens and the likelihood of getting various
diseases increases. However, the effect of age on the mental health is not significant,
thereby indicating that the mental health of the respondents has little relationship with
their age. Compared to females, males have better physical and mental health, a lower risk
of developing diseases, and relatively lower degree of depression. Compared to unmarried,
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widowed, and divorced respondents, married counterparts had better physical health but
relatively poorer mental health. Marriage has a protective effect on health and married
individuals have better physical health status [68]. Compared to those with less than lower
secondary education, respondents with higher levels of education have relatively better
mental health but no significant differences in physical health. Studies confirmed that
individuals with higher levels of education are more capable of adjusting their behavior
and regulating their psychology amid stressful life events and have higher levels of mental
health [69]. Compared to people who are unemployed, retired or have never worked,
respondents currently working have better mental health. Respondents with drinking and
smoking habits are more likely to have a disease, and smoking also has a significant effect
on mental health. The negative health effects of drinking and smoking have been confirmed
by numerous studies [70–72]. Respondents with higher household income had relatively
better physical and mental health. Higher income groups generally have a relatively
higher quality of life and are more likely to access advanced medical resources and healthy
nutrition. Moreover, the accumulation of wealth can affect cognitive functioning and
mental health, so higher income groups are physically and mentally healthier [73,74].
Whether or not living with children has no significant effect on respondents’ physical and
mental health. With increasing family size, respondents’ physical health rises, but their
mental health does not change significantly.

3.2. Robustness Test

To further examine the effect of urban sprawl on physical health, this study investi-
gates that effect on each specific disease. Figure 1 plots the coefficients and 90% confidence
intervals of regressions for each specific disease. The black dots in the figure represent
the percentage increase in the probability of getting a specific disease when urban sprawl
increases by 1 unit. The horizontal lines in the figure represent the 90% confidence intervals
of regression results. In general, the respondents’ risk of getting stomach/digestive disease
and arthritis increases significantly. However, urban sprawl does not have a significant
effect on other specific diseases. Although urban sprawl does not necessarily increase the
risk of each specific disease, it has a significant effect on the overall level of physical health.

Figure 1. Coefficients and 90% confidence intervals of regressions for each specific disease.
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To further examine the effect of urban sprawl on mental health, this study examines
that effect on each type of psychological feeling reported by respondents in the CESD-
10. Figure 2 plots the coefficients and 90% confidence intervals of regressions for each
feeling reported by respondents. As urban sprawl increases, the frequency of negative
feelings (e.g., the feeling of depressed, feeling that everything is an effort, feeling lonely,
and having trouble keeping their mind on what they are doing) increases significantly as
the level of urban sprawl rises. However, the effect of urban sprawl on other feelings is not
significant. These feelings include the feeling of sleeping being restless, being happy, being
bothered by little things, inability to get going, being hopeful about the future, and being
fearful. Similar to the previous findings, urban sprawl does not necessarily increase the
risk of each negative psychological feeling but has a significant effect on the overall level of
mental health.

Figure 2. Coefficients and 90% confidence intervals of regressions for each psychological feeling.

3.3. Heterogeneity Analysis

Urban sprawl may have differential effect on public health for different groups. In
this study, we examine the heterogeneity of the health effects of urban sprawl in four
dimensions: gender, age, education, and household income level.

3.3.1. Gender Heterogeneity

Figure 3 shows the regression results of the effect of urban sprawl on public health
for different genders. Urban sprawl significantly reduces the physical and mental health
of females. Moreover, urban sprawl reduces the physical health of males, but has no
significant effect on their mental health.

3.3.2. Age Heterogeneity

Figure 4 shows the regression results of the effect of urban sprawl on public health
for groups in different ages. Urban sprawl significantly reduces the physical health of
respondents in the 55–74 age group and the mental health of respondents under the age
of 75, but has no significant effect on the health of the 75+ age group. This result may be
explained by the following reasons. As cities grow, urban spaces mostly expand outward in
a circle-like pattern [75]. Most individuals in the older age groups have purchased houses
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before the massive urban expansion. As cities have expanded, the location of the older
group’s housing has become the central urban areas. Meanwhile, older groups have a
higher demand for medical facilities, which are mostly concentrated in central urban areas
in China. For the relatively younger group, the housing prices in the central urban areas
have risen by the time they buy their homes, so they proceed to the spreading suburbs
where they can afford the housing prices at lower prices. Thus, in terms of the spatial
distribution of the population within the city, the older age groups mostly live in the central
city and the relatively younger groups live more in the sprawling suburbs [76]. Therefore,
urban sprawl has a significant impact on the health of the relatively younger group and
has no significant impact on the 75+ age group.

Figure 3. Coefficients and 90% confidence intervals of regressions for different gender group.

Figure 4. Coefficients and 90% confidence intervals of regressions for different age groups.

3.3.3. Education Heterogeneity

Figure 5 shows the regression results of the effect of urban sprawl on public health
for groups with different education levels. This study divides the sample into three
categories according to the highest education level of the respondents: less than lower
secondary education, upper secondary and vocational training, and tertiary education.
Urban sprawl has a negative impact on the health of all groups with different education
levels. However, this effect is significant in the less educated group but not in the more
educated group. Previous research established that the highly educated group in China
tends to work in the civil service or public institutions. Most members of that group have
local household registration and enjoy housing benefits, and the majority of such housing
is in the residential area of the unit which is relatively close to the workplace, thereby
facilitating the achievement of work–life balance [77]. By contrast, individuals in the less
educated group mostly need to purchase houses on their own in the market, and most of
these houses are located in urban sprawl areas. Therefore, urban sprawl does not have
a significant impact on the health of the group with high education but has a significant
negative impact on the health of the low education group.

9
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Figure 5. Coefficients and 90% confidence intervals of regressions for different education groups.

3.3.4. Income Heterogeneity

Figure 6 shows the regression results of the effect of urban sprawl on public health for
groups with different household income levels. This work trisects the sample according
to annual household income and classifies respondents into three categories: low income,
middle income, and high income. Urban sprawl has a significant negative impact on the
physical health of all groups and mental health of the middle- and high-income groups.
Moreover, the effect of urban sprawl on respondents’ physical health increases with rising
income levels. Most members of the higher income groups are relatively young. As
discussed, those individuals generally live in sprawling suburban or new town areas, so
urban sprawl has a more significant impact on them. The low-income groups are mostly
elderly people who depend on pensions and who mainly live in central or old urban
areas where population density is relatively high. Thus, urban sprawl has a significant
negative impact on the health of relatively high-income groups but not on the health of
relatively low-income.

 
Figure 6. Coefficients and 90% confidence intervals of regressions for different income groups.

4. Conclusions

This study takes urbanizing China as its research object, uses data from three follow-
up surveys conducted by Harmonized CHARLS, and examines the effects of urban sprawl
on public health from physical and mental health perspectives. Results show that although
urban sprawl does not necessarily increase the risk of each specific type of disease or
psychological feeling, it has a significant impact on the overall level of physical and mental
health. Further analysis reveals significant heterogeneity in the effects of urban sprawl on
the physical and mental health of different groups. Specifically, urban sprawl is detrimental
to the physical health of males and females but only has a negative impact on the mental
health of females. Among the middle-aged and older groups, the physical and mental
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health of the younger groups are more vulnerable to damage from urban sprawl. In
addition, urban sprawl has a significant negative impact on the health of the low-education
group but a very limited impact on the health of the high-education group. From an
income perspective, however, the preference for suburban housing among middle- and
high-income groups makes their health more vulnerable to the negative effects of urban
sprawl than low-income groups living in urban centers.

This study has the following limitations, many of which should motivate future
research. First, this study is focused merely on the middle-aged and older groups due
to the limited data availability. However, the negative effects of urban sprawl are very
likely to be severe for other vulnerable groups such as the poor and children whose health
and well-being deserve scholarly and public attentions as well. Second, this study briefly
explored several possible mechanisms for urban sprawl to affect public health, such as
reduced physical activity [25,36], decreased air quality [15,16], pedestrian-unfriendly built
environment. Nevertheless, these mechanisms can hardly be confirmed without substantial
empirical tests when data are available in future. Third, since CHARLS only reported the
city where the respondent resided but not the exact location within the city, this study
can only explore the effect of the overall urban sprawl on residents’ health, but cannot
examine the different effects on people living in the city center and those in the suburb.
This comparative study is crucial for further study due to the nature of urban sprawl
focusing mainly on the spatial pattern of the suburb rather than the city center. Last but not
the least, this study is based mainly on survey data and statistical methods with relatively
limited theoretical discussion and qualitative analysis. Although data often tell the truth,
qualitative or mixed methods are a must for further in-depth investigation on urban spatial
structure and residents’ physical and mental health.
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Abstract: The Smog Free Tower (SFT) in the city of Xi’an, China, is the world’s first outdoor archi-
tecture that uses solar energy and filtration technology to purify polluted air. It provides a unique
opportunity to explore residents’ willingness to pay for air quality and their related behaviors.
Drawing on data collected after the establishment of the SFT, this paper reveals the characteristics
of changes in people’s willingness to pay for clean air. We found that, prior to the release of an
assessment report on the SFT, housing prices had an inverted U-shaped relationship with the distance
to the SFT, which indicated people tended to purchase houses a certain distance away from the SFT.
The threshold value of distance was inversely related to the greening ratio of the residential area.
However, after the publication of the experimental report on the SFT, housing prices decreased as the
distance to the SFT increased, indicating the closer the house was to the SFT, the more likely people
were to buy it. These changes confirmed that people are willing to pay for clean air. The convenience
of transportation had a significant moderating effect on the willingness to pay for clean air, however.
In other words, people may buy houses with lower air quality if they have better transportation ac-
cessibility. The findings of this paper may have practical implications for environmental governance,
urban planning, residential satisfaction, and real estate market regulation.

Keywords: Smog Free Tower; air purification; housing price; moderating effect; traffic convenience

1. Introduction

Air pollution has increasingly become a worldwide public health concern [1,2]. It has
been reported that air pollution not only increases the risk of various physical illnesses [2–4],
such as respiratory diseases, neurodegenerative diseases, hypertension, cardiovascular
diseases, and circulatory diseases, but can also induce severe insomnia and psychological
problems [5,6]. Air pollution is more pronounced in metropolitan cities, where urban
factors such as heavy automobile traffic and high population density produce more air
pollution [6]. To prevent or minimize pollution damage, a series of measures have been
taken against air pollution, including adding green spaces, more efficiently reducing
emissions, the adjustment of the energy structure, and the development of alternative
energy resources [7,8].

In China, air pollution has attracted public attention in recent decades, especially
following the release of the documentary “Under the Dome” by Chai Jing in 2015 [9].
People’s awareness of air pollution has continued to increase as haze has become more
frequent and serious in recent years. To protect themselves from hazardous haze, many
citizens use air purifiers indoors and wear anti-smog face masks outdoors. The govern-
ment has also enacted series of projects to build greener cities for citizens [10]. However,
the governance of outdoor air pollution is more difficult than that of indoor pollution.
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Therefore, developing an outdoor technical system to absorb haze and purify the air has
become an urgent and crucial issue.

To this end, the world’s first outdoor air purification building, which is known as the
Smog Free Tower (SFT), was built in June 2016 in the city of Xi’an, China. The full name of
the tower is the Solar-Assisted Large-Scale Cleaning System (SALSCS in short) [11,12]. It
is the first architecture in the world to use solar energy and filtering techniques to clean
polluted air [12]. Its basic operation principle is to inhale polluted air from the bottom of
the tower first, heat the air by solar energy, then dispose of the air using a filter net and
photocatalytic material, before lastly exporting fresh air through the diversion tower. The
project group first unveiled an experimental report on the SFT in April 2018. It reported
that the SFT was able to improve the air quality in a range of 10 km around the tower. The
tower can reduce the concentration of PM2.5 particulate pollution by about 11 to 19 percent.
Moreover, the neighborhoods closest to the SFT also benefit from the purification treatment,
even if affected by polluted air inhaled by the tower clusters in areas near the SFT [13].

Air quality has increasingly become an important factor influencing citizens’ residen-
tial choices [14]. It has been shown that housing prices are higher in places with better air
quality [15,16]. In other words, housing prices can be an important instrument to measure
people’s willingness to pay for clean air, using the hedonic model [17,18]. As the first out-
door air-purifying tower, the SFT is a completely new concept, which could send divergent
messages to residents at different stages. Therefore, the operation of the tower provides a
unique opportunity to analyze the impacts of residents’ willingness to pay for clean air.
However, despite much public attention on the SFT, there have been few published studies
on the willingness to pay for clean air in this particular situation, except for one study
based on data from January 2016 to June 2017, which revealed that the SFT had increased
the housing prices of the purified area by 4% [19]. However, the cited study only focused
on the completion period of the SFT. Thus, it may not have fully captured the impacts on
housing prices caused by changes in public attitudes. Much more consideration should be
given to the public’s responses in a longer observation window, especially after the release
of the assessment report for the SFT. Did the publication of the test report increase people’s
willingness to pay for clean air? Before the publication of the test report, to what extent
did the risk of the uncertainty around the effectiveness and operation process of the SFT
influence residents’ housing choices? Moreover, what role do traditional decisive variables,
such as the greening ratio and transportation accessibility, play in the relationship between
the distance to the SFT and housing prices? This study aimed to answer these questions
and provide a renewed understanding of the willingness to pay for clean air based on data
before and after the announcement of the assessment report of the SFT. Such research may
help environment policymakers to consider the impacts of environmental improvement
projects, and also enlighten people around practices related to real estate development,
transportation, and urban planning in China and even the world.

In the following sections, the theoretical perspective and hypothesis development
are illustrated. Based on the literature review, suitable variables, models, and data are
outlined. Then, the housing prices of the affected area before and after the assessment
report was released are presented. Further, hedonic models are employed to analyze how
much people are willing to pay for clean air. Lastly, the main findings are summarized, and
policy implications are also highlighted.

2. Review of the Literature and Hypothesis Development

Housing prices have long been a popular topic in urban studies. Unraveling the
determinants of housing prices has attracted a significant amount of research attention.
Transportation accessibility and neighborhood and structural characteristics are the key
variables in determining housing prices [20–23]. In recent years, the positive effects of air
quality on residents’ choice of residential location have drawn considerable attention [24].
Its attraction has grown with the rising concern about environment pollution. However,
unlike the other three groups of variables, the measurement of residents’ willingness to pay
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for clean air is difficult, in that air quality has no fixed value as a type of public good [19].
Two major perspectives regarding the measurement of the economic value of clean air
can be identified [19,25]. First, the stated preference approach posits that residents can
accurately pinpoint their willingness to pay for different levels of air quality [26]. The
contingent valuation model is generally employed to directly examine willingness to pay.
However, the results obtained using this approach are likely to be biased because residents
may not present their willingness correctly and objectively [19]. The revealed preference
approach gauges the economic value of clean air through market data, mainly based on
the hedonic price model. Existing research often used the impact on housing prices to
evaluate willingness to pay [27,28]. This approach could also give biased results in view of
the spatial self-selecting problem [19].

While a plethora of studies have delved into residents’ willingness to pay for clean
air in developed countries, intellectual inquiries about the extent people are willing to pay
for air quality in developing countries have just begun in recent years [19,29]. China has
experienced unprecedented industrialization and urbanization in the past few decades,
along with worsening air quality in most cities [30,31]. Scholars have reported on the
spatial spillover effects of city-level air pollution on housing prices [32,33]. Nonetheless,
there is a relatively small body of micro-data research concerning the willingness to pay
for clean air. As an exception, Lan et al. (2020) argued that the extant studies suffer from
self-selection bias, and suggested that the SFT provides a unique opportunity to address
the self-selection problem [19]. Using the hedonic model, they calculated the net effect of
the SFT on housing prices and revealed that the purification area’s housing prices have
increased after the installment of the SFT. Based on the effectiveness of the SFT on changing
housing prices in the above study, our present paper attempted to further explore the
dynamics of residents’ willingness to pay for clean air and the moderating effects of three
groups of variables on the relationship between air quality and housing prices. Specifically,
four hypotheses concerning the relationship between the distance to the SFT and housing
prices are proposed.

First, we proposed that the actual functioning of the SFT is critical to residents’ willing-
ness to pay and related behavior. When the SFT was completed, the news media reported
its general situation and function, which attracted wide public attention [34,35]. However,
it can take time for people to trust new technology [36]. Before the assessment report of the
tower’s trial operation was published, positive expectations of the effect of the SFT may
not have formed due to residents’ concern regarding the potential negative impacts of the
SFT. There was some concern that the polluted air absorbed by the SFT would aggregate in
areas near the SFT, worsening the air pollution close to the SFT. The noise and radiation
were also considered significant potential risks when choosing to live near the SFT. On the
other hand, residents may have been interested in the opportunity to maximize access to
clean air after the results of the trial operation were published. Thus, they may have tended
to choose residential areas a certain distance away from the SFT, while areas within a closer
area were of less interest. This means that there could have been a critical distance, rather
than the closer the better being the rule, wherein if the distance to the SFT was less than the
threshold, the housing prices could be expected to increase as the distance increased. Once
beyond the threshold, the housing prices could be expected to decrease as the distance
increased. Therefore, Hypothesis 1 of this study was proposed as follows:

Hypothesis 1 (H1). Before the release of the assessment report of the trial operation, a critical
distance would have existed, and housing prices could be expected to rise and then fall with
the distance.

Although people tended to select houses located away from the critical distance, the
value of the critical distance was also impacted by the greening ratio of the residential area.
The important role of green plants in preventing and controlling air pollution has been
well evidenced [37,38]. Green plants offer the absorption and purification of atmospheric
pollutants in several ways, such as dust reduction, dust retention, dust absorption, dust
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fall, and dust prevention [38,39]. Thus, residential areas with plentiful greenery have a
strong purifying ability of their own, which may have reduced concerns about the potential
negative or limited effects of the SFT. On that account, living closer to the SFT may be more
acceptable if the living area has a higher rate of greening. It seems the greening ratio acted
as an insurance policy, ensuring maximum access to fresh air. Thus, based on Hypothesis 1,
we proposed Hypothesis 2 as follows:

Hypothesis 2 (H2). Before the release of the assessment report of the trial operation, the value of
the critical distance was inversely related to the greening ratio of the residential area.

The assessment report was published at a press conference on 17 April 2018, by the
Chinese Academy of Sciences, and was reported on in detail by the media. Most of the
public’s questions were addressed at the press conference. The report demonstrated that the
SFT effectively alleviated the haze by reducing 11% to 19% of the PM2.5 concentration level,
and a surrounding area of 10 square kilometers benefited. Moreover, after the polluted air
is sucked into the tower for purification, the clean air sinks and circulates from a height of
60 m, so the air is purified in the closest neighborhoods surrounding the SFT [11,12]. That
is, polluted air does not accumulate in areas near the SFT. In addition, the report clarified
that no radioactive materials were used during the construction and operation processes
of the SFT, eliminating any potential radiation risks of living in the area close to the SFT.
After the press conference, public uncertainty was reduced, and an understanding that
the closer one lives to the SFT, the cleaner the air will be became widespread. Thus, the
demand for houses close to the SFT was expected to increase due to the greater access to
clean air. Accordingly, we proposed Hypothesis 3 as follows:

Hypothesis 3 (H3). After the release of the assessment report of the trial operation, housing prices
decreased with increasing distance from the SFT.

The release of the assessment report convinced the public that the closer they were to
the SFT, the easier it would be to obtain clean air. However, since residential choice is influ-
enced by many structural and environmental attributes, factors related to housing prices
are complicated [22,40]. Locational convenience is one of the most important factors [40].
For example, people may prefer to live further away from the SFT for traffic convenience.
Thus, people generally make a trade-off choice between living closer to the SFT and conve-
nience [22]. Thus, it is reasonable to expect convenience to have a moderating role on the
impact of clean air on housing prices. Hypothesis 4 in this study was as follows:

Hypothesis 4 (H4). After the release of the assessment report of the trial operation, the relationship
between the distance to the SFT and housing prices was moderated by convenience.

Figure 1 displays the conceptual model, which includes the four main testable hypotheses.
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Figure 1. The proposed model (WTP: willingness to pay).

3. Methodology, Variables, and Data

To test the above four theoretical hypotheses, suitable methodologies, variables, and
data were needed. In this section, we elaborate on the models used to capture the relation-
ship between housing prices and the distance to the SFT, describe the relevant variables in
detail, and show the characteristics of the selected data.

3.1. Model Specifications

As a universal model to capture housing buyers’ willingness to pay for various
housing characteristics, the hedonic model was employed in this study. Following the
literature, housing prices should be a function of a number of variables related to housing
features and location [22,41,42].

The baseline hedonic model applied in this paper is given by:

HOUPRIit = α+ β1DISTANi + β2DISTAN2
i +

k

∑
j=1

γjxijt + dummycircle

+dummybusiness + dummyyear + dummyseason + εit

(1)

In Equation (1), HOUPRIit represents the housing price of neighborhood i at quarter t.
DISTANi is the linear distance from neighborhood i to the SFT, and DISTANi

2 is the square
of the distance. xijt is the value of the control variable j in neighborhood i at quarter t (the
control variables include the number of households in the neighborhood, greening ratio,
floor area ratio, number of bus stations, supermarkets, restaurants, banks, parks, schools,
and hospitals within a 1 km radius). dummycircle is the dummy variable for the loop line
of the neighborhood, dummybusiness is the dummy variable for the business district of the
neighborhood, dummyyear is the dummy variable for the built year of the neighborhood,
and dummyseason is the dummy variable for the season. α is the constant term, βi and γj
are the coefficients to be estimated, and εit is the error term. Notably, the logarithm of the
housing price is applied in the regression models.

Despite the important effect of wind direction on the association between air quality
and housing prices, the effect of wind direction could be ignored in the framework of this
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study for two reasons. First, unlike emissions that are clearly visible or have a pungent
odor, clean air is difficult to detect by sight and smell [43]. In this context, residents tend to
be more concerned about the distance to the SFT rather than the wind direction. Second,
the prevailing wind direction in Xi’an is northeast and southwest, and the frequency of
perennial static wind is 29% [44]. Thus, regardless of where a house is located around
the SFT, it is difficult for people to balance the seasonal changes in wind direction. Wind
direction was therefore not considered in our model specifications.

To capture the moderating effect of the greening ratio before the release of the assess-
ment report, the interaction of distance and the greening ratio was added to Equation (1):

HOUPRIit = α+ β1(DISTANi × GRERATi) + β2(DISTANi × GRERATi)
2

+
k

∑
j=1

γjxijt + dummycircle + dummybusiness + dummyyear + dummyseason + εit
(2)

where GRERATi is the greening ratio of neighborhood i. The meanings of the other symbols
are the same as those in Equation (1).

To capture the moderating effects of convenience after the release of the assessment
report, the interaction terms of the distance and convenience variables were added to the
hedonic model:

HOUPRIit = α+ βDISTANi +
k

∑
j=1

ηj(DISTANi × xijt) +
k

∑
j=1

γjxijt

+dummycircle + dummybusiness + dummyyear + dummyseason + εit

(3)

where DISTANi × xijt is the interaction term of the distance and convenience variables,
and β and ηj are the coefficients to be estimated. The meanings of the other symbols are
the same as those in Equation (1).

3.2. Variables and Data

The SFT was operated in August 2016, and the assessment report was released in
April 2018. Therefore, the time frame of March 2017 to March 2018 was selected as the
stage before the publication of the assessment report, and May 2018 to December 2018
as the stage after the publication of the assessment report. The research area in this
paper included the neighborhoods inside a radius of about 5 km around the SFT, and
the housing prices of these neighborhoods were observed during both stages. Figure 2
shows the geography of the research site. The SFT is located in Changan District, which
is in the suburbs of the city of Xi’an. The appearance of the SFT and the surrounding
environment is shown in Figure 3. This includes residential areas and varied types of
neighborhoods, including newly built neighborhoods, old neighborhoods built before 2000,
and neighborhoods under construction. After the demarcation of the boundary of the
research area, 108 neighborhoods were selected. The data on second-hand housing prices
and the control and dummy variables for the 108 neighborhoods were collected from the
website Anjuke (https://xa.anjuke.com) (accessed on 20 January 2020), which is a large
chain real estate company in China. The linear distance from the neighborhood to the
SFT was gauged based on the Baidu electronic map. The definitions and statistics of the
variables in this study are shown in Table 1.
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Figure 2. Research site.

  

Figure 3. Pictures of the SFT (source: https://image.baidu.com, accessed on 12 July 2021).

Table 1. Definition and descriptive statistics of the variables.

Variable Definition Unit or Coding Mean St. Dev. Minimum Maximum

HOUPRI Average unit price of the neighborhood Yuan/m2 10,353.53 4625.321 1800 32,673
DISTAN Distance to the SWF km 3.33 1.325 0.37 5.1
HOUHOL Neighborhood size households 1537.99 2038.521 36 12,746
GRERAT Greening ratio % 36.64 8.180 16 60
FAR Floor area ratio % 3.42 1.309 0.96 10.3
BUSTOP Number of bus stops PCs 6.20 1.977 1 13
SUPMAR Number of supermarkets PCs 7.21 2.869 1 14
RESTAU Number of restaurants PCs 6.67 4.481 0 16
BANK Number of banks PCs 6.01 3.929 0 24
PARK Number of parks PCs 1.06 1.030 0 4
SCHOOL Number of schools PCs 5.21 2.949 0 14
HOSPIT Number of hospitals PCs 2.24 2.565 0 11

SECRIN Whether located within the second ring
(Yes = 1, No = 0) — 0.01 0.096 0 1

SECTHI Whether located between the second and
third ring (Yes = 1, No = 0) — 0.21 0.410 0 1

BEYTHI Whether located outside of the third ring
(Yes = 1, No = 0) — 0.77 0.422 0 1

Note: — indicates that the corresponding variable is unitless. Due to limited space, season dummy variables (8), business district dummy
variables (19), and built year dummy variables (23) are not included in the table. They can be found in the Appendix A Table A1. The
included bus stops, supermarkets, restaurants, banks, parks, schools, and hospitals are all within 1 km of the neighborhoods.
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4. Empirical Findings and Discussions

In the subsequent analysis, we first give detailed information on the dynamics of
housing prices between March 2017 and December 2018. Then, the hedonic models
specified above are applied to test the changes in the effects of distance to the SFT on
housing prices before and after the release of the assessment report.

4.1. Descriptive Analysis

Based on the collected data, we calculated the average housing prices within 5 km of
the SFT in each observational window. Figure 4 shows how the housing prices changed as
the distance to the SFT increased from March 2017 to December 2018. Several observations
can be derived from the figure. First, the prices of all neighborhoods show an obvious
upward trend, which indicates the rising trend in the housing market in the city. Second,
intuitively, housing prices inside the radius of 5 km have rapidly increased since the
disclosure of the assessment report, especially in the area within a radius of 2 km. This
validates our assumption that residents’ housing choice behavior would change due to
the assessment report disclosure. Third, the housing prices of neighborhoods located less
than 1 km from the SFT experienced complex dynamics; they were the lowest at the start
of the observational window, but the highest at the end. This demonstrates how people’s
willingness to pay for clean air increased with the operation process of the SFT.

Figure 4. Average housing prices of different radiation areas from March 2017 to December 2018.

4.2. Estimation Results and Discussions

Equations (1)–(3) were used to further test the hypotheses highlighted above. The
estimation results of these models are presented in Tables 2–5. In general, the results
supported our hypotheses. As predicted, the change in people’s expectations regarding the
effectiveness of the SFT leads to changes in their willingness to pay for clean air. After the
confirmation of the effectiveness of the SFT, the distance to the SFT became a significant
variable influencing housing prices. In addition, the ideal distance also depended on the
greening ratio and transportation accessibility of the residential area.
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Table 2. Link between the distance to the SFT and housing prices before the release of the assess-
ment report.

Model 1 Model 2 Model 3 Model 4

HOUPRI HOUPRI HOUPRI HOUPRI

DISTAN 0.09146 0.05124 0.04663 0.06672
(0.07267) (0.05297) (0.05982) (0.05247)

DISTAN2 −0.14607 *** −0.19027 ** −0.19397 ** −0.23079 ***
(0.04452) (0.08232) (0.09080) (0.07987)

HOUHOL 0.08676 *** 0.07006 *** 0.07089 ***
(0.01225) (0.01315) (0.01161)

GRERAT 0.00030 0.00137 0.00238
(0.00195) (0.00241) (0.00215)

FAR −0.04047 *** −0.05460 *** −0.05304 ***
(0.01059) (0.01225) (0.01072)

BUSTOP 0.10697 ** 0.12980 *** 0.10775 ***
(0.04422) (0.04396) (0.03915)

SUPMAR −0.01296 ** −0.00923 * −0.00985 **
(0.00521) (0.00559) (0.00491)

RESTAU −0.00082 0.00610 0.00581
(0.00431) (0.00479) (0.00419)

BANK 0.00958 ** 0.01448 *** 0.01182 **
(0.00444) (0.00517) (0.00457)

PARK 0.01388 0.03416 ** 0.02093
(0.01518) (0.01689) (0.01526)

SCHOOL −0.01257 ** 0.00181 0.00097
(0.00601) (0.00678) (0.00592)

HOSPIT 0.00046 0.01072 0.02143 **
(0.00921) (0.00958) (0.00878)

dummybusiness Yes Yes Yes
dummyyear Yes Yes
dummyseason Yes
dummycircle Yes
C 9.10578 *** 8.55806 *** 8.06303 *** 7.73887 ***

(0.03889) (0.14620) (0.19919) (0.22661)

N 540 540 540 540
F 12.90515 23.53453 18.48574 24.04787
Root MSE 0.39413 0.27077 0.24719 0.21589
R-squared 0.04586 0.57233 0.65893 0.74357

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Standard errors are
in parentheses.

Table 3. The moderating role of the greening ratio before the release of the assessment report.

Model 5 Model 6 Model 7 Model 8

HOUPRI HOUPRI HOUPRI HOUPRI

DISTAN × GRERAT 0.00566 *** 0.00221 * 0.00328 ** 0.00299 ***
(0.00080) (0.00124) (0.00131) (0.00115)

(DISTAN × GRERAT)2 −0.02955 *** −0.01698 *** −0.02256 *** −0.02216 ***
(0.00385) (0.00577) (0.00607) (0.00529)

Control Variables Yes Yes Yes
dummybusiness Yes Yes Yes
dummyyear Yes Yes
dummyseason Yes
dummycircle Yes
C 8.86052 *** 8.59337 *** 8.38673 *** 8.02393 ***

(0.04361) (0.36108) (0.44121) (0.39258)

N 540 540 540 540
F 29.41852 23.03047 18.59793 24.76161
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Table 3. Cont.

Model 5 Model 6 Model 7 Model 8

HOUPRI HOUPRI HOUPRI HOUPRI

Root MSE 0.38305 0.26993 0.24520 0.21355
R-squared 0.09875 0.57580 0.66508 0.74911

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Standard errors are
in parentheses. The control variables are the same as in Table 2.

Table 4. The relationship between the distance and housing prices after the release of the assessment report.

Model 9 Model 10 Model 11 Model 12

HOUPRI HOUPRI HOUPRI HOUPRI

DISTAN −0.03916 −0.13825 ** −0.15634 ** −0.12153 *
(0.08206) (0.06156) (0.06889) (0.06994)

DISTAN2 −0.00513 0.00113 0.00035 −0.00123
(0.00534) (0.00456) (0.00477) (0.00484)

Control Variables Yes Yes Yes
dummybusiness Yes Yes Yes
dummyyear Yes Yes
dummyseason Yes
dummycircle Yes
C 9.52623 *** 8.56181 *** 8.03078 *** 8.01684 ***

(0.04537) (0.17654) (0.25695) (0.25425)

N 324 324 324 324
F 5.07284 20.10844 14.87738 14.36817
Root MSE 0.34820 0.21165 0.19605 0.19356
R-squared 0.03064 0.67308 0.74058 0.75084

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Standard errors are
in parentheses. The control variables are the same as in Table 2.

Table 5. The moderating roles of accessibilities after the release of the assessment report.

Model 13 Model 14 Model 15 Model 16

HOUPRI HOUPRI HOUPRI HOUPRI

DISTAN −0.19616 −0.40333 * −0.44946 * −0.62495 **
(0.20141) (0.23198) (0.24382) (0.25382)

DISTAN × BUSTOP 0.06071 0.15067 * 0.17054 * 0.20703 **
(0.07273) (0.08189) (0.08824) (0.09046)

DISTAN × SUPMAR 0.06140 −0.04347 −0.05022 0.01202
(0.07566) (0.10260) (0.10270) (0.10528)

DISTAN × RESTAU −0.01030 −0.00983 −0.01281 −0.01796 *
(0.00745) (0.00802) (0.00945) (0.00966)

DISTAN × BANK 0.03497 *** 0.03732 *** 0.03732 *** 0.03154 **
(0.01145) (0.01425) (0.01418) (0.01428)

DISTAN × PARK −0.01574 0.03306 0.02737 0.02981
(0.03286) (0.03961) (0.04058) (0.04123)

DISTAN × SCHOOL −0.03510 *** −0.00842 −0.00324 0.00033
(0.01153) (0.01516) (0.01748) (0.01741)

DISTAN × HOSPIT −0.02443 −0.02850 −0.02503 −0.00511
(0.02905) (0.03624) (0.03652) (0.03717)

Control Variables Yes Yes Yes Yes
dummybusiness Yes Yes Yes Yes
dummyyear Yes Yes Yes
dummyseason Yes Yes
dummycircle Yes
C 8.27132 *** 7.98072 *** 8.08150 *** 8.28313 ***

(0.35942) (0.40710) (0.44657) (0.45350)
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Table 5. Cont.

Model 13 Model 14 Model 15 Model 16

HOUPRI HOUPRI HOUPRI HOUPRI

N 324 324 324 324
F 18.28400 14.14256 13.67857 13.53692
Root MSE 0.20610 0.19352 0.19248 0.19102
R-squared 0.69637 0.75189 0.75732 0.76279

Note: *, **, and *** indicate statistical significance at the 10%, 5%, and 1% levels, respectively. Standard errors are
in parentheses. The control variables are the same as in Table 2.

4.2.1. Association between the Distance to the SFT and Housing Prices before the Release
of the Assessment Report

Table 2 shows the link between the distance to the SFT and housing prices. In
Model 1 of Table 2, housing prices were only regressed on distance and the square of
it. To obtain more accurate estimation results, we gradually added control variables in
Models 2, 3, and 4. Further, we controlled for the general time trend effect by employing a
time dummy for each season (dummyseason) in Model 4. The four models showed that the
square of the distance was significantly and negatively related to housing prices, which
indicates that there is an inverted U-shaped relationship between the distance to the SFT
and housing prices, and the relationship is robust. Model 4 shows the lowest value of
the Root MSE but the highest R-squared, indicating the model with all dummies had the
highest estimated accuracy. Then, the critical distance was calculated using the estimated
coefficients of distance and the square in Model 4. It was revealed that the distance to the
SFT was positively related to housing prices when the distance was shorter than 145 m,
whereas it was negatively related to housing prices when the distance was greater than
145 m. This indicates that people tended to choose houses 145 m away from the tower and
as close to it as possible, probably because people were worried about the poor purification
effects when too close to the tower, but were not willing to lose the opportunity to obtain
the maximum amount of clean air before the release of the assessment report. Therefore,
Hypothesis 1 was confirmed.

Table 3 presents the moderating effect of the greening ratio on the relationship between
the distance to the SFT and housing prices. Model 8 in Table 3 displays the lowest value of
the Root MSE and the highest R-squared, indicating the model with all dummies had the
highest estimated accuracy in Table 3. According to the coefficients in Model 8, we found
that the critical distance is equal to 67.5/GRERAT, which revealed the critical distance was
inversely related to the greening ratio. Taking the maximum value of the greening ratio in
the sample, the critical distance was about 112.5 m. However, using the minimum value of
the greening ratio in the sample, the critical distance was about 421.9 m. This means the
ideal threshold of the distance ranges from about 113 to 422 m with changes to the greening
ratio. Thus, the greening ratio indeed played a moderating role in the relationship between
the distance to the SFT and housing prices. Hypothesis 2 was supported.

4.2.2. Association between the Distance to the SWF and Housing Prices after the Release of
the Assessment Report

Table 4 reports the relationship between distance and housing prices after the release
of the trial result. It can be seen that the estimates of distance-squared are not significant,
while the coefficients of distance are negatively and significantly related to housing prices
except in Model 9 in Table 4. This indicates that people’s worries reduced and they thought
the purifying tower was efficient after the release of the assessment report, which induced
an increase in housing prices of neighborhoods located near the tower. Therefore, the
closer to the SFT, the higher people’s willingness was to pay for clean air. Hypothesis 3
was confirmed.

Table 5 shows the moderating roles of various accessibilities in the relationship be-
tween distance and housing prices after the release of the trial result. Model 16 showed
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the lowest value of the Root MSE but the highest R-squared, which confirmed it had the
highest estimation accuracy. It can be seen from Model 16 that the estimate of the distance
was significantly negative, and the coefficient of the interaction of distance and the number
of bus stops was significantly positive. Further, its value was much higher than the other
interaction coefficients. This implies that, compared to air quality, residents are more
sensitive to transportation accessibility. The number of bus stops is fewer in residential
areas closer to the SFT. On average, the neighborhoods within 1 km from the tower have
five bus stations; in comparison, neighborhoods 1 km away have about 6.3 bus stops. Thus,
residents were more likely to choose houses with easily accessible transportation than clean
air. In other words, people generally place more weight on transportation accessibility
than on air quality. This suggests that the government should optimize the transportation
conditions around the air purification tower to increase people’s residential satisfaction.

4.3. Implications of Results

Air quality has increasingly become an important factor influencing housing
choices [18,19,24,45]. In confronting serious air pollution, it is common and efficient
to control pollution from the source. While households can obtain clean air by installing
indoor air purifiers, there is no mature technical method for the efficient purification of
polluted air in outdoor public spaces at a large scale, in a recyclable and sustainable manner.
Passive outdoor haze control technology systems do not target the source of pollution,
and this needs to be considered in future research. However, the Smog Free Tower (SFT)
in Xi’an is the first in the world, and so is considered a novel outdoor haze reduction
experiment. Before the publication of the assessment report on the tower, people doubted
the new technology. Our analysis evidenced that residents tended to buy houses a certain
distance away from the SFT. This attitude changed, however, after the publication of the
assessment report, which confirmed the effectiveness of the SFT and alleviated concerns
about the potential risks.

The analysis of the responses of residents’ housing choice behavior to the SFT in
the two stages revealed practical implications for building healthy cities, including for
environmental governance, the real estate market, transportation, and urban planning.
First, as haze is becoming increasingly serious, environmental protection measures are
urgently needed to control it. The present paper confirmed people’s increased environmen-
tal awareness. It suggests that the public’s expectations of environmental governance are
likely to change as the intermediate evaluation changes. Second, clean air has a positive
capitalization effect on housing prices. In future, appropriate design environment policy,
and the associated effects of such a policy on the housing market, should be considered.
Third, this study highlighted the persistent importance of transportation accessibility and
the greening ratio in housing choices. It suggested that the government should optimize the
transportation conditions around air purification facilities to increase people’s satisfaction
with living there.

5. Conclusions

This study attempted to reveal residents’ willingness to pay for clean air by using
the unique quasi-natural experiment of the world’s first outdoor air purification building
in Xi’an, China. This rare experiment not only overcomes self-selection bias, but also
provides a valuable opportunity to distinguish dwellers’ behavior responses to air quality
improvements at different stages. This study captured the changes in residents’ attitudes to
the SFT, and the characteristics of their willingness to pay for clean air, through comparing
the housing data before and after the publication of the assessment report for the tower.
Simultaneously, the present study emphasized the moderating roles of the greening ratio
and transportation accessibility in people’s pursuit of air quality. Hedonic models were
employed to quantify the relative importance of the distance to the SFT and depict its
changing relationship with housing prices. Specifically, the estimation results showed that
before the publication of the assessment report, the distance to the SFT had an inverse
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U-shaped relationship with housing prices, and obvious threshold effects. Green plants
can be regarded as the community’s own air purification facilities, as they have a protective
effect against air pollution and can purify polluted air. The greening ratio of the residential
area had a moderating effect on the non-linear relationship between the distance to the
SFT and housing prices. After the publication of the assessment report, the distance to
the SFT was negatively related to housing prices. The tendency of the housing price
changes demonstrated that people are willing to pay for clean air. However, we found that
transportation accessibility is more significant when selecting a residential location than
clean air. That is, residents generally place more weight on transportation accessibility than
on air quality when buying houses.

The present study contributes to the understanding of willingness to pay for clean air.
We demonstrate how people’s expectations of the effectiveness of air purification change
this willingness to pay. It is among the first to use a quasi-natural experiment to explain
residents’ willingness to pay for air quality [19]. It uncovers the behavior dynamic in
dwellers’ willingness to pay for clean air based on a longer observation window than in
many existing studies. This particular experiment was able to overcome the traditional
endogenous bias and provide more reliable analysis results. Furthermore, we find that
improving transportation accessibility and the greening ratio increases the willingness to
pay for clean air. This may help to improve theories on locational attainment. In addition,
the moderating effects of transportation accessibility and greening ratio on the willingness
to pay might have several implications for urban planners and policymakers.

Several limitations of this work should be acknowledged. First, we used the number
of restaurants, supermarkets, banks, hospitals, and schools to measure the convenience
of the neighborhood, but did not consider the quality of those surrounding services and
facilities [40,41]. Second, important housing structure characteristics, such as the decoration
degree and property management level, were not included in this study [40,46]. Third, as
the present data were at the neighborhood level, we were not able to infer relationships
between individual characteristics (e.g., income, education level, family structure) and
willingness to pay for clean air. To overcome such limitations and provide a more complete
picture of residents’ responses to the SFT and willingness to pay for clean air, we intend
to complement the largely quantitative fieldwork by conducting a large-scale survey and
qualitative in-depth interviews in the future.
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Appendix A

Table A1. Definition and descriptive statistics of the dummy variables not included in Table 1.

Variable Definition Unit or Coding Mean St. Dev. Minimum Maximum

S20173 Whether it is the first quarter of 2017. (Yes = 1, No = 0) — 0.13 0.331 0 1
S20176 Whether it is the second quarter of 2017. (Yes = 1, No = 0) — 0.13 0.331 0 1
S20179 Whether it is the third quarter of 2017. (Yes = 1, No = 0) — 0.13 0.331 0 1
S201712 Whether it is the fourth quarter of 2017. (Yes = 1, No = 0) — 0.13 0.331 0 1
S20183 Whether it is the first quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
S20186 Whether it is the second quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
S20189 Whether it is the third quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
S201812 Whether it is the fourth quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
XIZHAI Whether located in the business district Xizhai (Yes = 1, No = 0) — 0.06 0.229 0 1
GUODU Whether located in the business district Guodu (Yes = 1, No = 0) — 0.22 0.416 0 1

XCAJ
Whether located in the business district Chang’an Street
(Yes = 1, No = 0)

— 0.08 0.277 0 1

ZIWU Whether located in the business district Ziwu (Yes = 1, No = 0) — 0.01 0.096 0 1
XIFENG Whether located in the business district Xifeng (Yes = 1, No = 0) — 0.05 0.210 0 1
DAXUCH Whether located in the business district Daxue (Yes = 1, No = 0) — 0.17 0.373 0 1
DIZICH Whether located in the business district Dianzi (Yes = 1, No = 0) — 0.05 0.210 0 1
ZWTYDS Whether located in the business district Ziwei (Yes = 1, No = 0) — 0.03 0.164 0 1
WEIQU Whether located in the business district Weiqu (Yes = 1, No = 0) — 0.17 0.373 0 1
KEJI Whether located in the business district Keji (Yes = 1, No = 0) — 0.03 0.164 0 1
JINYE Whether located in the business district Jinye (Yes = 1, No = 0) — 0.06 0.229 0 1

CHANSQ
Whether located in the business district Chang’an Square
(Yes = 1, No = 0)

— 0.01 0.096 0 1

ZHBAXI Whether located in the business district Zhangba (Yes = 1, No = 0) — 0.02 0.135 0 1
DZJIE Whether located in the business district Dianzi Street (Yes = 1, No = 0) — 0.01 0.096 0 1
LIMEXICH Whether located in the business district Lianmeng (Yes = 1, No = 0) — 0.01 0.096 0 1
XIMEYU Whether located in the business district Rongchuang (Yes = 1, No = 0) — 0.01 0.096 0 1
YAHUZH Whether located in the business district Yanhuan (Yes = 1, No = 0) — 0.01 0.096 0 1
MINGDE Whether located in the business district Mingde (Yes = 1, No = 0) — 0.01 0.096 0 1
GXYIZH Whether located in the business district Gaoxin (Yes = 1, No = 0) — 0.01 0.096 0 1
Y1999 Whether the neighborhood was completed in 1999. (Yes = 1, No = 0) — 0.01 0.096 0 1
Y2000 Whether the neighborhood was completed in 2000. (Yes = 1, No = 0) — 0.01 0.096 0 1
Y2001 Whether the neighborhood was completed in 2001. (Yes = 1, No = 0) — 0.02 0.135 0 1
Y2002 Whether the neighborhood was completed in 2002. (Yes = 1, No = 0) — 0.01 0.096 0 1
Y2003 Whether the neighborhood was completed in 2003. (Yes = 1, No = 0) — 0.03 0.164 0 1
Y2004 Whether the neighborhood was completed in 2004. (Yes = 1, No = 0) — 0.04 0.189 0 1
Y2005 Whether the neighborhood was completed in 2005. (Yes = 1, No = 0) — 0.02 0.135 0 1
Y2006 Whether the neighborhood was completed in 2006. (Yes = 1, No = 0) — 0.04 0.189 0 1
Y2007 Whether the neighborhood was completed in 2007. (Yes = 1, No = 0) — 0.05 0.210 0 1
Y2008 Whether the neighborhood was completed in 2008. (Yes = 1, No = 0) — 0.06 0.246 0 1
Y2009 Whether the neighborhood was completed in 2009. (Yes = 1, No = 0) — 0.06 0.246 0 1
Y2010 Whether the neighborhood was completed in 2010. (Yes = 1, No = 0) — 0.10 0.303 0 1
Y2011 Whether the neighborhood was completed in 2011. (Yes = 1, No = 0) — 0.06 0.246 0 1
Y2012 Whether the neighborhood was completed in 2012. (Yes = 1, No = 0) — 0.06 0.246 0 1
Y2013 Whether the neighborhood was completed in 2013. (Yes = 1, No = 0) — 0.05 0.210 0 1
Y2014 Whether the neighborhood was completed in 2014. (Yes = 1, No = 0) — 0.09 0.290 0 1
Y2015 Whether the neighborhood was completed in 2015. (Yes = 1, No = 0) — 0.10 0.303 0 1
Y2016 Whether the neighborhood was completed in 2016. (Yes = 1, No = 0) — 0.02 0.135 0 1
Y2017 Whether the neighborhood was completed in 2017. (Yes = 1, No = 0) — 0.07 0.262 0 1
Y2018 Whether the neighborhood was completed in 2018. (Yes = 1, No = 0) — 0.03 0.164 0 1
Y2019 Whether the neighborhood was completed in 2019. (Yes = 1, No = 0) — 0.03 0.164 0 1
Y2020 Whether the neighborhood was completed in 2020. (Yes = 1, No = 0) — 0.03 0.164 0 1
Y2021 Whether the neighborhood was completed in 2021. (Yes = 1, No = 0) — 0.01 0.096 0 1

Note: — indicates that the corresponding variable is unitless.
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Abstract: The outbreak of COVID-19 has prompted consideration of the importance of urban re-
silience. Based on a multidimensional perspective, the authors of this paper established a com-
prehensive evaluation indicator system for evaluating urban resilience in the Yellow River basin
(YRB), and various methods such as the entropy value method, Theil index, exploratory spatial data
analysis (ESDA) model, and geographical detector model were used to measure the spatiotemporal
characteristics and influencing factors of urban resilience in the YRB from 2011 to 2018. The results are
as follows. (1) From 2011 to 2018, the urban resilience index (URI) of the YRB showed a “V”-shaped
dynamic evolution in the time series, and the URI increased by 13.4% overall. The resilience of each
subsystem showed the following hierarchical structure: economic resilience > social resilience >
ecological resilience > infrastructure resilience. (2) The URI of the three major regions—upstream,
midstream, and downstream—increased, and the resilience of each subsystem in the region showed
obvious regional characteristics. The comprehensive difference in URI values within the basin was
found to be shrinking, and intraregional differences have contributed most to the comprehensive
difference. (3) There were obvious zonal differences in the URI from 2011 to 2018. Shandong Penin-
sula and Hohhot–Baotou–Ordos showed a “High–High” agglomeration, while the southern and
southwestern regions showed a “Low–Low” agglomeration. (4) Among the humanist and social
factors, economic, fiscal, market, urbanization, openness, and innovation were found to be the factors
that exert a high impact on the URI, while the impacts of natural factors were found to be low. The
impact of the interaction of each factor is greater than that of a single factor.

Keywords: urban resilience; spatiotemporal differentiation; ESDA; geographical detector model; YRB

1. Introduction

The establishment of an urban system is randomly affected by changes in the internal
and external environment as a consequence of the nonlinear interaction of multiple factors
such as economic and social change, cultural adaptation, and resource integration [1],
which forms a complex and interconnected geographic entity [2]. At present, COVID-19
has caused immeasurable economic losses, social impacts, and casualties worldwide. This
is not only a major public health crisis but also a test of urban disaster risk emergency man-
agement. From the perspective of temporal and spatial scales, factors such as population,
capital, information, energy, and resources continuously flow among cities and promote
the rapid development of urbanization. The essence of urbanization is population migra-
tion [3]; in 2020, 56.2% of the world’s population lived in urban areas, and it is expected
that this proportion will increase to 62.5% by 2035 [4]. Exponential population growth,
sustained economic development, and excessive resource consumption place tremendous
pressure on urban systems, making cities extremely vulnerable to human–natural issues
such as negative externalities, climate change, and various disasters [2,5]. Uncertainty
and unknown risks have gradually become bottlenecks that restrict urban survival and
sustainable development and directly or indirectly threaten the safety and quality of life of
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urban residents. Maintaining the initial core structure and basic functions under various
unpredictable disturbances and pressures [1,6], improving the adaptability of the urban
system, enhancing resistance to shocks and the ability to recover from disasters, and mini-
mizing the adverse effects of perturbation factors have become urgent issues in the process
of urbanization [7]. China’s “14th Five-Year Plan” proposed building liveable, innovative,
smart, green, humane, and resilient cities; enhancing the capacity of public facilities to
cope with storms, droughts, and geological disasters; and improving emergency shelter
functions in public facilities and buildings. Resilient city construction has attracted wide
attention from academics, social organizations, and government departments, as well as
becoming a crucial topic in the field of urban geography and planning.

As a new model and concept of urban disaster prevention and mitigation, many
scholars have discussed urban resilience from qualitative and quantitative point of views,
and the relevant research has mainly focuses on the following:

(1) Concept definition: The term resilience originated from the Latin “resilio” [8].
In the 1990s, the theory of resilience was creatively introduced into urban planning and
construction, expanding the horizons of urban disaster research [7]. Urban resilience is
usually recognized as the preparation and planning by urban systems for unfavourable
factors, with absorption, recovery, and better adaptability in the face of disturbances [9]
and complex and dynamic characteristics in the development process [10]. To enhance the
short-term response capacity and long-term adaptability of urban systems [11], resilient
cities can mitigate and prevent disaster risks; minimize loss or disadvantage to life, prop-
erty, infrastructure, economic activities, and the environment from potential threats [12];
effectively guarantee the integrity and liveability of urban systems; and ensure the effec-
tive operation of functions in changing socioeconomic and environmental conditions [13].
Although there is no unified and recognized notion of urban resilience in academia, the
construction of resilient cities is considered to be a new way to guide the development
of sustainable cities [5], which should have three important abilities: the ability to absorb
various pressures and maintain a stable state, the ability to self-organize, and the ability
to adapt and learn [14]. Urban resilience is also characterized by biodiversity, versatility,
multiscale networks, modularity, and adaptive design [15].

(2) Evaluation system and method selection: Building a reasonable evaluation index
system based on the multidimensional perspective is the basis of quantitative research
on urban resilience. Many scholars have chosen indicators from several dimensions of
economy, society, infrastructure, institutions, and natural environment [16–18], using mod-
els such as the system dynamics [19,20], performance credit card [10], resilience maturity
model [21,22], situation analysis [23], and “Scale–Density–Morphology“ evaluation mod-
els [14] to measure the level of urban resilience or explore a certain dimension of it, such as
economic resilience [24], social resilience [25], ecological resilience [26], or infrastructure
resilience [27]. In addition, some scholars have used the propensity score matching and
difference in difference model to explore the role of smart city construction in improving
resilience [28].

(3) Influencing factors: The improvement of the urban resilience level is subject
to the combined effect of multiple factors, and identifying the leading factors behind
such resilience is conducive to guiding the planning and construction of resilient cities.
From both internal and external perspectives, the factors affecting urban resilience are
mainly explored from the human and natural perspectives, and theoretical frameworks
of urban resilience such as PEOPLES [22], DROP [29], RCPF [30], and HES [6] have been
established through various methods to explore the influence of social [31], economic [32],
regime [29], and ecological environment [33] on urban resilience. These empirical studies
have systematically analysed the reasons for differences in urban resilience at different
scales across the country, urban agglomerations, or provinces, and they have proposed
specific resilient city construction paths for different regions.

In summary, scholars have made fruitful achievements in the study of urban resilience,
but there remain problems that need to be explored in depth. First, current studies are
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mostly focused on qualitative research such as concept introduction and theoretical explo-
ration, with less extensive quantitative research focused on certain dimensions of urban
resilience, such as urban economic, social, ecological, or infrastructure resilience. Research
on comprehensive urban resilience is neither thorough nor systematic. Second, the in-
fluencing factors of urban resilience are mainly selected from humanistic and economic
factors, and the impact of natural factors on urban resilience has not been fully considered.
As a giant system with a complex enmeshment of “economy–society–nature”, it is more
reasonable to judge the influencing factors from the perspective of humanity and nature.
Finally, existing studies are mostly concentrated at the national, provincial, and urban
agglomeration levels, while research on watershed areas, which are regions with significant
spatial heterogeneity, is relatively insufficient.

The YRB is the birthplace of Chinese civilization. In 2019, the ecological protection and
high-quality development of the YRB was determined as a national strategy, and the region
has a very important position in the construction of a new domestic and international eco-
nomic dual-cycle development pattern. Compared with the Yangtze River Basin, the YRB
spans multiple natural subregions and is a typical area with rapid changes in economics,
society, and environment [34]; multiple fragile ecosystems in the basin have produced a
relatively close spatial coupling. The uneven distribution of water and land resources and
the shortage of water resources comprise the main contradiction that leads to the tense
relationship between man and land, as well as causing the poor navigation conditions
of the Yellow River. Most of the regional economic development is organized through
a “centre–periphery” structure, and the main trend of industrial population flow and
distribution is formed by relying on the main traffic axis. There are obvious differences in
urban economic development strength, natural resource endowments, and traffic location
conditions in the basin. The construction of urban resilience in this area is relatively insuffi-
cient, and its resilience is inadequate in the face of various disasters and risk intrusions.
For example, Zhengzhou in the lower reaches of the Yellow River is a national central city
and an important transportation hub. The extreme weather on 20 July 2021 caused serious
waterlogging, traffic paralysis, and casualties in the city. Water and power outages in some
areas caused inconvenience to residents’ daily lives. The socioeconomic and ecological
system is somewhat fragile, which severely restricts regional coordination and linkage and
sustainable development. Therefore, it is necessary to measure the urban resilience level
in the basin and clarify its driving factors. Based on this, the authors of this paper used
the entropy method to measure the urban resilience index and then analysed the spatial
heterogeneity and imbalance of urban resilience development by using spatial autocorrela-
tion and the Theil index. Finally, the geographical detector model was used to explore the
influencing factors of urban resilience. The results of this study are expected to provide
reference for urban planners and decision makers in the construction of resilient cities.

2. Methods and Data Description

2.1. Construction of Evaluation System

Urban resilience is the extent to which an urban system can withstand and absorb the
impact of various uncertain factors, as well as the ability to adapt, recover, and learn when
dealing with disturbances. Based on the relevant literature, 24 specific indicators from four
dimensions (economic resilience, society resilience, ecological resilience, and infrastructure
resilience) were established to measure the URI of the YRB. The index system is attached in
Appendix A (Table A1).

Economic resilience is embodied in the adaptability and stability of urban economic
systems when facing the impact of unknown risks [24]. A highly resilient urban system
requires a similarly strong level of economic development and has the ability to quickly
overcome the crisis and resume production in response to external disturbances. Accord-
ingly, six indicators were selected from the aspects of economic aggregate, financial security,
economic structure, financial capital, investment intensity, and economic growth to reflect
a city’s comprehensive economic strength, economic diversity, and stability.
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Social resilience reflects a city’s health security and emergency management when
it suffers short or long-term disturbance, with a focus on creating a high-quality social
environment with development potential [25]. We selected six indicators from the aspects
of education level, medical investment, residence income, employment structure, unem-
ployment structure, and health protection to reflect a city’s human capital and the ability to
resolve risks.

Ecological resilience is reflected in the resilience of an urban ecological environment
when facing excessive emissions of pollutants and reduction of green space that lead to
environmental overload. It is an important factor of urban resilience [35]. For this, we
selected six indicators from the aspects of environmental conservation level, urban greening
level, waste utilization, environmental remediation, environmental pollution pressure, and
waste emission intensity that reflect the service capacity, governance capacity, and pressure
of an ecological environment.

Infrastructure resilience reflects the ability of a city to protect people, evacuate, and
communicate with others during disasters or risks. It is at the forefront of crises re-
sponse [36]. Six indicators from the aspects of infrastructure construction, level of trans-
portation facilities, engineering support capability, internet penetration, electricity devel-
opment level, and communication sophistication were selected to reflect infrastructure
resilience.

2.2. Research Methods
2.2.1. Entropy Value Method

The entropy value method is an objective comprehensive evaluation method that
can effectively avoid human interference [37] and that many scholars have applied to
comprehensive evaluation. To better reflect the role of negative indicators, the extreme
value standardization method was used to nondimensionally process the data of various
indicators, and the URI was calculated according to the linear fitting formula. The specific
calculation steps are as follows [35].

First, according to the positive and negative indicators of urban resilience, the range
method was used to standardize the original data:

Positive indicator : x′ij =
xij − min(xij)

max(xij)− min(xij)
(1)

Negative indicator : x′ij =
max(xij)− xij

max(xij)− min(xij)
(2)

where xij is the original value of the i-th evaluation object corresponding to the j-th index;
x′ij is the standardized value; max(xij) and min(xij) are the maximum and minimum values
of each index, respectively.

Second, the entropy value of the j-th index was calculated:

ej = −k
n

∑
i=1

Pij ln Pij (3)

where k = 1/ln(n), n is the sample size and Pij = x′ij/
n
∑

i=1
x′ij.

Third, the URI and sub-resilience index Si of each city were calculated:

Si =
m

∑
j=1

wj × x′ij (4)

where wj =
dj

∑m
j=1 dj

, represents the weight of index j; dj = 1 − ej.
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2.2.2. Theil Index

Based on the concept of entropy in information theory, the Theil index was initially
applied to the analysis of income gaps among individuals or regions; the total gap can be
broken down into intragroup and intergroup gaps to more clearly identify its source [38].
In this paper, the unbalanced characteristics of the URI in the YRB were explored through
the Theil index and its decomposition method, which is calculated as follows:

T = TB + TW =
K

∑
k=1

yk ln
(

yk
nk/n

)
+

K

∑
k=1

yk

(
∑

i∈gk

yi
yk

ln
(

yi/yk
1/nk

))
(5)

where T, TB, and TW are the total gap, the intragroup gap, and the intergroup, respectively;
n is the sample cities, which are divided into K groups (the authors of this paper divided
the cities in the YRB into three groups: upper, middle, and lower reaches); each group is
represented by gk (K = 1, 2, 3); nk is the number of cities in group K; yk is the ratio of the
URI in group K to that in the YRB; and yi is the ratio of the URI of city i to the total.

2.2.3. ESDA Model
Global Spatial Autocorrelation

The global autocorrelation analysis was used to verify whether there was a spatial
aggregation of variables throughout the region by measuring the spatial interdependencies
of observational data, characterized primarily by Moran’s I index. Thus, we used the
global Moran’s I index to explore the spatial agglomeration of the URI in the YRB, and the
formula [39] is as follows:

I =
n ∑n

i=1 ∑n
j=1 Wij(xi − x)

(
xj − x

)
∑n

i=1 ∑n
j=1 Wij ∑n

i=1(xi − x)2 (6)

where n is the number of research cities; i and j are two different research cities in the
region; xi and xj are the average values of the URI of city i and j, respectively; and x is the
average value of the URI of all cities. Wij is the spatial weight matrix: if i and j are adjacent,
then Wij is 1, but if not, then Wij = 0. The range of I is [−1, 1], and when I > 0, it indicates
positive spatial correlation; the larger the I value is, the stronger the spatial correlation and
vice versa. The significance test of I was required, and the formula [40] is:

Z(I) =
1 − E(I)√

Var(I)
(7)

where Z(I) is the significance level of Moran’s I, and E(I) and Var(I) are the mathematical
expectation and variance, respectively. When Z(I) > 0 and is significant, it indicates
positive spatial autocorrelation; when Z(I) < 0 and is significant, it indicates negative
spatial autocorrelation.

Local Spatial Autocorrelation

To clarify the specific location of spatial agglomeration of high-value and low-value
resilient cities within the YRB, we used the local Moran’s I index to identify the local spatial
autocorrelation characteristics of urban resilience. The formula [41] is as follows:

Ii =
∑n

i=1,j=1 Wij(xi − x)
(
xj − x

)
S2 (8)

where Ii is the local Moran’s I index of the i-th city and S2 = 1
n ∑n

i=1 (xi − x)2; the results
also needed to be Z-tested, as in the formula above. At a certain level of significance,
according to the significance level of the Moran’s I index and the results of the Z test, the
research cities could be divided into four agglomeration relationships: (1) When Moran’s
I was significant and positive and Z(I) > 0, it was a “High–High” (H–H) agglomeration
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relationship, and the URI of the research city and neighbouring cities is high; (2) when
the Moran’s I index was significant and positive and Z(I) < 0, it was a “Low–Low” (L–L)
agglomeration relationship, and the URI of the research city and neighbouring cities was
low; (3) when the Moran’s I index was significant and negative and Z(I) > 0, it was a
“High–Low” (H–L) agglomeration relationship, the URI of the research city was high, and
the URI of the neighbouring unit was low; (4) when the Moran’s I index was significant
and negative and Z(I) < 0, it was a “Low–High” (L–H) agglomeration relationship, the
URI of the research city was low, and the URI of the neighbouring cities was high. When
Z(I) = 0, it was randomly distributed.

2.2.4. Geographical Detector Model

A geographical detector is a statistical model to distinguish spatial separation and
reveal its influencing factors, including those of risk, ecological, and interaction [42]. In
practical applications, it does not require too many assumptions, and influencing factor
analysis offers advantages such as immune collinearity of multiple independent variables
that have been applied in many fields in recent years [14,43]. The basic principle is to
divide the total sample into several sub-samples and then use variance to judge spatial
heterogeneity and variable relationships. If the sum of the sub-sample variances is less than
the total variance of all samples, there is a spatial difference. If the spatial distribution of two
variables tends to be consistent, there is a statistical correlation between the two variables.
To consider the influence mechanism of urban resilience in the YRB, we constructed an
index system that assessed urban resilience and identified the core influencing factors of
URIs through factor detection and interaction detection in geographical detectors.

The main purpose of factor detection is to explore the degree of interpretation of the
dependent variable y by the influence factor x, which is measured by the q value. The
formula is:

q = 1 − 1
Nσ2

L

∑
h=1

Nhσ2
h (9)

where q is the interpretive intensity of the influence factor on the URI with a range of [0, 1],
and the larger the q value is, the stronger the spatial divergence of the dependent variable
Y; if the spatial divergence is caused by the factor X, the larger the value of q is, so the
interpretation of urban resilience is stronger; h is the stratification of factor X or variable Y;
N is the sample size and Nh is the number of cities in layer; and σ2 and σ2

h are the variances
of the whole area and h area, respectively.

Interaction detection is used to identify the interaction between different influencing
factors Xi and Xj. It can evaluate whether the factors Xi and Xj will increase or decrease
the interpretation of the dependent variable Y when they work together, or whether the
influence of these factors on the dependent variable Y is independent.

2.3. Data

The research data could be divided into three main groups. (1) Socio-economic data:
these data were mainly derived from the 2011–2018 “China City Statistical Yearbook”,
“China City Construction Statistical Yearbook”, statistical yearbooks of provinces and
cities, statistical bulletins of national economic and social development of cities, and
individual missing data supplemented by interpolation or official local official websites.
(2) Environmental data: annual precipitation and annual average temperature data were
from the China Meteorological Data Network, and the original data were the monthly data
from meteorological stations. After the abnormal values were removed, the annual average
of the remaining stations was calculated, and the raster data of annual precipitation and
annual average temperature were generated by kriging interpolation. MODIS NDVI data
came from the Resource, Environment and Data Centre of the Chinese Academy of Sciences.
(3) Geographical information data: based on the administrative cities mentioned in the YRB
ecological protection and high-quality development strategy, the vector diagram of the
administrative boundary of the YRB came from the National Basic Geographic Information
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Centre. Considering the integrity and continuity of the data, the authors of this paper
excluded the Jiyuan, Zhongwei, Haidong, Linxia, Gannan Tibetan Autonomous, and Alxa
regions. To better analyse the spatial heterogeneity and imbalance of urban resilience
development in the YRB, the authors of this paper drew on existing research and divided
it into three regions: the upstream, midstream, and downstream [44]. The study area is
shown in Figure 1.

Figure 1. Sample area: the Yellow River Basin.

3. Spatiotemporal Evolution Characteristics of Urban Resilience

3.1. Temporal Evolution of URI
3.1.1. Comprehensive Evolution Analysis

Figure 2 shows that the URI of the YRB showed a “V”-shaped dynamic development
trend from 2011 to 2018, with an increase of 13.4%. Its evolution can be characterized in
two stages. In the first stage (2011–2012), the URI showed a downward trend from 0.2437
in 2011 to 0.1765 in 2012, a decrease of 27.6%. The reason for this decrease may be that in
the post-financial crisis era, the development model oriented by resources and labour led
to prominent contradictions in industrial structure, the low level of economic development
led to less supply of social public goods, and pressure to “maintain growth” ignored the
rational limited development of resources and environmental protection, thereby resulting
in a serious ecological and environment problem and a significant decline in the URI. In
the second stage (2012–2018), the URI showed a fluctuating upward trend from 0.1765
in 2012 to 0.2763 in 2018, an increase of 41.6%. During this period, the effectiveness of
the “12th Five-Year Plan” gradually became apparent. The new round of development
in the western region and the rise of the central region were implemented in depth. The
construction of the main functional area began; it was proposed to optimize urbanization
and significantly improve comprehensive urban carrying capacity, resilience, and risk
resistance. Although the URI of the YRB has improved, the value remains relatively small,
with obvious volatility and tortuousness. This phenomenon is directly associated with
the weak economic strength of the cities in the YRB, their imperfect social systems and
mechanisms, and the fragile ecological environment. These results indicate that there is a
long road ahead to enhance urban resilience in the YRB.
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Figure 2. Temporal evaluation of the URI and subsystems in the YRB during 2011–2018.

The subsystems showed obvious volatility and hierarchical characteristics in the YRB
from 2011 to 2018. The data distribution showed the characteristics of economic resilience
> social resilience > ecological resilience > infrastructure resilience. At this stage, the URI
of each subsystem improved, although the increases were quite different. Specifically,
infrastructure resilience rose from 0.0399 to 0.0502, an increase of 26%; economic resilience
rose from 0.0719 to 0.0841, an increase of 16.9%; ecological resilience rose from 0.0622
to 0.0677, an increase of 8.9%; social resilience rose from 0.0698 to 0.0743, an increase
of 6.4%. The economic, social, ecological, and infrastructural resilience development of
the YRB is obviously unbalanced, and it has also become an important factor restricting
the improvement of comprehensive urban resilience. On the whole, the economic and
social resilience index is high, while the infrastructure and ecological resilience index is
low. The reason for such differences may be that the emergence of “urban diseases” has
prompted the government to pay more attention to the adjustment and transformation of
urbanization and industrialization, as well as issues related to social equity and stability
such as education, medical care, and employment. However, the extensive resource-based
cities in the YRB account for 47% of the total. They have not fundamentally eliminated the
“resource curse” [45,46]. The negative environmental externalities caused by the transfer of
high-polluting industries, coupled with these cities’ own poor ability to restore and purify
ecological damage and environmental pollution, can easily transform these developed
areas into “pollution refuges”.

In general, the coordinated and balanced development of various subsystems is
a necessary measure to enhance urban resilience in the YRB. The malleable strategic
framework of ecological protection and high-quality development will be able to strengthen
the investment in and construction of infrastructure, as well as urban ecological and
infrastructure resilience, under the guidance of ecological civilization.
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3.1.2. Regional URI Evolution

From 2011 to 2018, the comprehensive and subsystem URI of cities upstream, mid-
stream, and downstream of the YRB increased (Figure 2). The comprehensive URI showed a
“V”-shaped development trend, and the development of subsystem resilience significantly
differed. The URI of upstream and midstream cities was found to be driven by “economy
and society”, and the URI of downstream cities was found to be driven by “economy and
infrastructure”. Specifically, in the upstream region, the comprehensive URI increased from
0.2731 in 2011 to 0.3104 in 2018, an increase of 13.7%, and the economic, social, ecological,
and infrastructure resilience indices increased by 4.6%, 11%, 25%, and 24.4%, respectively.
After 2013, the social resilience index surpassed the economic resilience index and became
the dominant force in urban resilience. After 2016, the infrastructure resilience index
surpassed the ecological resilience index. In the midstream region, the comprehensive URI
rose from 0.2129 in 2011 to 0.2363 in 2018, an increase of 11%, and the URI of each subsys-
tem had the most obvious hierarchy. The economic, social, ecological, and infrastructure
resilience indices increased by 5.5%, 2.6%, 8.7%, and 12.4%, respectively. Unlike the other
two regions, the ecological resilience index was lowest in the midstream. A probable reason
for this is the midstream flow through the Loess Plateau, where soil erosion is the most
serious. The ecological environment in this area is extremely sensitive and fragile, which,
coupled with the high intensity of production, life, and resource development in many
resource-based cities (as well as a disregard of the general natural laws of environmental
protection and inefficient management) has resulted in the worst ecological resilience. In
the downstream region, the comprehensive URI increased from 0.2543 in 2011 to 0.2917 in
2018, an increase of 14.7%, and the economic, social, ecological, and infrastructure resilience
indices increased by 20.7%, 7.4%, 31.9%, and 4.9%, respectively. The economic resilience
index was the highest and demonstrated a large increase. The high level of economic
development drives urban infrastructure construction, so the infrastructure resilience index
was the highest of the three regions. However, the coordination between economic growth
and environmental protection is poor, and ecological resilience construction is insufficient.

3.1.3. Difference Analysis Based on the Theil Index

In general, the Theil index dropped from 0.0877 to 0.0700 from 2011 to 2018 (Table 1),
a decrease of 20.1%, indicating that the comprehensive URI gap is shrinking. Across time,
in 2011–2012, 2013–2016, and 2017–2018, the difference in comprehensive URI narrowed,
reaching a minimum of 0.0700 in 2018. In 2012–2013 and 2016–2017, the difference in
comprehensive URI expanded, reaching the maximum of 0.0913 in 2013. The URI showed
obvious volatility as a wave-like downward trend in the time series.

Table 1. Theil index measurement and contribution rate of URI in the YRB from 2011 to 2018.

Year
Comprehensive

Difference

Intraregional Difference Interregional Difference

Upstream Midstream Downstream
Contribution

Value
Contribution

Rate
Contribution

Value
Contribution

Rate

2011 0.0877 0.1131 0.0676 0.0791 0.0830 94.69% 0.0047 5.31%
2012 0.0842 0.0861 0.0985 0.0723 0.0836 99.30% 0.0006 0.70%
2013 0.0913 0.0983 0.1141 0.0683 0.0890 97.50% 0.0023 2.50%
2014 0.0788 0.0896 0.0614 0.0780 0.0754 95.63% 0.0034 4.37%
2015 0.0773 0.0911 0.0689 0.0688 0.0735 95.13% 0.0038 4.87%
2016 0.0735 0.0692 0.0601 0.0745 0.0690 93.83% 0.0045 6.17%
2017 0.0788 0.0890 0.0595 0.0738 0.0730 92.57% 0.0059 7.43%
2018 0.0700 0.0745 0.0532 0.0660 0.0641 91.55% 0.0059 8.45%
Mean 0.0802 0.0889 0.0729 0.0726 0.0763 95.02% 0.0039 4.98%

In terms of the decomposition of regional differences, the Theil index in the upstream,
midstream, and downstream areas declined during the study period, i.e., the regional
differences in URI narrowed, with decreases of 34%, 21.2%, and 16.6%, respectively, and
they showed a ladder-like rule of upstream > midstream > downstream. During this
period, the mean contribution value and contribution rate of intraregional differences to
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the comprehensive URI difference were significantly greater than those of interregional
differences. Compared with the beginning of the period, the intraregional differences
decreased and the interregional differences slightly increased; thus, the differences in
URI mainly reflected in intraregional differences. In summary, the comprehensive and
intraregional differences in URI have diminished in fluctuations, while the changes in
interregional differences are more complex. Therefore, in the construction of resilient
cities, more attention should be given to regional coordination, linkage, and integrated
development.

3.2. Spatial Pattern of URI
3.2.1. Differentiation Characteristics of Comprehensive URI

According to the results of the URI and referring to the classification standards of
urban resilience in existing studies [35], the authors of this paper used 0.2, 0.35, and 0.5 as
critical values to visualize the URI in 2011, 2014, 2016, and 2018 (Figure 3). Y ≤ 0.2 indicates
low resilience, 0.2 < Y ≤ 0.35 indicates to mid-low resilience, 0.35 < Y ≤ 0.5 indicates
mid-high resilience, and Y > 0.5 indicates high resilience.

Figure 3. The spatial distribution of URI in the YRB from 2011 to 2018.

On the whole, the URI of the YRB has clustering characteristics, with regional central
cities as the core and showing obvious zonal differences, as shown in Figure 4. First, the
highly resilient cities are distributed, as indicated by dots in the figure. Before 2016, the
cities of Ordos and Qingdao were representative, and Zhengzhou and Jinan also entered
the ranks. The reason is that these cities have a significant “siphon effect” in the region.
The collection of advantageous resources promotes the improvement of a city’s emergency
mechanisms, and their considerable economic strength can bear the high cost of urban
restoration. Moreover, social maturity and social vitality are high. Both increased labour
costs and pressures on resources and the environment force cities to upgrade their industrial
structure and technological transformation, which improves their environmental pollution
prevention and control capabilities. Consequently, the ecosystem resilience increases, so the
pressure URI is relatively high. Second, cities with mid-high resilience are mostly located
on the fringes of cities with high resilience, such as Hohhot, Baotou, and Shizuishan in the
upper reaches and Zibo, Weifang, and Yantai in the Shandong Peninsula; there are also
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a small number of cities distributed as indicated by dots in the figure, such as Lanzhou,
Xi’an, and Taiyuan. Their resilience pattern was relatively stable during the study period.
Finally, mid-low and low resilience cities accounted for 82.1% in 2011 and 77.6% from 2014
to 2018. They are widely distributed in the midwestern and southern regions and show
certain spatial solidification characteristics. These are mainly small and medium-sized
cities with poor basic conditions, insufficient economic growth momentum, and a low
comprehensive URI.

  

  

Figure 4. The evolution trend of URI in the YRB.

3.2.2. Spatial Correlation Analysis
Global Spatial Autocorrelation Analysis

The comprehensive URI of cities presents a positive spatial autocorrelation in the
regional space; that is, cities with similar comprehensive resilience showed a spatial
agglomeration trend. The Moran’s I index dropped from 0.211 in 2011 to 0.191 in 2018
(Table 2), indicating that the agglomeration trend weakened. From the perspective of
subsystem resilience, economic resilience showed a positive spatial correlation, and both
the Moran’s I value and the significance level are higher than other system resilience levels,
again highlighting that economic resilience exerts the greatest impact on comprehensive
URI while the impact of infrastructure resilience on comprehensive URI is second only to
economic resilience. The low significance level and weak agglomeration trend of social
and ecological resilience are additional evidence of the imbalanced social and ecological
development among cities in the YRB.

Table 2. The Moran’s I Index of URI in the YRB.

Year
Moran’s I

Comprehensive URI Economic Resilience Social Resilience Ecological Resilience Infrastructure Resilience

2011 0.211 *** 0.423 *** 0.005 0.047 0.210 ***
2012 0.248 *** 0.374 *** 0.069 −0.030 0.240 ***
2013 0.127 * 0.288 *** −0.025 0.288 *** 0.188 ***
2014 0.221 *** 0.405 *** 0.026 0.118 * 0.167 **
2015 0.167 ** 0.384 *** 0.011 0.152 ** 0.173 **
2016 0.177 ** 0.385 *** 0.015 0.032 0.093
2017 0.159 ** 0.371 *** 0.009 0.032 0.129 *
2018 0.191 *** 0.365 *** 0.030 0.067 0.136 **

Note: ***, **, and * represent significance at the levels of 0.01, 0.05, and 0.1, respectively.
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Local Spatial Autocorrelation Analysis

The local autocorrelation test showed that in 2011, 2014, 2016, and 2018, 19.4%, 16.4%,
17.9%, and 16.4% of the cities, respectively, showed obvious positive spatial correlation
(Table 3). Specifically, the urban resilience in “H–H” agglomeration areas was found to
mainly be concentrated in the Shandong Peninsula Blue Yellow Economic Zone and the
Hohhot–Baotou–Ordos urban agglomeration, including locations such as Weifang Yantai,
Zibo, Hohhot, and Baotou. These cities have the advantages of good regional coordina-
tion and linkage. The radiation trickle effect of large cities such as Qingdao and Hohhot
will drive economic growth and infrastructure construction. Together with the gradual
improvement of the cross-regional coordinated governance pattern, the comprehensive
ecological and environmental benefits have improved. The comprehensive resilience in
the region is relatively high. Urban resilience in “L–L” agglomeration areas is distributed
in the southern and southwestern parts of the YRB, such as Guyuan, Pingliang, Tianshui,
Nanyang, Zhoukou, and Zhumadian. These cities have weak basic conditions and in-
sufficient regional development endowments. Constrained by location, transportation,
and resources, they have formed “depressions” for urban resilient development. Urban
resilience in “L–H” and “H–L” agglomeration areas become fault areas in the radiation
conduction of high and low-value areas. “H–L”-type cities such as Lanzhou and Xi’an
have a strong siphon effect on the surrounding cities and are in the polarization stage of
absorbing the collection of various resources around them, causing the resilience construc-
tion of the surrounding underdeveloped cities to comparatively lag. As a result, an “L–H”
type of urban resilience development deficit has formed.

Table 3. Local spatial evolution of URI in the YRB.

Year H–H L–L L–H H–L

2011
Weifang, Yantai, Zibo,
Binzhou, Hohhot,
Baotou

Guyuan, Pingliang, Tianshui,
Qingyang, Nanyang, Zhoukou,
Zhumadian

Bayannaoer, Shizuishan,
Xinzhou, Rizhao Lanzhou

2014 Weifang, Yantai, Zibo,
Hohhot, Baotou

Guyuan, Pingliang, Tianshui,
Luohe, Nanyang, Zhumadian

Bayannaoer, Shizuishan,
Xinzhou, Binzhou, Rizhao Lanzhou, Xi’an

2016 Weifang, Yantai, Zibo,
Baotou, Shizuishan

Guyuan, Pingliang, Tianshui,
Luohe, Nanyang, Zhoukou,
Zhumadian

Bayannaoer, Xinzhou,
Binzhou, Laiwu, Rizhao Lanzhou, Xi’an

2018 Weifang, Yantai, Zibo,
Binzhou, Baotou

Guyuan, Pingliang, Tianshui,
Nanyang, Zhoukou, Zhumadian

Bayannaoer, Shizuishan,
Rizhao Lanzhou

3.2.3. Evolution Trend Analysis

To more intuitively illustrate the spatial evolution characteristics of URIs, ArcGIS 10.2
software was used to describe the spatial distribution trend of URIs in the YRB in 2011,
2014, 2016, and 2018 (Figure 4). In these visualisations, the Z-axis represents the URI, the
line on the X-axis corresponds to the trend of the URI in the east–west direction, and that
on the Y-axis indicates the north–south direction. On the whole, the curve of the URI from
2011 to 2018 has a relatively small range, and the overall stability remains steady. In the
east–west direction, the curve presents an obvious U-shaped distribution pattern of high
east–west and low central. This result indicates that cities in the east and west of the YRB
have high resilience, whereas the central area has low urban resilience. In the north–south
direction, the “high in the north and low in the south” curve trend is obvious, indicating
that the URI of the northern part of the YRB is higher than that of the southern part, which
shows significant regional differences.
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3.3. Analysis of Influencing Factors of URI
3.3.1. Index Selection

As shown by the analysis, there are significant spatiotemporal differences in URI
throughout the YRB, and differences in the development of resilience among different cities
and regions coexist with spatial correlation. As this area straddles the three major tectonic
plates in China’s eastern, middle, and western regions, its socioeconomic development
and natural background conditions are strongly imbalanced and the nonlinear interaction
of various factors has led to a complicated spatiotemporal pattern of urban resilience.
A review of the existing literature revealed that most of the current analysis on factors
affecting urban resilience have focused on humanity and society and seldom involved
the discussion of the impact of natural factors on urban resilience. The authors of this
paper constructed an indicator system for multiple influencing factors of urban resilience
in the YRB.

In terms of social and economic factors, the influencing effect of human factors was
verified through the eight aspects of economic [47], infrastructure [8], fiscal [48], market [48],
urbanization [48], financial [25], openness [48], and innovation factors [48]. According to
the literature, we selected GDP/administrative area (x1), urban municipal public facilities
construction/total investment in fixed assets (x2), fiscal revenue/GDP(x3), per capita retail
sales of consumer goods (x4), urban population/total population (x5), financial institution
deposit balance/loan balance (x6), total import and export/GDP (x7), and technology and
education expenditure/GDP (x8) for characterization. Regarding natural factors, the impact
of the natural environment on urban resilience was verified through the three aspects of
water, air, and vegetation. The related variables were annual precipitation (x9), annual
average temperature (x10), and vegetation index (x11). Jenks was used to discretize each
explanatory variable into a type quantity. Based on factor and interactive detection in the
geographical detector model, the main influencing factors of the URI in the YRB and the
influence of the interaction of various factors on urban resilience were identified.

3.3.2. Analysis of Influencing Factors

Through the use of factor detection to measure the interpretation strength of each
influencing factor (q) (Table 4), the results showed that the influencing forces of each factor
significantly varied, with the most influential factors including the economic (0.3891), fiscal
(0.3181), market (0.748), urbanization (0.5875), openness (0.3471), and innovation factors
(0.3803). Compared with social and economic factors, the significance level of natural
factors was found to be low, as was their impact on URI.

Table 4. Detection results of factors affecting urban resilience in the YRB.

Year 2011 2014 2016 2018 Average

x1 0.4089 *** 0.3382 ** 0.4280 *** 0.3811 ** 0.3891
x2 0.3139 * 0.2101 0.1133 0.2031 0.2101
x3 0.2102 ** 0.2535 ** 0.3798 *** 0.4288 *** 0.3181
x4 0.8401 *** 0.7454 *** 0.7889 *** 0.6167 *** 0.7478
x5 0.4189 *** 0.6586 *** 0.6513 *** 0.6212 *** 0.5875
x6 0.3042 *** 0.2230 *** 0.1888 ** 0.2456 *** 0.2404
x7 0.2840 ** 0.3252 * 0.4511 *** 0.3282 *** 0.3471
x8 0.4081 *** 0.4115 *** 0.2987 *** 0.4031 *** 0.3803
x9 0.0846 0.1578 0.0476 0.0579 0.0870
x10 0.1142 0.1194 0.1383 0.0766 0.1121

x11 0.1267 * 0.1335 0.0788 0.1376 0.1191

Note: ***, **, and * represent significance at the levels of 0.01, 0.05, and 0.1, respectively.

Economic factors exert a significant impact on urban resilience. When citizens are
attacked by man-made or natural disasters, robust economic strength can provide the
necessary economic foundation and material guarantees for a city’s post-disaster recovery
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and development. In the early stages of urban development, excessive reliance on resource
input reduced the spatial carrying capacity of the urban system, which weakened its ability
to prevent external shocks and unknown risks and resulted in ecological environment sys-
tem overloaded. Areas such as Changzhi, Xinzhou, Linfen, and Lvliang in Shanxi Province
are important coal mine bases. Economic development mainly relies on resource-intensive
industries, with low development quality and greater environmental protection pressure.
In addition, in some cities such as Ordos, a large number of new district constructions
have led to the oversupply of real estate development, imperfect infrastructure, and even
“ghost cities”, causing great damage and pollution to the natural environment and seriously
affecting urban resilience. With the transformation of the urban economic development
model to high-quality intensification, technological progress and increased awareness of
environmental protection have forced cities to improve their pollution control levels and
the ability of urban systems to self-repair has increased. Such transformation has also
provided capital accumulation for post-disaster recovery and strengthened cities’ resistance
to various risk interferences. Therefore, efforts should be made to realize the linkage of
the upstream, midstream, and downstream economies and industry synergy; promote the
diversification of economic industries; further promote the transformation of economic
development from quantitative expansion to qualitative improvement; and build a resilient
economic structural system.

Fiscal factors play an important role in influencing urban resilience and exert an
impact on the rise of resilience overall. The fiscal role is related to the government macro
control. The larger the fiscal scale is, the more able the government is to centrally allocate
social resources and provide strong human, material, and fiscal support for cities to resist
external risks. The YRB mostly comprises small- and medium-sized cities in the middle
of industrialization. The city scale is small, and most of the various elements are close to
resource-based industries, which reduces the stability of the urban system and ecosystem in
long-term development and leads to path dependence on the government’s fiscal support
in the construction of urban resilience. However, if the fiscal scale exceeds the total
amount of social surplus products, it will cause difficulty in capital turnover in the market,
which is adverse for the optimal distribution of various resources in the urban system.
Moreover, excessive government regulation is contrary to the general operational law of
cities, easily produces rigidity in the process of urban development, and is not conducive to
the construction of urban resilience. Therefore, in the future construction of resilient cities,
the role of fiscal factors should be fully integrated to build an efficient service-oriented
government and to improve the fiscal guarantee mechanism in the daily operation of the
urban system.

Market factors exert a significant influence on urban resilience. Increased market
capacity can strengthen the degree of regional marketization, stimulate the endogenous
growth momentum of the urban economy, and enhance the resilience of local cities while
promoting the resilience of surrounding areas through the radiation and driving effect
of the market. In most underdeveloped small and medium-sized cities, residents tend
to have a strong marginal willingness to consume, whereas their actual spending power
is relatively weak. With the improvement of the urban social security level, residents’
burdens on medical care, education, and hygiene can be greatly reduced. This alleviation,
in turn, can stimulate the conversion of residents’ income into production and living
consumption, as well as provide a powerful impetus for urban economic development. In
the process of building resilient cities, it is important to focus on improving the level of
marketization and market activity, deepening the reform of the market-oriented allocation
of factors, stimulating market potential, and improving the market’s emergency early
warning mechanism to respond to disturbance threats.

Urbanization factors exert a significant influence on urban resilience. An increase in
the urbanization level means that the degree of urban agglomeration will increase. When
a city is hit by disasters, it can quickly realize the allocation and complementation of
various resources in the city, as well as reduce the degree of damage to the urban system.
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In recent years, the construction of new-type urbanization has intensified, the quality of
urbanization has significantly improved, ecological cities and smart cities have improved
the effectiveness of urban governance, and the operation of various functions in the urban
system has been complemented and enhanced. The increase in urbanization has also
strengthened the information communication within cities, avoiding the paralysis of the
city system due to poor communication or “information failure”, improving the vitality
of urban development, and strengthening the city’s ability to resist various shocks and
threats. Therefore, urban planning and management should be coordinated to form a
spatial pattern of urbanization with complete functions and the division of labour and
coordination to provide good environmental support for improving urban resilience.

Openness factors exert a significant driving effect on urban resilience. According to
the “pollution refuge hypothesis”, there are different environmental regulations among
regions, and pollution-intensive industries show corresponding comparative advantages
in different regions. When environmental regulations are relatively loose, the inflow of
these polluting industries will increase the pressure on the local ecological environment,
which is not conducive to the construction of ecological resilience. However, increasing the
openness level is conducive to accumulating various resource elements and accelerating
the diversified development of the industrial structure, with the effect of economies of
scale thus becoming increasingly prominent. In the process of opening up, cities should
acquire reverse knowledge spillovers, improve local technological innovation capabilities,
and accelerate the optimization and upgrading of industrial structure to achieve balanced
coordination between economic growth and environmental protection. In the construction
of resilient cities, efforts should be made to build inland opening-up heights, actively
guide the flow of funds to low-polluting and high-tech industries, and strengthen the
introduction of talent and intellectual exchanges.

Innovation factors exert a significant influence on urban resilience. The achievements
of scientific and technological innovation not only inject new momentum into economic
development but also provide an effective means to solve ecological and environmental
problems. From the perspective of science and technology, as localities pay increasing
attention to science and technology investment, innovation dividends gradually appear.
Technology spillovers are promoted through the network of city cooperation, which im-
proves the efficiency of energy resource utilization and the input–output ratio, promotes
the exploration and utilization of new energy, reduces the proportion of fossil energy con-
sumption, improves the ability to control ecological environmental pollution, and reduces
pollution emissions from industrial enterprises. In terms of education investment, the
talent team is the key to technological innovation. Education investment helps to improve
human capital, thereby improving the overall quality of workers, raising awareness of
environmental protection, and providing a talent pool for the future development of the
city, thereby strengthening the economic system and ecosystem anti-risk ability. All of
these factors are highly beneficial to economic and ecological resilience.

From the perspective of other influencing factors: (1) The infrastructure factor (0.2101)
showed a trend from significant to insignificant. Excessive government intervention is
one possible reason [49]. Unreasonable planning and infrastructure investment have little
effect on urban resilience, but the suboptimal allocation of the internal resource elements
of a city system reduces the efficiency of resource use. However, this does not mean that
infrastructure investment is negligible in the construction of urban resilience. Complete
infrastructure is the basic material condition for cities to face various risks and challenges,
and it provides basic support for the construction of resilient cities. In future infrastructure
construction, more attention should be paid to improving the efficiency of infrastructure
investment and building a multifaceted and systematic infrastructure pattern. (2) The
financial factor (0.2404) was found to exert less impact on urban resilience than other factors
and showed a downward trend, possibly because of the small financial scale of the cities in
the YRB and the long-term dual economic structure. Idle funds in society are easily guided
by policies to flow to highly resilient cities. Improving financial efficiency will intensify the
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competition of financial resources between high and low resilience cities, which will easily
lead to financial risks. At present, the impact of the financial factor on urban resilience
construction is limited.

Based on factor detection, the authors of this paper used interaction detection analysis
to detect interaction types for impact factors (Table 5). The results showed that any two
factors exerted a greater impact on urban resilience than a single factor, and the interaction
types were all revealed to be nonlinear enhancements, indicating that urban resilience is
affected by multiple factors. Specifically, the interaction between market factors and other
influencing factors, such as infrastructure, fiscal, and urbanization, can better explain urban
resilience. Compared to these, the impact of the other two factors is relatively low.

Table 5. Interaction of influencing factors on urban resilience in the YRB.

2011 2014 2016 2018

Interaction Factor Value Interaction Factor Value Interaction Factor Value Interaction Factor Value

x3 ∩ x1 0.6304 x3 ∩ x1 0.6274 x3 ∩ x1 0.6679 x3 ∩ x2 0.6490
x4 ∩ x2 0.9326 x4 ∩ x3 0.8677 x4 ∩ x1 0.8375 x4 ∩ x1 0.7714
x4 ∩ x3 0.9393 x5 ∩ x1 0.7629 x4 ∩ x2 0.8247 x4 ∩ x3 0.7264
x5 ∩ x1 0.6862 x5 ∩ x2 0.6895 x4 ∩ x3 0.9154 x5 ∩ x1 0.7160
x5 ∩ x2 0.6324 x5 ∩ x3 0.7912 x5 ∩ x1 0.7444 x5 ∩ x2 0.6429
x6 ∩ x1 0.6045 x5 ∩ x4 0.8273 x5 ∩ x3 0.7969 x5 ∩ x4 0.7069
x6 ∩ x5 0.6240 x6 ∩ x4 0.8022 x5 ∩ x4 0.8367 x6 ∩ x4 0.7295
x8 ∩ x1 0.6924 x6 ∩ x5 0.7378 x7 ∩ x3 0.6698 x6 ∩ x5 0.6770
x8 ∩ x2 0.6141 x7 ∩ x3 0.6112 x8 ∩ x1 0.6387 x7 ∩ x3 0.6085
x8 ∩ x3 0.6917 x7 ∩ x5 0.7491 x8 ∩ x3 0.7827 x7 ∩ x4 0.7099
x8 ∩ x5 0.6853 x8 ∩ x4 0.6445 x8 ∩ x5 0.6901 x8 ∩ x3 0.6054
x8 ∩ x7 0.6299 x8 ∩ x5 0.6945 x8 ∩ x7 0.6538 x8 ∩ x5 0.6578

Note: This table only lists the interaction factors with higher interaction values.

4. Conclusions

Based on the panel data of 67 cities in the YRB from 2011 to 2018, the temporal and
spatial differentiation characteristics of urban resilience in the YRB were analysed, and a
geographical detector model was used to analyse the influencing factors of urban resilience.
The main conclusions are as follows:

(1) From 2011 to 2018, the comprehensive URI of the YRB was at a low-medium level,
showed two-stage evolutionary characteristics, and presented a “V”-shaped dynamic
fluctuation; it rose from 0.2437 to 0.2763, an increase of 13.4%. The resilience of each
subsystem has obvious volatility and hierarchical characteristics, showing the follow-
ing trend: economic resilience > social resilience > ecological resilience > infrastructure
resilience.

(2) From the regional perspective, the comprehensive URI of the upstream, midstream,
and downstream regions has somewhat increased, but the development and change
of the resilience index of each subsystem in the region show significant regional
characteristics. In addition, the comprehensive difference in URI in the basin has
shown a shrinking trend. The intraregional differences in the three major sectors
have shrunk, while the interregional differences have slightly increased. Intraregional
differences are the main source of urban resilience differences.

(3) From the spatial analysis, we found that the URI of the YRB had obvious zonal
differences from 2011 to 2018. The global Moran’s I index showed that the URI
has presented a positive spatial autocorrelation in the regional space. In terms of
local agglomeration, the “H–H”-type cities are mostly concentrated in the Shandong
Peninsula and the Hohhot–Baotou–Ordos urban agglomeration, and the “L–L”-type
cities are distributed in the southern and southwestern parts of the YRB. From the
perspective of global trends, the U-shaped distribution trend in the east–west direction
indicates that the urban resilience of the eastern and western parts of the YRB is
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significantly greater than that of the central region, and the upward trend from north
to south indicates that the resilience of northern cities is greater than that in the south.

(4) From the analysis of influencing factors, we found that socioeconomic factors exert
a greater influence on urban resilience than natural factors. Factor detection results
showed that economic, fiscal, market, urbanization, openness, and innovation factors
are the core impacts factors of urban resilience, while infrastructure and financial
factors exert low impacts on urban resilience. In terms of interactive detection, the
impact of the interaction factor on urban resilience was found to be significantly
greater than that of a single factor, the interaction type of each interaction factor is
characterized by nonlinear enhancement, and urban resilience in the basin is affected
by multiple influencing factors.

5. Implications

The authors of this paper define urban resilience as a city’s ability to resist unknown
risks and recover after a disaster. We used empirical analysis methods to explore the spa-
tiotemporal evolution and influencing factors of urban resilience. This analysis provides a
helpful reference for the prevention and resolution of major risks in the YRB against the
background of the new era and provides new ideas for building resilient cities to promote
sustainable development. In the process of urban development, the evolution of humanistic
and natural elements or coupling with other elements constantly shapes the spatial form
within the city, presenting multiscale characteristics within the spatiotemporal differen-
tiation of urban resilience, which also makes the influencing factors of urban resilience
more complex. At present, the urban resilience of the YRB is generally at a mid-low level,
with large spatial and regional differences. The resilience of subsystems within the basin
and among regions shows a clear hierarchical structure, reflecting a significant imbalance
of economic, social, ecological, and infrastructure construction in the YRB. Achieving the
coordinated development of the resilience of various subsystems has become the key to
strengthening urban resilience. For this reason, cities in the YRB should strengthen the
strategic top-level design of resilient city construction on the basis of their natural endow-
ments and actual social and economic conditions; build effective economic development,
social and public policy coordination, and infrastructure planning and construction mecha-
nisms; strengthen the capacity of ecological and environmental protection; and establish
a scientific and reasonable urban resilience system evaluation system. Considering that
academia has not yet reached a consensus on the basic connotations of and evaluation
criteria for urban resilience, future research will start with basic concepts to analyse the
scientific connotation and framework structure of urban resilience and take a diversified
and composite perspective on urban resilience development in various regions to find a
reasonable and resilient city construction path.
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Appendix A

Table A1. The evaluation index system of urban resilience in the YRB.

Target Criterion Layer Index Layer Nature Index Meaning Reference

Urban
resilience

Economic resilience

GDP per capita + Economic aggregate Shi et al. [1,50]
Per capita fiscal expenditure + Financial security Shi et al. [1,50]
The proportion of tertiary industry in
GDP + Economic structure Chen et al. [49]

Per capita savings deposit balance + Financial capital Chen et al. [49]
Per capita investment in fixed assets + Investment intensity Shi et al. [1,50]
Number of industrial enterprises above
designated size + Economic growth Chen et al. [49]

Social resilience

Number of college students per 10,000
people + Education level Chen et al. [49]

Number of hospital beds per 10,000
people + Medical investment Kammouh et al. [22]

Average salary of employees + Residence income Shi et al. [1,50]
Proportion of employment in tertiary
industry + Employment

structure Shi et al. [1,50]

Number of registered unemployed
persons in urban areas + Unemployment

structure Shi et al. [1,50]

Health technicians per 10,000 people − Health protection Kammouh et al. [22]

Ecological resilience

Park green area per capita + Environmental
conservation level Kammouh et al. [22]

Green coverage rate in built-up area + Urban greening level Kammouh et al. [22]
Comprehensive utilization rate of
industrial solid waste + Waste utilization Chen et al. [49]

Harmless treatment rate of urban
domestic garbage + Environmental

remediation Chen et al. [49]

Industrial wastewater discharge per
unit GDP − Environmental

pollution pressure Chen et al. [49]

Industrial smoke and dust emissions per
unit of GDP − Waste emission

intensity Chen et al. [49]

Infrastructure
resilience

Road area per capita + Infrastructure
construction Chen et al. [49]

Number of buses per 10,000 people +
Level of
transportation
facilities

Kammouh et al. [22]

Density of urban drainage pipes + Engineering support
capability Chen et al. [49]

Number of Internet broadband users + Internet penetration Kammouh et al. [22]

Electricity consumption per capita − Electricity
development level Shi et al. [1,50]

Number of mobile phone users at the
end of the year + Communication

sophistication Kammouh et al. [22]
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Abstract: This study examined the association between neighborhood-based social capital (NSC)
and depressive symptoms in the context of urban neighborhoods in China, with special attention
given to the association heterogeneity across socioeconomic groups. Drawing on cross-sectional data
collected from 39 neighborhoods in Guangzhou, this research demonstrated that adults’ depressive
symptoms were higher among those with lower cognitive (trustworthiness, reciprocity, and cohesion
within a neighborhood) and structural (social network and participation) dimensions of NSC. Further
analysis showed that the negative association between NSC and depressive symptoms was signifi-
cantly heterogeneous across socioeconomic groups. Specifically, this negative relationship was more
prominent in the lower socioeconomic classes than in the upper socioeconomic classes, indicating that
the lower accumulation of NSC among disadvantaged groups may aggravate depression unequally
across social classes. In addition, the negative association between social participation and depres-
sive symptoms was stronger for people who are older or unemployed. The findings of this study
not only provide new evidence concerning the significance of the beneficial effects of NSC in the
Chinese context, but also, more importantly, highlight that NSC plays a crucial role in creating mental
health inequality across social classes. Thus, the relevant social interventions including fostering
neighborhood relationships and social activities should be carefully tailored against the backdrop
of community building during the urbanization process. The implications of our study for urban
governance to promote healthy cities are discussed.

Keywords: social capital; social participation; volunteering; urban China; urban governance

1. Introduction

Depression has increasingly become a worldwide mental health concern. It has
been reported that depression affects 120 million people worldwide [1], and it ranks 15th
among the leading contributors to disability-adjusted life years (DALY) [2]. Depression
not only adversely affects normal life but also substantially raises the risk of various
physical illness, such as addiction, stroke, self-injury, and cardiovascular disorders [3–6].
In order to reduce the occurrence of depression, a growing number of studies have tried to
examine the potential contributors to depression. A large body of research has found that
depressive symptoms vary across different population groups, such as age cohorts [7,8],
gender groups [9], and migration categories [10,11]. Research has also revealed that
neighborhood characteristics, such as the neighborhood’s physical environment (e.g., built
environment, green spaces, and communal spaces) [1,7,10], social environment, including
relationships among neighbors (e.g., trustworthiness, social cohesion, and shared norms of
reciprocity) [4,12–14], and participation in neighborhood activities (such as volunteering
and participation in associations) [8,13,14], have specific links to depressive symptoms.

While a plethora of studies have delved into the linkage between neighborhoods’
social environment and mental health in developed countries, intellectual inquiries about
how this link works in developing countries has only just begun in recent years [13]. It has
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been reported that people from developing countries are more likely to be depressed than
ever before, and depression has become one of the most important risk factors for disability
and morbidity [15,16]. However, little is known about the social environment drivers
of depression in these populations. To that end, there is an urgent need to disentangle
the mental health benefits of residential social environments in developing countries for
future public policies and social interventions. This study contributes to the literature by
examining the association between neighborhood-based social capital (hereafter NSC) and
depressive symptoms in the Chinese context, where the rates of depressive symptoms and
depression have increased rapidly, and have topped 37.9% and 4.1%, respectively [17]. To
date, only a few studies have examined the link between NSC and depressive symptoms in
Chinese cities [13,18,19]. However, these studies have only focused on people who are older.
Furthermore, studies concerned with the association of NSC with depressive symptoms
have been left with many questions, considering that social capital is a multi-dimensional
concept, and can take various forms. More studies are needed not only to investigate the
relationship between NSC and depressive symptoms across population groups of different
age cohorts, but also on whether and to what extent different forms of social capital are
associated with depression.

Using data from a city-wide survey of 39 neighborhoods completed in early 2013 in
Guangzhou, this study attempts to investigate the association between two forms of NSC
and depressive symptoms, and further investigate whether this association may vary across
socioeconomic groups. This question is of great significance for understanding the role of
neighborhoods in preventing and treating mental illness within China’s phenomenal urban
transformation. This study contributes to the literature in three aspects. First, it makes
the first attempt to systematically explore the relationship between NSC and depressive
symptoms among adults in the Chinese context. Second, it breaks down the notions of
different forms of social capital, and distinguishes between the effects of different forms of
NSC. Third, it contributes to the existing literature on depression and to the debate on the
significance of neighborhoods by examining the heterogeneous relationship between NSC
and depressive symptoms across socioeconomic groups.

In this study, we first review the urban sociology literature on the association of NSC
with depressive symptoms, including works pertaining to Chinese cities, and formulate
several hypotheses accordingly (Section 2). In Section 3, we present the methodology and
data of the study. We then analyze the extent to which different forms of NSC are related
to depressive symptoms, and further explore the heterogeneous relationship between NSC
and depressive symptoms across socioeconomic groups (Section 4). In Section 5, we discuss
implications, limitations, and avenues for future study. Finally, the main findings are
highlighted in Section 6.

2. Literature Review and Hypothesis Development

2.1. Association between Neighborhood-Based Social Capital and Depression

Social capital has received much attention in the past decades since Putnam, in his
seminal work, Bowling Alone, argued that the American society is facing the loss of social
capital, which leads to a myriad of social problems [20,21]. Despite the growing number of
studies on social capital, we still lack of a precise definition for the term. Existing studies
have explored social capital from different sources (e.g., neighborhood, employment,
and family social capital) and in different forms (e.g., bridging vs. bonding, structural
vs. cognitive, trust vs. reciprocity, individual vs. collective) [10,11,19,22,23]. This study
focused on individual-level neighborhood-based social capital, which is one of the most
important sources of social capital among adults. It adapts the typical typology of social
capital to distinguish between two forms of NSC: neighborhood-based cognitive social
capital (hereafter NCSC), and neighborhood-based structural social capital (hereafter
NSSC) [19–21,24]. NCSC refers to residents’ subjective perceptions and evaluations of
social relationships within local neighborhoods, such as perceptions of the trustworthiness
of neighbors, solidarity among neighbors, shared norms of reciprocity, and commitment
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within the neighborhood [10,11,14]. Unlike NCSC, NSSC is objective and measurable,
and reflects residents’ social behavior in local neighborhoods. Common indicators of
NSSC include neighborhood acquaintances, neighbor interactions, and neighborhood
participation (primarily social activities and volunteering) [10,14,25].

Previous studies have revealed that NCSC has more powerful protective effects against
depressive symptoms than NSSC [24,26]. Residents who perceive their neighborhood to
have a high level of mutual trust [27], social cohesion [14,23], and reciprocity [28] were
significantly less likely to suffer from depressive symptoms in Western contexts. The main
underlying mechanisms are that trust, reciprocity, shared norms, and values within a
neighborhood can promote personal information exchange and knowledge transmission,
affect the allocation and utilization of resources and services, back up the social credibility of
residents, support healthy behaviors, and offer social support [27–30]. As for NSSC, current
studies have revealed that social networks and neighborhood participation are significantly
negatively associated with depressive symptoms [31–33]. Neighborhood participation,
which is also a multidimensional construct in the literature, covers a wide range of activities,
such as political, social, leisure, and cultural activities in the neighborhood. Several
explanations for the obvious negative link between neighborhood participation and mental
health have been proposed. For a start, participation in neighborhood activities provides
individuals with opportunities to share information and exchange opinions mutually,
which helps people to decrease feelings of loneliness, and to embrace healthier habits and
lifestyles [33,34]. Furthermore, joint activities increase social contact, which can foster
supportive and caring relationships, and consolidate social integration [8]. People can
receive assistance and support more easily through these relationships, thereby reducing
the risk of depression. Moreover, participation may make people recognize that they
are part of the neighborhood, which promotes confidence, and inspires them to be more
enthusiastic about neighborhood affairs [10].

Despite the strong evidence for the inverse relationship between NSC and depressive
symptoms, some studies have revealed no significant relation between them [10,14,31].
A 2005 literature review [26] reported that, of the 11 works included in the study, seven
revealed significant negative relationships between NCSC and depression, but only three
revealed significant negative relationships between NSSC (primarily social engagement)
and depression. Cao et al. [24] and Lu et al. [19] summarized the reasons behind these
inconclusive findings regarding NSC and depression. First, due to differences in the
measures and conceptualization, it is difficult to compare results across relevant works.
Second, many studies have only focused on one component of NSC, but have not included
measures of both NCSC and NSSC. These issues within the literature pinpoint that further
study is needed, and that both levels of measures should be included.

2.2. NSC and Its Association with Depression under China’s Unprecedented Urban Spatial
Restructuring

Compared with the large volume of empirical evidence focused on Western countries,
fewer cases have been located in the context of urban China, where the phenomenal urban
transformation has brought about fundamental changes in neighborhoods’ physical and
social environments during the recent decades [35]. In China, the 40-plus years of reform
and opening up have radically changed people’s lives, including neighborhood life [36].
The 1998 reform, in particular, aimed to end the welfare allocation of housing, with a view
to developing urban real estate as a growth anchor [35,37]. Since then, phenomenal urban
expansion into the surrounding countryside and large-scale inner-city regeneration have
continually reshaped urban spatial and social structures. In almost every major city, tract
after tract of traditional inner-city neighborhoods have given way to high-rise office block
towers, new commodity housing neighborhoods, and condominiums [36,37]. In sprawling
suburbs, new commodity housing estates and development zones have replaced farmlands
at amazing speed [37–39].

Underlying the unprecedented urban transformation is the increased rate of inter-city
and intra-urban migration, which were inhibited before the reform. For example, it has
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been reported that around 10% of the citizens in Guangzhou have experienced at least one
move per year from 2000 to 2012, and the city’s migrant population has increased from
2.99 million to 8.83 million from 2000 to 2020 [38,40,41]. The prevalent phenomenon of
migration has created different imprints in a variety of neighborhoods, which constitute
a mosaic of enclaves in Chinese cities [35,39]. Obviously, urban spatial developments
and the associated population dynamics have impinged heavily on NSC, and would
have undermined the long-established social networks. Unlike traditional compounds,
where intensive interactions among peer-neighbors engendered the so-called dayuan, or
big compound sub-culture, current residential compounds have transformed to a locale
comprising strangers who do not readily trust each other [42]. It has been indicated in
earlier studies that neighborhoods, especially newer neighborhoods, have seen a decline
in social interactions [43,44]. The prevalence of individualization, the pluralization of
lifestyles, and advances in online communication tools have further undermined neighborly
connections [45]. Meanwhile, the management of the neighborhood rests upon the estate
management firm, usually a subsidiary of the developer, which reduces the dependence
on neighbors, hence decreasing the intensity of social interaction. In this context, some
scholars have indicated that China is facing the demise of neighborhoods, and have shown
empirical evidence on the side of the ‘community lost’ thesis during the urbanization
process in the past few decades [46].

Although the reduction in the social capital of the neighborhoods has been explored,
few have examined how the neighborhood’s social environment is related to depressive
symptoms in Chinese cities. A small number of studies have begun to focus on the group
of people who are older in China, and have explored the link between NSC and depressive
symptoms in this group [18,19,24]. For example, Cao et al. [24] revealed that individual
social networks, reciprocal exchange, and mutual trust among neighbors were negatively
associated with depressive symptoms among older adults. Similarly, Wang et al. [18] found
that reciprocal exchange was significantly related to a lower level of depression among
older people. As for the effect of NSSC, Wang et al. [18] focused on a group of older
people, and observed significant associations between neighborhood social participation
and the risk of geriatric depression. Notably, the literature in the Chinese context has
mainly focused on the group of people who are older. This study attempted to empirically
analyze the link between NSC and depressive symptoms among adults based on a typology
combining the cognitive and structural forms of social capital.

2.3. Hypothesis Development

Based on previous empirical studies, our model includes two main testable hypotheses:

Hypothesis 1 (H1). neighborhood-based cognitive social capital—neighborhood trust, reciprocity
and social cohesion—will be negatively associated with depressive symptoms, after controlling for
socioeconomic variables.

Hypothesis 2 (H2). neighborhood-based structural social capital—networks and social participation—w-
ill be negatively associated with depressive symptoms, after controlling for socioeconomic variables.

While, according Howley et al. [47], the neighborhood plays a significant role in some
groups’ daily lives, NSC may have little or no impacts on other groups. Accordingly, we
expect the association between NSC and depressive symptoms to differ among population
groups. In particular, for residents who spend a considerable amount of their time in their
residential neighborhood and are less affluent and have scant personal resources, which
makes them reliant more on resources from their neighborhood (including the people
who are older, unemployed, and of a lower socioeconomic status), a stronger relationship
between NSC and depressive symptoms is expected. In contrast, residents who are more
physically mobile and have much personal connection with social networks outside of the
neighborhood are expected to be less likely to be influenced by NSC [48]. Thus, we suspect
that the neighborhood may be particularly relevant for mental health in populations of
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people who are older or of lower socioeconomic status. However, there is high uncertainty
regarding other socioeconomic factors such as gender, family structure, education level,
and marital status. We did not plan to derive a specific hypothesis for the heterogeneous
relationships between NSC and depressive symptoms, but have left them for the following
empirical investigations.

3. Data and Research Method

3.1. Data Collection

In this research, we analyzed the relationship between NSC and depressive symptoms
in the city of Guangzhou, China. Guangzhou is one of the largest cities in the south of
China, with a resident population of over 18 million in 2020 [41]. Guangzhou has been
considered as a forerunner in urban regeneration, but has been confronted by severe social
problems, such as aging and residential segregation [39]. Consequently, the findings of this
study have practical implications for policy-makers regarding the construction of healthy
cities. The data were derived from a city-wide household survey conducted jointly by a col-
laboration of Sun Yat-sen University, Hong Kong Baptist University, and Duke University.
Conducted from October 2012 to January 2013, this survey was a large-scale, face-to-face
investigation on neighborhood-based social capital and neighborhood governance. To
obtain a representative sample, the research team used a multistage stratified random
sampling method to recruit respondents. The detailed design process was as follows: first,
30 streets (jiedao) or sub-districts were sampled from the list of all streets located within
the city based on a GIS sampling method; second, two or three neighborhoods (xiaoqus)
within the selected street were randomly sampled, based on the neighborhood size and
location; third, within each neighborhood, respondents were selected based on the interval
sampling method, and interviewed by trained interviewers. The exact number of target
respondents from each neighborhood depended on the population size of the neighbor-
hood and the addresses of the respondents. Respondents were approached personally by
interviewers visiting them at home, and were asked to complete a questionnaire. In total,
39 neighborhoods that varied in location, type, and size were selected for this research. In
total, 1771 respondents have successfully completed the survey.

The age, gender, education, and hukou status ratios of participants were consistent
with the 2010 Population Census of Guangzhou City. Specifically, people aged 20–64
account for 88.03% of the sample, and 81.91% of the entire population. In terms of gender,
males constitute 44.32% of the sample, and 52.26% of the entire population. In terms of
hukou status, the share of people with non-local hukou in the sample is 28.23%, whereas
the share indicated by the population census is 36.32%. The relatively lower proportion of
the migrant sample is possibly due to the informal housing neighborhoods such as urban
villages and self-built settlements not being covered. Thus, the group of non-local hukou
holders need to be considered in future research.

3.2. Measures
3.2.1. Dependent Variable: Depressive Symptoms

Depressive symptoms in the week before the survey were measured by the 20-item
Likert scale questionnaire of the CES-D 20 (Center for Epidemiologic Studies Depression
Scale) [49]. This measurement instrument has been widely used and verified to have
high reliability for adults in many countries [16,18]. Participants were asked to report the
frequency of experiencing depressive symptoms such as feeling scared, feeling upset, and
feeling lonely. Their answers to each item were rated on a four-point scale. A higher total
score indicated greater levels of depressive symptoms. The total CES-D 20 scores were
assessed (Cronbach’s alpha = 0.85) and used as the dependent variable.

3.2.2. Independent Variables: NCSC, NSSC and Socioeconomic Variables

NCSC, consisting of neighbor trustworthiness, reciprocity, and social cohesion (feel-
ings of commitment and trust) dimensions [19,23,25,50], was calculated from six items
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(see Table 1). For all six statement, respondents’ responses were scored on a 5-point scale
from 1 (strongly disagree) to 5 (strongly agree). According to our survey, about 53.28% of
respondents agreed or strongly agreed that their neighbors are trustworthy, and 63.26%
of respondents agreed or strongly agreed that people in the neighborhood are helpful.
The average of the respondents’ answers to the six items was 3.59, between the choice of
‘neutral’ and ‘agree’. Considering multicollinearity of these dimensions, the method of
principal component analysis was adopted. As shown in Table 1, the method indicated
that one single component explained 66.73% of the total variance (Cronbach’s alpha = 0.85).
Therefore, the overall factor score was used to represent NCSC.

Table 1. Principal component analysis of NCSC.

Statements ‘Neutral’ (%) ‘Agree’ (%) ‘Strongly Agree’ (%) Mean
Component

1

(a) People in this neighborhood can be
trusted 36.33 48.72 4.56 3.47 0.697

(b) People are willing to help one another
in the neighborhood 28.75 57.16 6.10 3.61 0.796

(c) I can rely on my neighbors to help with
things such as collecting mail, newspaper,

milk, and so on
27.11 49.06 7.59 3.46 0.618

(d) People in the neighborhood can get
together to address neighborhood issues 27.57 53.91 8.99 3.61 0.735

(e) People in this neighborhood can get
along with one another 13.91 73.23 10.25 3.90 0.694

(f)This is a cohesive community 32.46 48.95 7.21 3.51 0.795

NSSC was measured in two dimensions [14,24]. The first dimension was the discus-
sion network, which was assessed by the logarithm of the number of neighbors with whom
respondents could discuss private affairs. The second dimension was social participation.
Previous empirical studies in Asian populations have reported that participation in wel-
fare, volunteering, and leisure activities is significantly associated with lower levels of
depressive symptoms [14,19,50]. Thus, social participation was measured by attendance at
volunteer activities such as donating clothes, money or blood, and leisure activities such as
walking, exercising, shopping, and other recreational activities in the communal space with
neighbors in past six months. A binary variable was calculated, with respondents who do
not take part in any kind of activity having a value of 0, and the rest having a value of 1.

According to existing work on depression [14,19,24], the set of personal variables
included age, gender, hukou status, presence of children, years of schooling, homeowner-
ship, length of residence, self-perceived socioeconomic status, and employment conditions
(unemployed or not).

3.3. Analytic Strategy

The analysis was based on the complete information provided by 1771 respondents.
We began by providing the descriptive statistics of the respondents. The multicollinearity
of the independent variables was then checked before running the models. After that, the
regression analysis was applied to unravel the relationships between the two types of NSC
and depressive symptoms. To further explore the heterogeneous relationship between
NSC and depressive symptoms, interaction terms were then added. Only interaction terms
which obviously enhanced the goodness of fit of the model were included. Furthermore,
because previous studies have highlighted the significant role of neighborhoods in the life
of people who are older, the interactions of people who are older and two types of NSC
were added to capture the particular effect of NSC for the group of people who are older.
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4. Analysis Results

4.1. Descriptive Analysis

Table 2 shows the basic characteristics of the sample. The mean age of the respondents
is approximately 45 years. More than half of the total sample is female. Around half of the
respondents had completed higher levels of education after high school. As for hukou status,
71.77% of the sample have Guangzhou hukou. With respect to tenure status, near 80% of
respondents are homeowners, reflecting the high rate of homeownership since 1998 [38]. In
terms of occupation status, 7.45% were unemployed. Furthermore, 42.02% of participants
consider themselves to be middle class or above, whereas 57.98% of participants define
themselves as being part of the lower socioeconomic class. Referreing to NSSC, on average,
residents have five neighbors with whom they can discuss private affairs. In the survey,
81.25% of the participants reported that they had engaged in at least one activity. On the
whole, most respondents’ CES-D 20 scores were below 16 (the cut-off point of clinical
depression), and the average CES-D 20 score of the total sample is 9.98, with a range from
0 to 44.

Table 2. Sample profile (N = 1771).

Mean S.D. Min. Max.

Age 45.17 14.66 20.00 86.00
Male 0.45 0.49 0.00 1.00
Married 0.81 0.38 0.00 1.00
Years of education 12.93 3.45 6.00 21.00
Lower class 0.58 0.49 0.00 1.00
Unemployed 0.07 0.27 0.00 1.00
Child in house 0.61 0.49 0.00 1.00
Local Hukou 0.72 0.45 0.00 1.00
Homeownership 0.79 0.40 0.00 1.00
Years of residence 7.30 5.42 0.00 50.00
NCSC 0.00 1.00 −4.74 2.65
Discussion network 5.27 10.99 0.00 100.00
Social participation 0.81 0.35 0.00 1.00
Depressive symptoms 9.98 6.75 0.00 44.00

4.2. Model Results

The relationships between the two types of NSC and depressive symptoms are pre-
sented in Model 1 (see Table 3). The heterogeneous relationships between NSC and
depressive symptoms are further explored in Model 2 and 3. The increased adjusted R2

indicates that Model 2 and Model 3 have a better predictive value than Model 1, and
obtained satisfactory results. As shown in Model 1, the subjective socioeconomic status
and employment status are key differentiators of depressive symptoms. This finding is in
line with existing studies showing that people who are of a lower socioeconomic status
(β = 1.334, p < 0.001) and people who are unemployed (β = 3.499, p < 0.001) are more likely
to suffer depressive symptoms and report a high risk of mental illness [51,52].

4.2.1. Association of Cognitive and Structural Social Capital with Depression

The NCSC (interpersonal trust and reciprocity in neighbors and neighborhood co-
hesion) was associated with lower risks of depressive symptoms, as shown in Model 1
(β = −0.963, p < 0.001), after controlling socioeconomic variables. This is consistent with
previous studies in other countries and other studies from China that NCSC benefits
to people’s mental health [13,19,24]. It is clear that living in a trusting, reciprocal, and
close-knit neighborhood could reduce depressive symptoms by generating positive states
and emotional support. As for NSSC, social network group (β = −1.176, p < 0.01) and
social participation (β = −2.043, p < 0.001) were significantly and negatively associated
with levels of depressive symptoms, which is consistent with previous research [13,53].
Resources embedded in social network and social participation, including volunteering,
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welfare activities, and leisure activities are beneficial to psychological well-being for dealing
with life stressors.

Table 3. Relationship between NSC and depressive symptoms.

Model 1 Model 2 Model 3

Variable Coef. S.E. Coef. S.E. Coef. S.E.
Age −0.008 0.016 −0.010 0.016

Elderly (Ref. The younger) 6.192 1.748
Gender (1 = male) 0.316 0.396 0.448 0.397 0.416 0.396

Marital status (1 = married) −0.567 0.553 −0.526 0.551 −0.650 0.546
Years of education 0.042 0.069 0.027 0.069 0.045 0.066

Social-economic status (Ref. Middle class or above)
Lower class 1.334 ** 0.400 1.589 * 1.463 1.189 * 1.458

Unemployed 3.499 *** 1.117 15.146 *** 4.634 16.553 *** 4.619
Child

Hukou (1 = local) −0.117 0.470 −0.137 0.470 −0.225 0.464
Homeownership −0.080 0.563 −0.036 0.565 −0.078 0.558
Years of residence 0.003 0.040 0.001 0.040 −0.004 0.039

NCSC −0.963 *** 0.209 −1.270 *** 0.279 −1.107 *** 0.298
Discussion network −1.176 ** 0.467 −1.769 ** 0.597 −1.453 * 0.645
Social participation −2.043 *** 0.687 −1.421 * 0.855 −0.049 0.934

Lower class × NCSC −0.597 ** 0.422 −0.530 * 0.420
Lower class × Discussion

network −1.497 * 0.926 −1.561 * 0.920

Lower class × Social
participation −0.892 1.450 −1.330 1.446

Unemployed × NCSC −0.669 1.060 −0.552 1.053
Unemployed × Discussion

network −0.093 2.981 −0.416 2.966

Unemployed × Social
participation −12.301 *** 4.730 −13.509 *** 4.711

Elderly × NCSC −0.580 0.518
Elderly × Discussion network −1.363 * 1.065
Elderly × Social participation −5.616 *** 1.697

Constant 11.584 1.459 11.584 1.531 11.463 1.299
F 6.858 *** 5.371 *** 5.460 ***

Adj_R2 0.063 0.071 0.081
Note: *, **, and *** indicate statistical significance at the 5%, 1%, and 0.1% levels respectively.

4.2.2. Heterogeneity Analysis

As discussed in Section 2, the relationships between NSC and depressive symptoms
may obscure various differences across different population groups. On that account,
the details of the heterogeneity of the relationships between NSC and depressive symp-
toms were examined. There were significant differences in age, employment status, and
subjective socioeconomic status as presented in Model 2 and 3.

Age

As shown in Model 3, the association between social networks with neighbors and
depressive symptoms was more prominent in the older population than in the younger
population (β = −1.363, p < 0.05). In addition, the significant link between social participa-
tion and depressive symptoms is accentuated for the older group (β = −5.616, p < 0.001).
For ease of presentation, Figure 1 displays how the relationships between both neighbor-
hood discussion networks and social participation, as well as depressive symptoms varied
among age groups, after controlling for socioeconomic variables. As shown in Figure 1A,
social participation was associated with lower levels of depressive symptoms, and this
effect was more notable for people who are older. Similarly, Figure 1B suggested that the
larger the neighborhood discussion network, the fewer the depressive symptoms. This
effect was stronger in the older than the younger group.
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(A) (B) 

Figure 1. The relationship between NSC and depressive symptoms varied among age groups. (A) refers to the relationship
between social participation and derpessive symptoms among age groups; (B) refers to the relationship between discussion
network and depressive symptoms among age groups.

Socioeconomic Status

There was a significant interaction effect between socioeconomic status and NCSC on
depressive symptoms (β = −0.597, p < 0.01). This indicates that the negative association
between NCSC and depressive symptoms was stronger in lower socioeconomic groups
than higher socioeconomic groups. The interaction effect between socioeconomic status
and neighborhood discussion networks (β = −1.497, p < 0.05) was also significant. As
shown in Figure 2, despite trust, reciprocity, perception of social cohesion, and discussion
networks being associated with fewer depressive symptoms for all classes, the effect was
more prominent for individuals in a lower socioeconomic class than those in the middle
class or above.

Employment Status

Interaction analysis also showed that social participation was significantly more sig-
nificant for people who are unemployed (β = −12.301, p < 0.001). This suggests that social
participation may play an important role for those who have no work. Unemployment
has been confirmed as a significant determinant of depression, mainly through threats
to individual identity, and economic pressure [54]. As shown in Figure 3, neighborhood
social participation may buffer the typically negative link between unemployment and
depressive symptoms.
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(A) (B) 

Figure 2. The relationship between discussion network and depressive symptoms varied among socioeconomic groups.
(A) refers to the relationship between NCSC and derpessive symptoms among socioeconomic groups; (B) refers to the
relationship between discussion network and depressive symptoms among socioeconomic groups.

Figure 3. The relationship between neighborhood participation and depressive symptoms varied
among people with different types of employment status.

5. Discussion

In line with the findings revealed in developed countries, this study has confirmed the
significant inverse association between NSC and depressive symptoms in China. Residents
living in neighborhoods that are stronger in mutual trust, reciprocity, and social cohesion,
along with those with larger discussion networks and higher levels of social engagement,
were more likely to report fewer depressive symptoms than others. The result further
revealed that the association between NSC and depressive symptoms was heterogeneous
across population groups. Specifically, the association of NSSC (including neighborhood
discussion networks and social engagement) was stronger in the older group than in the
younger group. People who are older have limited mobility or are restricted in their means
of transportation, and they cannot make or are unaccustomed to making use of social media
connections. Accordingly, they tend to develop more neighborhood contacts and engage
in neighborhood activities. In this context, neighborhood-based discussion networks and
neighborhood activities are important for people who are older, as confirmed by a large
body of research [13,55].

Our findings have also verified that the association between NSC and depressive
symptoms is more prominent in the lower socioeconomic group than in higher socioe-
conomic groups. This pattern suggests that NSC is still a significant source of support
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for people who are of lower socioeconomic class. It is understandable that higher-class
individuals generally tend to have larger social networks and more social support beyond
the boundaries of the neighborhood, compared with individuals in a lower socioeconomic
class [54]. Moreover, those in the lower class are more likely to be trapped in the neigh-
borhood, and restricted to spending time in the neighborhood, whereas the upper class
are more able to change residence for adjusting their housing consumption [38]. Previous
studies have demonstrated that lower socioeconomic status can seriously threaten people’s
psychiatric health [51,52]. Residents with the lowest incomes in a given location are 1.5 to
3 times as likely to suffer depression or anxiety than those with the highest incomes [55].
Therefore, these interaction effects suggest that a greater accumulation of NSC may help
reduce socioeconomic inequality in depressive symptoms. We have also observed that
the negative linkage between neighborhood participation and depressive symptoms was
stronger in people who are in the unemployed group than in the employed group. One pos-
sible explanation is that people who are unemployed have more time in the neighborhood,
and leisure activities and volunteering activities help them to alleviate anxiety [56].

These findings suggest the following implications regarding NSC interventions to-
wards depressive symptoms in urban Chinese neighborhoods. First, our findings suggest
that residents are in a better mental health position if they live in neighborhoods with a
higher level of social capital. Thus, neighborhood governors, social workers, and orga-
nization leaders should act jointly to build up trust, reciprocity, and cooperation in the
living spaces, and develop volunteering and leisure activities. Second, the marginal groups
(people who are of lower socioeconomic class, people who are older, and people who are
unemployed) should receive more attention in such interventions. Our results suggest that
lower levels of NSC will aggravate socioeconomic inequalities in depressive symptoms,
and increase the risks of mental health for people who are older and people who are
unemployed. Thus, rebuilding the neighborhood to increase NSC is an important policy
implication for an aging society with a continuous rise in socioeconomic inequality [57,58].
In economic terms, it is found that specifically targeting the right group can bring their
life and satisfaction substantial improvements [59], and reduce the risk of falling into
poverty in view of high healthcare costs [60]. In this regard, targeting at the right group
will eventually help mitigate social inequalities [61]. Therefore, policymakers and urban
planners are advised to create a more friendly environment for the marginal groups to
encourage their interaction and outdoor activities. Promoting social activities (especially
volunteering engagement), increasing facilities provision (e.g., sport and entertainment
facilities), and the supply of neighborhood communal space (e.g., gardens and residential
greenness) should be effective policies for impoverished neighborhoods.

Some limitations to this study should be acknowledged. First, the survey upon which
this study was based was conducted from 2012 to 2013, and is somewhat dated. In recent
years, the development of communication devices and online technology may have affected
the correlation between NSC and depressive symptoms. Nonetheless, this study provides
a comprehensive and systematic framework for future studies on the relationship between
mental health and neighborhood relationships in China. Second, besides the main kinds
of neighborhoods considered in this study, informal housing estates such as old reform
housing and urban villages, should be considered in future research. Lastly, this study was
based on cross-sectional data, and was not able to infer the causal relationship between
NSC and depressive symptoms. Thus, longitudinal studies are needed in future studies to
comprehensively reveal the casual relationships between NSC and depressive symptoms.

6. Conclusions

There has been growing research interest in community building in China [42]. How-
ever, the effects of these spatial and social changes on residents’ mental health have been
insufficiently explored. Drawing data from a city-wide survey in Guangzhou, China, the
present study explored the relationship between neighborhood-based social capital and
depressive symptoms among Chinese adults. The findings of our study not only report
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new evidence about the consistent beneficial effects of NSC beyond national borders in the
Chinese context, but also, more importantly, highlight that NSC is especially important
for the marginal population’s depressive symptoms. Particularly, our analysis confirmed
that perceptions of higher levels of NCSC were negatively associated with depressive
symptoms, consistent with what has been found in developed countries. In addition, the
NSSC (e.g., neighborhood-based social networks, and participation in leisure, volunteering,
and welfare activities) was also linked with having fewer depressive symptoms. Moreover,
our analysis found that the relationships between NSC and depressive symptoms were
significantly heterogeneous across socioeconomic groups. This indicates that lower lev-
els of NSC among disadvantaged groups may aggravate depression inequalities across
social classes. In addition, the association between social participation and depressive
symptoms was accentuated for people who are older, and for people who are unemployed.
The present study provided evidence to suggesting that NSC plays a significant role in
reducing depression for people who are older who spent more time in the neighborhood,
and for individuals in a lower socioeconomic class and people who are unemployed who
have smaller networks outside of the neighborhood, and who have become neighborhood-
dependent [54]. Thus, our study highlights the need for building neighborhoods, especially
for the marginal groups.

Author Contributions: Conceptualization, S.M.; methodology, S.M.; software, S.M.; validation, S.M.;
formal analysis, S.M.; investigation, S.M.; resources, S.M.; data curation, S.M.; writing—original draft
preparation, S.M.; writing—review and editing, J.C.; supervision, J.C.; project administration, J.C.;
funding acquisition, J.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (grant number
NSFC71974125: NSF71573166).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data that support the findings of this study are available from the
Corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Joshi, S.; Mooney, S.J.; Rundle, A.G.; Quinn, J.W.; Beard, J.R.; Cerdá, M. Pathways from neighborhood poverty to depression
among older adults. Health Place 2017, 43, 138–143. [CrossRef]

2. Kassebaum, N.J.; Arora, M.; Barber, R.M.; Bhutta, Z.A.; Brown, J.; Carter, A.; Casey, D.C.; Charlson, F.J.; Coates, M.; Coggeshall,
M.; et al. Global, regional, and national disability-adjusted life-years (DALYs) for 315 diseases and injuries and healthy life
expectancy (HALE), 1990–2015: A systematic analysis for the Global Burden of Disease Study 2015. Lancet 2016, 388, 1603–1658.
[CrossRef]

3. Hare, D.L.; Toukhsati, S.; Johansson, P.; Jaarsma, T. Depression and cardiovascular disease: A clinical review. Eur. Heart J. 2013,
35, 1365–1372. [CrossRef]

4. Wulsin, L.R.; Vaillant, G.E.; Wells, V.E. A systematic review of the mortality of depression. Psychosom. Med. 1999, 61, 6–17.
[CrossRef] [PubMed]

5. Psaltopoulou, T.; Sergentanis, T.N.; Panagiotakos, D.B.; Sergentanis, I.N.; Kosti, R.; Scarmeas, N. Mediterranean diet, stroke,
cognitive impairment, and depression: A meta-analysis. Ann. Neurol. 2013, 74, 580–591. [CrossRef] [PubMed]

6. Vos, T.; Allen, C.; Arora, M.; Barber, R.M.; Bhutta, Z.A.; Brown, A.; Murray, C.J.L. Global, regional, and national incidence,
prevalence, and years lived with disability for 310 diseases and injuries, 1990–2015: A systematic analysis for the Global Burden
of Disease Study 2015. Lancet 2016, 388, 1545–1602. [CrossRef]

7. Generaal, E.; Hoogendijk, E.; Stam, M.; Henke, C.E.; Rutters, F.; Oosterman, M.; Huisman, M.; Kramer, S.E.; Elders, P.J.M.;
Timmermans, E.J.; et al. Neighbourhood characteristics and prevalence and severity of depression: Pooled analysis of eight
Dutch cohort studies. Br. J. Psychiatry 2019, 215, 468–475. [CrossRef] [PubMed]

8. Aw, S.; Koh, G.; Oh, Y.J.; Wong, M.L.; Vrijhoef, H.J.; Harding, S.C.; Geronimo, M.A.B.; Lai, C.Y.F.; Hildon, Z.J. Explaining
the continuum of social participation among older adults in Singapore: From ‘closed doors’ to active ageing in multi-ethnic
community settings. J. Aging Stud. 2017, 42, 46–55. [CrossRef]

9. Gao, W.; Ping, S.; Liu, X. Gender differences in depression, anxiety, and stress among college students: A longitudinal study from
China. J. Affect. Disord. 2020, 263, 292–300. [CrossRef] [PubMed]

62



IJERPH 2021, 18, 11263

10. Daoud, N.; Haque, N.; Gao, M.; Nisenbaum, R.; Muntaner, C.; O’Campo, P. Neighborhood settings, types of social capital and
depression among immigrants in Toronto. Soc. Psychiatry Psychiatr. Epidemiol. 2016, 51, 529–538. [CrossRef]

11. Yuasa, M.; Ukawa, S.; Ikeno, T.; Kawabata, T. Multilevel, cross-sectional study on social capital with psychogeriatric health among
older Japanese people dwelling in rural areas. Australas. J. Ageing 2013, 33, E13–E19. [CrossRef]

12. Kim, D. Blues from the neighborhood? Neighborhood characteristics and depression. Epidemiol. Rev. 2008, 30, 101–117. [CrossRef]
13. Wang, R.; Feng, Z.; Liu, Y.; Lu, Y. Relationship between neighbourhood social participation and depression among older adults:

A longitudinal study in China. Health Soc. Care Community 2020, 28, 247–259. [CrossRef] [PubMed]
14. Han, K.-M.; Han, C.; Shin, C.; Jee, H.-J.; An, H.; Yoon, H.-K.; Ko, Y.-H.; Kim, S.-H. Social capital, socioeconomic status, and

depression in community-living elderly. J. Psychiatr. Res. 2018, 98, 133–140. [CrossRef] [PubMed]
15. Harpham, T. Urban health in developing countries: What do we know and where do we go? HealthPlace 2009, 15, 107–116.
16. Tomita, A.; Burns, J.K. A multilevel analysis of association between neighborhood social capital and depression: Evidence from

the first South African National Income Dynamics Study. J. Affect. Disord. 2013, 144, 101–105. [CrossRef]
17. Qin, X.; Wang, S.; Hsieh, C.-R. The prevalence of depression and depressive symptoms among adults in China: Estimation based

on a National Household Survey. China Econ. Rev. 2016, 51, 271–282. [CrossRef]
18. Wang, R.; Chen, H.; Liu, Y.; Lu, Y.; Yao, Y. Neighborhood social reciprocity and mental health among older adults in China: The

mediating effects of physical activity, social interaction, and volunteering. BMC Public Health 2019, 19, 1–10. [CrossRef] [PubMed]
19. Lu, N.; Peng, C. Community-based structural social capital and depressive symptoms of older urban Chinese adults: The

mediating role of cognitive social capital. Arch. Gerontol. Geriatr. 2019, 82, 74–80. [CrossRef]
20. Etzioni, A.; Putnam, R.D. Is bowling together sociologically lite? Bowling alone: The collapse and revival of American community.

Contemp. Sociol. A J. Rev. 2000, 30, 223. [CrossRef]
21. Putnam, R.D. Making Democracy Work: Civic Traditions in Modern Italy; Princeton University Press: Princeton, NJ, USA, 1993.
22. Beaudoin, C.E. Bonding and bridging neighborliness: An individual-level study in the context of health. Soc. Sci. Med. 2009, 68,

2129–2136. [CrossRef] [PubMed]
23. Cramm, J.M.; van Dijk, H.M.; Nieboer, A.P. The importance of neighborhood social cohesion and social capital for the well being

of older adults in the community. Gerontology 2013, 53, 142–152. [CrossRef]
24. Cao, W.; Li, L.; Zhou, X.; Zhou, C. Social capital and depression: Evidence from urban elderly in China. Aging Ment. Health 2015,

19, 418–429. [CrossRef]
25. Miao, J.; Wu, X.; Sun, X. Neighborhood, social cohesion, and the Elderly’s depression in Shanghai. Soc. Sci. Med. 2019, 229,

134–143. [CrossRef]
26. De Silva, M.J.; Mckenzie, K.; Harpham, T.; Huttly, S.R.A. Social capital and mental illness: A systematic review. J. Epidemiol.

Community Health 2005, 59, 619–627. [CrossRef]
27. Bassett, E.; Moore, S. Social capital and depressive symptoms: The association of psychosocial and network dimen-sions of social

capital with depressive symptoms in Montreal, Canada. Soc. Sci. Med. 2013, 86, 96–102. [CrossRef]
28. Fujiwara, T.; Kawachi, I. A prospective study of individual-level social capital and major depression in the United States. J.

Epidemiol. Community Health 2008, 62, 627–633. [CrossRef] [PubMed]
29. Blair, A.; Ross, N.A.; Garièpy, G.; Schmitz, N. How do neighborhoods affect depression outcomes? A realist review and a call for

the examination of causal pathways. Soc. Psychiatry Psychiatr. Epidemiol. 2014, 49, 873–887. [CrossRef]
30. Bourdieu, P. The forms of capital. In Handbook of Theory and Research for the Sociology of Education; Richardson, J., Ed.; Greenwood

Press: New York, NY, USA, 1986; pp. 241–258.
31. Cohen-Cline, H.; Beresford, S.A.; Barrington, W.; Matsueda, R.; Wakefield, J.; Duncan, G.E. Associations between social capital

and depression: A study of adult twins. Health Place 2018, 50, 162–167. [CrossRef]
32. Forsman, A.; Nyqvist, F.; Schierenbeck, I.; Gustafson, Y.; Wahlbeck, K. Structural and cognitive social capital and depression

among older adults in two Nordic regions. Aging Ment. Health 2012, 16, 771–779. [CrossRef] [PubMed]
33. Yamaguchi, M.; Inoue, Y.; Shinozaki, T.; Saito, M.; Takagi, D.; Kondo, K.; Kondo, N. Community social capital and depressive

symptoms among older people in Japan: A multilevel longitudinal study. J. Epidemiol. 2019, 29, 363–369. [CrossRef]
34. Cornwell, B.; Laumann, E.O. The health benefits of network growth: New evidence from a national survey of older adults. Soc.

Sci. Med. 2013, 125, 94–106. [CrossRef]
35. Li, S.-M. Housing inequalities under market deepening: The case of Guangzhou, China. Environ. Plan. A Econ. Space 2012, 44,

2852–2866. [CrossRef]
36. Chen, J.; Hu, M.; Lin, Z. China’s housing reform and labor market participation. J. Real Estate Financ. Econ. 2021, 1–25. [CrossRef]
37. Huang, Y.; Deng, F.F. Residential mobility in Chinese cities: A longitudinal analysis. Hous. Stud. 2006, 21, 625–652. [CrossRef]
38. Li, S.-M.; Mao, S. Exploring residential mobility in Chinese cities: An empirical analysis of Guangzhou. Urban Stud. 2017, 54,

3718–3737. [CrossRef]
39. He, S. New-build gentrification in Central Shanghai: Demographic changes and socioeconomic implications. Popul. Space Place

2010, 16, 345–361. [CrossRef]
40. Guangzhou Statistical Bureau. Guangzhou Statistical Yearbook. 2000. Available online: http://www.tjcn.org/tjgb/19gd/2392_3

.html (accessed on 10 January 2010).
41. Guangzhou Statistical Bureau. Guangzhou Statistical Yearbook. 2020. Available online: http://www.gz.gov.cn/zwgk/sjfb/tjgb/

content/post_7177238.html (accessed on 10 January 2021).

63



IJERPH 2021, 18, 11263

42. Li, S.-M.; Mao, S.; Du, H. Residential mobility and neighbourhood attachment in Guangzhou, China. Environ. Plan. A Econ. Space
2019, 51, 761–780. [CrossRef]

43. Forrest, R.; Yip, N.-M. Neighbourhood and neighbouring in contemporary Guangzhou. J. Contemp. China 2007, 16, 47–64.
[CrossRef]

44. Wu, F. Gated and packaged suburbia: Packaging and branding Chinese suburban residential development. Cities 2010, 27,
385–396. [CrossRef]

45. Urry, J. Sociology beyond Societies. Mobilities for the Twenty-Frst Century; Routledge: London, UK, 2012.
46. Xu, Y. The “Community Question” in the State-Led Urbanization Process of Post-Reform China: A Case Study of Shanghai. Ph.D.

Thesis, The Hong Kong Polytechnic University, Hong Kong, China, 2010.
47. Howley, P.; Neill, S.O.; Atkinson, R. Who needs good neighbors? Environ. Plan. A 2015, 47, 939–956. [CrossRef]
48. Ellen, I.G.; Turner, M.A. Does neighborhood matter? Assessing recent evidence. Hous. Policy Debate 1997, 8, 833–866. [CrossRef]
49. Radloff, L.S. The CES-D scale: A self-report depression scale for research in the general population. Appl. Psychol. Meas. 1977, 1,

385–401. [CrossRef]
50. De Silva, M.J.; Huttly, S.R.; Harpham, T.; Kenward, M.G. Social capital and mental health: A comparative analysis of four low

income countries. Soc. Sci. Med. 2007, 64, 5–20. [CrossRef]
51. Lorant, V.; Deliège, D.; Eaton, W.; Robert, A.; Philippot, P.; Ansseau, M. Socioeconomic inequalities in depression: A meta-analysis.

Am. J. Epidemiol. 2003, 157, 98–112. [CrossRef] [PubMed]
52. Sareen, J.; Afifi, T.O.; McMillan, K.A.; Asmundson, G.J.G. Relationship between household income and mental disorders: Findings

from a population-based longitudinal study. Arch. Gen. Psychiatry 2011, 68, 419–427. [CrossRef] [PubMed]
53. Wu, Z.; Bies, A. Volunteering and self-rated health in urban China: New evidence from analyses of treatment-effects models.

Appl. Res. Quali. Life 2020, 4, 1–17.
54. Ridley, M.; Rao, G.; Schilbach, F.; Patel, V. Poverty, depression, and anxiety: Causal evidence and mechanisms. Science 2020, 370,

eaay0214. [CrossRef]
55. Hoogerbrugge, M.M.; Burger, M.J. Neighborhood-Based social capital and life satisfaction: The case of Rotterdam,

The Netherlands. Urban Geogr. 2018, 39, 1484–1509. [CrossRef]
56. Tausig, M. The sociology of work and well-being. In Handbook of the Sociology of Mental Health, 2nd ed.; Aneshensel, C.S., Phelan,

J.C., Bierman, A., Eds.; Springer: New York, NY, USA, 2012.
57. Cai, Y.; Cheng, Y.; Claus, I.; Oxley, L. Pension reform in China: Challenges and opportunities. J. Econ. Surv. 2014, 28, 636–651.

[CrossRef]
58. Huang, J. Income inequality, distributive justice beliefs, and happiness in China: Evidence from a nationwide survey. Soc. Indic.

Res. 2019, 142, 83–105. [CrossRef]
59. Vuong, Q.H. Sociodemographic factors influencing vietnamese patient satisfaction with healthcare services and some meaningful

empirical thresholds. Iran. J. Public Health 2018, 47, 119–126. [PubMed]
60. Vuong, Q.H. Be rich or don’t be sick: Estimating Vietnamese patients’ risk of falling into destitution. SpringerPlus 2015, 4, 1–31.

[CrossRef] [PubMed]
61. Vuong, Q.-H.; Ho, T.; Nguyen, H.K.; Vuong, T.-T. Healthcare consumers’ sensitivity to costs: A reflection on behavioural

economics from an emerging market. Palgrave Commun. 2018, 4, 70. [CrossRef]

64



International  Journal  of

Environmental Research

and Public Health

Article

How Do Chinese National Scenic Areas Affect Tourism
Economic Development? The Moderating Effect of
Time-Limited Rectification

Yongcuomu Qu 1, Ziqiong Zhang 1, Yanchao Feng 2,* and Xiaorong Cui 3

Citation: Qu, Y.; Zhang, Z.; Feng, Y.;

Cui, X. How Do Chinese National

Scenic Areas Affect Tourism

Economic Development? The

Moderating Effect of Time-Limited

Rectification. IJERPH 2021, 18, 11620.

https://doi.org/10.3390/

ijerph182111620

Academic Editors: Jie Chen,

Qian Zhou and Ting Zhang

Received: 27 September 2021

Accepted: 2 November 2021

Published: 5 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Economics and Management, Harbin Institute of Technology, Harbin 150001, China;
qycm@hit.edu.cn (Y.Q.); ziqiong@hit.edu.cn (Z.Z.)

2 Business School, Zhengzhou University, Zhengzhou 450001, China
3 College of Physics and Electronic Information, Inner Mongolia Normal University, Hohhot 010022, China;

20194016010@mails.imnu.edu.cn
* Correspondence: m15002182995@163.com; Tel.: +86-150-0218-2995

Abstract: Based on panel data on 124 prefecture-level and above cities from 2003 to 2018, this study
investigated the impact of CNSAs on tourism economic development and the moderating effect of
time-limited rectification by comprehensively using the quasi-DID model, the static spatial Durbin
model, and the dynamic spatial Durbin model. The results showed that the impact of CNSAs on
tourism economic development has a heterogeneous characteristic in terms of tourists and revenue.
In addition, the spatial spillover effect and the path dependence have effectively promoted tourism
economic development. Furthermore, the effectiveness of time-limited rectification has been proved
in this study, while the “beggar-thy-neighbor” effect has, to some extent, weakened the promotional
effect of CNSAs on tourism economic development, especially in terms of international tourists and
international tourism revenue. Finally, relevant policy implications for the superior department in
charge, local governments, and the management department of CNSAs are outlined to provide a
practical reference for promoting the high-quality development of the tourism economy in China.

Keywords: Chinese national scenic areas; tourism economy; moderating effect; time-limited rectification

1. Introduction

Faced with the dichotomous challenge of balancing the quest for economic growth
and its associated risks for the environment, the tourism economy has taken central
stage among scholars and policymakers at home and abroad for its features of cleaner
production and sustainability [1–4]. In particular, over the past 40 years, China’s tourism
industry has stimulated economic activities thereby serving as a great catalyst for economic
growth [5]. Furthermore, to achieve the dual goals of protection and development, the
Chinese authorities have issued various policies to promote the development of the regional
tourism economy based on protecting natural and cultural resources [5,6].

As important support of tourism development, Chinese national scenic areas (hereafter
CNSAs) have been acknowledged as an important engine of regional economic growth by
driving infrastructure construction, increasing employment opportunities, and promoting
industrial structure upgrading [6]. Since the first list of 44 CNSAs was issued in 1982, a
total number of nine lists including 244 CNSA have been acknowledged as of 2018. In
particular, to show China’s major scenic areas conveniently, competent authorities have set
CNSAs as top-level scenic spots [7,8].

Generally, the application of a CNSA is submitted by the provincial-, autonomous
regional-, and municipal-level government and jointly evaluated by the relevant con-
struction department under the State Council, the relevant Environmental Protection
Department under the State Council, the relevant forestry department, and the relevant
cultural relics department, and finally approved and announced by the State Council [9].
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The clear definition of a CNSA using the assessment of landscape resources, measure-
ment for ecological resources protection, layout of major construction projects, intensity of
development and utilization, functional structure, and spatial layout prohibit or restrict
development areas, and tourist capacity is necessary for achieving the optimal balance of
tourism-focused economic development and conservation of environmental and cultural
resources [10,11].

However, CNSAs have been regarded as permanent and unregulated for a long time,
and this situation inevitably leads to complex situations of weak impetus, poor planning,
destruction of resources, and unreasonable exploitation [7,12,13]. At the same time, the
relevant authorities have lacked the corresponding assessment, resulting in the delayed
construction and poor service of CNSAs which, in turn, erodes their “brand effect” [14,15].
Moreover, due to the huge benefits that CNSAs bring to local governments, they tend to
follow up on applications but fail to follow through after authentication [16].

Against this background, the Ministry of Housing and Urban–Rural Development
launched a four-year program to rectify the aforementioned problems during the period
of 2012–2015, ordered problematic CNSAs to be rectified within one year, and reviewed
the final effect of time-limited rectification in 2016. In particular, the main contents of
the program included five aspects: institutional construction, planning management,
construction management, service management, and image publicity. In addition, the
evaluation results were divided into five grades: excellent, good, qualified, need to be
rectified, and unqualified. When categorized as needs to be rectified or unqualified, the
CNSA was ordered to make time-limited rectification within one year. If the substandard
CNSA still failed to satisfy the standard after time-limited rectification, it would be listed
as disqualified by the State Council.

According to the inspection results of the Ministry of Housing and Urban–Rural
Development, there were 70 cases (times) where CNSAs were warned and put on the list
of needing to be rectified, and there were 29 cases (times) where they failed to meet the
standards and were placed on the list of unqualified. Fortunately, from the time-limited
rectification results announced in 2016, 42 CNSAs have passed the inspection, while seven
CNSAs still failed to pass. In particular, the prominent problems of increasing prices
casually, ticket within ticket, compulsory consumption behavior, and natural resource
destruction resulted in complaints from tourists, weakened the “advertising effect” of
CNSAs, and, thus, need to be rectified.

Nevertheless, as for the moderating effect of time-limited rectification on the nexus
between CNSAs and tourism economic development, existing research has not been fully
explored, which leaves an incentive and opportunity for this study. In particular, whether
or not CNSAs have a spatial spillover effect on tourism economic development, aside from
local effects, has yet to be comprehensively studied. In addition, the effects of CNSAs on
local tourism economic development before and after time-limited rectification has yet
to be explored. Therefore, the aim of this study was to explore the effects of CNSA on
tourism economic development and the moderating effect of time-limited rectification by
comprehensively and systematically employing a series of econometric methods.

The marginal contributions of this study can be drawn from two aspects. Theoretically,
to the best of our knowledge, this study analyzed the effect of CNSAs on tourism economic
development for the first time and illustrates the theoretical basis for how time-limited
rectification affects tourism economic development at the macroeconomic level. Method-
ologically, we treated time-limited rectification as a quasi-natural experiment and evaluated
its effect on tourism economic development by using panel data on prefecture-level and
above cities. More importantly, this study provides a normative theoretical explanation
and systematic empirical facts, which aim to drive the sustainable development of tourism
economy and provides decision-making guidance for strengthening the reputation of
CNSAs.

The remainder of this study proceeds as follows: Section 2 provides a literature review.
Section 3 presents the methodology including variables selection, data sources, and models
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specification. Section 4 reports and analyzes the empirical results based on three different
econometric models, followed by an in-depth discussion in Section 5. Concluding remarks,
policy implications, and research prospects are provided in Section 6. To vividly illustrate
the research steps in this study, we drew them in Figure 1.

Figure 1. Research steps.

2. Literature Review

Noted as the world’s largest service sector, tourism plays an important role in boosting
the sustainable development of the entire economy, while disorganized tourism develop-
ment has aggravated the conflict between tourism economic development and tourism
resources protection [17,18]. Against the background of an ecological civilization construc-
tion strategy in the new era, plenty of studies have focused on exploring how to realize
tourism economic development without destruction of tourism resources [19,20], how
to improve the service quality of the tourism industry [21,22], and how to promote the
sustainable, healthy, and high-quality development of the tourism economy [23,24].

Until now, both domestic and international scholars have explored the effects of
tourism on regional economic development [25,26], the relationship between tourism
economic development and ecological environment [27,28], and the influencing factors
of tourism efficiency [29,30], which provide ample references for this study. Specifically,
although some studies have gradually paid attention to investigate the economic and
environmental effects of CNSAs in China [31], there is a paucity of studies investigating
how CSNAs affect tourism economic development from the dual perspectives of tourists
(i.e., the number of international tourists and the number of domestic tourists) and revenue
(i.e., international tourism revenue and domestic tourism revenue), notwithstanding how
time-limited rectification moderates the nexus between CNSAs and tourism economic
development.

As for the econometric model of policy evaluation, most of the existing literature
employed the difference-in-differences (DID) model, which should pass the parallel trend
test [32], the placebo test [33], and the counterfactual test [34]. However, the core explana-
tory variable, that is, the number of CNSAs, is a continuous index and not a binary index;
thus, treating the announcement of CNSAs as an unbalanced quasi-experiment, this study
aimed to employ the quasi-DID model as the basic model [35]. More importantly, the
spatial spillover effect was usually neglected across regions in the empirical analysis of
the tourism economy, which may reduce the robustness of the estimation results; thus, it
is necessary and important to adopt the spatial econometric model [36,37]. Furthermore,
except for the spatial spillover effect, ignoring temporal inertia may also lead to endoge-
nous problems; therefore, the adoption of a dynamic spatial econometric model was also
necessary for comparison to ensure the robustness of the empirical results [38].
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Therefore, to fill the above-mentioned research gaps and promote the high-quality
development of CNSAs simultaneously, this article attempted to explore the impact of
CNSAs on tourism economic development and the moderating effect of time-limited
rectification by comprehensively using the quasi-DID model, the static spatial Durbin
model, and the dynamic spatial Durbin model, which can, to some extent, guarantee the
robustness and reliability of the empirical results.

3. Methodology

3.1. Variables Selection

Dependent variables: four indicators were employed to act as the proxy variables
of tourism economic development such as the number of international tourists (y1), the
number of domestic tourists (y2), international tourism revenue (y3), and domestic tourism
revenue (y4).

Core explanatory variables: The number of CNSAs (d1) was employed to act as the
benchmark independent variable. In addition, a dummy indicator (d2) was employed to
act as the proxy variable of time-limited rectification, which equaled −1 when a CNSA
belonged to the list of not up to standard and 1 otherwise.

Control variables: To capture the character of the city where a CNSA was located,
several control variables, such as economic development (x1, measured by per capita
gross domestic product), consumption (x2, measured by per capita retail sales of consumer
goods), industrial structure upgrading (x3, measured by the shares of tertiary industry
in the local gross domestic product), infrastructure (x4, measured by per capita urban
road area), green rate (x5, measured by the green coverage rate of built-up area), the air
pollution of sulfur dioxide (x6, measured by per capita emission of sulfur dioxide), the air
pollution of dust (x7, measured by per capita emission of dust), and the liquid pollution
of wastewater (x8, measured by per capita emission of wastewater), were employed by
referring to the studies in [4,7,12].

3.2. Data Sources

The samples used in this study consisted of 124 prefecture-level and above cities that
had at least one CNSA in 2018, and the investigation period covered from 2003 to 2018.
Several data sources were used, which were the China City Statistical Yearbook (2004–2019),
the China Tourism Yearbook (2004–2019), and the website of the Ministry of Housing and
Urban–Rural Development in China (www.mohurd.gov.cn, accessed on 3 March 2021). In
particular, the original data for the control variables were collected from the China City
Statistical Yearbook (2004–2019), the original data for the four dependent variables were
collected from the China Tourism Yearbook (2004–2019), while the time-limited rectification
information on CNSAs was collected from the website of the Ministry of Housing and
Urban–Rural Development in China (www.mohurd.gov.cn, accessed on 12 May 2021). To
eliminate the potential interference of heteroscedasticity, all the dependent and control
variables incorporated into the regression equation were in the natural logarithm form,
and there statistical description are shown in Table 1.

3.3. Models Specification

To investigate the effects of CNSA on tourism economic development and the mod-
erating effect of time-limited rectification comprehensively, this study employed three
econometric methods including the quasi-DID model, the spatial Durbin model, and the
dynamic spatial Durbin model.
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Table 1. The statistical description of relevant variables.

Variables Meaning Unit Count Mean SD Minimum Maximum

y1 The number of international tourists Person 1984 4.637 2.033 −4.711 9.408
y2 The number of domestic tourists Person 1984 9.665 1.171 1.099 12.561
y3 International tourism revenue 106 USD 1984 3.713 2.339 −6.238 8.777
y4 Domestic tourism revenue 106 CNY 1984 9.435 1.398 2.890 12.799
d1 The number of CNSAs Piece 1984 1.225 0.705 0.000 4.000
d2 Time-limited rectification - 1984 0.930 0.367 −1.000 1.000
x1 Economic development CNY 1984 10.332 0.671 7.906 12.778
x2 Consumption CNY 1984 9.535 0.823 6.011 11.592
x3 Industrial structure upgrading % 1984 3.689 0.227 2.484 4.447
x4 infrastructure m2 1984 2.180 0.630 −0.525 4.159
x5 Green rate % 1984 3.602 0.320 −0.511 4.541
x6 The air pollution of sulfur dioxide Ton 1984 3.851 1.076 −2.115 7.346
x7 The air pollution of dust Ton 1984 5.714 1.243 −3.378 8.255
x8 The liquid pollution of wastewater Ton 1984 5.014 1.277 −0.779 11.069

Following the study of Yang et al. [35], we first used the quasi-DID method to inves-
tigate the impact of CNSAs on tourism economic development. The difference between
this method and the standard DID method is that we used a continuous treatment (i.e.,
the number of CNSAs) to capture the relative impact. In particular, the corresponding
econometric model was established as follows:

yit = α0 + α1d1 + βxit + fi + ft + provj ∗ yeart + εit (1)

where i and t denote the city and the time, respectively; y denotes the dependent variables
(i.e., y1, y2, y3 and y4), α0 denotes the constant term; d1 denotes the number of CNSAs;
α1 denotes the coefficient of d1; xit denotes a vector of control variables; β denotes the
coefficients of xjt; fi denotes the city fixed effect; ft denotes the time fixed effect; provj ∗ yeart
denotes the joint fixed effect of province and time to capture the impact of provincial
tourism policy; εit denotes the error term.

To investigate the moderating effect of time-limited rectification on the nexus between
CNSAs and tourism economic development, the interactive term d1 ∗ d2 was incorporated
into the equation after being centralized.

yit = α0 + α2d1 ∗ d2 + βxit + fi + ft + provj ∗ yeart + εit (2)

where d2 denotes a dummy variable that is equal to −1 when a CNSA is listed in the
time-limited rectification, and 1 otherwise, while the other parameters are consistent with
Equation (1).

Since Equations (1) and (2) belong to the nonspatial model, it implicitly assumes
that there is no spatial spillover effect. However, the changes in CNSAs in local cities
usually affect tourism economic development in surrounding cities, especially in the long
term. In addition, tourism economic development usually has the characteristic of spatial
correlation. Hence, it was necessary to take into account such a spatial lagged effect to
obtain an accurate result. Accordingly, we added the spatial lag term of the dependent
variables and the independent variables including the core explanatory variables and
the control variables into Equations (1) and (2) to investigate whether there were spatial
spillover effects from them. Thus, referring to the study of Elhorst [36], the static spatial
Durbin model was employed to carry out the estimation as follows:

yit = ρW ∗ yit + α1d1 + β jxjt + θ1W ∗ d1 + ϕjW ∗ xjt + fi + ft + εit (3)

yit = ρW ∗ yit + α2d1 ∗ d2 + β jxjt + θ2W ∗ d1 ∗ d2 + ϕjW ∗ xjt + fi + ft + εit (4)
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where W denotes the spatial weight matrix [37]; ρ denotes the spatial coefficient of the
dependent variable; θ1, θ2, and ϕj denote the spatial lag coefficients to be estimated; the
other parameters are consistent with Equation (2).

In addition, considering the possible path dependence of tourism economic devel-
opment and the possibility of endogenous causality between CNSAs and time-limited
rectification and other factors, the lag phase of the dependent variable was introduced into
the static spatial Durbin model to formulate the dynamic spatial Durbin model [38].

yit = τyi,t−1 + ρW ∗ yit + α1d1 + β jxjt + θ1W ∗ d1 + ϕjW ∗ xjt + fi + ft + εit (5)

yit = τyi,t−1 + ρW ∗ yit + α2d1 ∗ d2 + β jxjt + θ2W ∗ d1 ∗ d2 + ϕjW ∗ xjt + fi + ft + εit (6)

where yi,t−1 denotes the dependent variables of the first lag phase used to control and
examine the time lag effect of their changes; τ denotes the temporal lag coefficient of the
dependent variables; the other parameters are consistent with Equation (4).

4. Empirical Results and Analysis

4.1. Nonspatial Results and Analysis

The estimation results of Equations (1) and (2) are shown in Table 2. In Columns (1)–(4),
we examined the impacts of CNSAs on tourism economic development; in Columns (5)–(8),
we replaced the number of CNSAs (i.e., d1) with its interactive term and time-limited
rectification (i.e., d1 ∗ d2) and re-estimated the impacts. It can be noted that the coefficients
of d1 in Columns (1) and (3) were significantly positive, while its coefficients in Columns (2)
and (4) were positive but insignificant; in other words, without the consideration of time-
limited rectification, CNSAs have effectively attracted international tourists and increased
international tourism revenue, while the corresponding impacts on attracting domestic
tourists and increasing domestic tourism revenue were relatively poor. However, all the
coefficients of d1 ∗ d2 in Columns (5)–(8) were significantly positive; in other words, after
the implementation of time-limited rectification, CNSAs have not only effectively attracted
domestic tourists and international tourists but also increased domestic tourism revenue
and international tourism revenue, that is, time-limited rectification released the vitality of
domestic tourism in the nonspatial analysis.

4.2. Static Spatial Results and Analysis

The estimation results of Equations (3) and (4) are shown in Table 3. In Columns (1)–(4),
we examined the impacts of CNSAs on tourism economic development; In Columns (5)–(8),
we replaced the number of CNSAs (i.e., d1) with its interactive term and time-limited
rectification (i.e., d1 ∗ d2) and re-estimated the impacts. It can be noted that all spatial lag
coefficients (i.e., ρ) were significantly positive, implying that the positive spatial spillover
effect of tourism economic development in China was fully established under the for-
mula of the spatial Durbin model. In addition, the coefficients of d1 were significantly
positive in Columns (1)–(4), the spatial lag coefficients of it were significantly positive in
Columns (1)–(3) but insignificantly positive in Column (4); in other words, without the con-
sideration of time-limited rectification, CNSAs not only effectively attracted international
and domestic tourists in local and surrounding cities but also increased foreign tourism
revenue and domestic tourism revenue in the local and surrounding cities, while the impact
of it on domestic tourism revenue in surrounding cities was relatively poor. Moreover,
the coefficients of d1 ∗ d2 were significantly positive in Columns (5)–(7) but insignificantly
positive in Column (8), while the spatial lag coefficients of it were insignificantly positive
in Columns (5) and (7), insignificantly negative in Column (6), and significantly negative
in Column (8); in other words, after the implementation of time-limited rectification, the
direct and positive impacts of CNSAs on tourism economic development were retained in
local cities, while the indirect and positive impacts of it on tourism economic development
were no longer supported in surrounding cities, that is, the effectiveness of time-limited
rectification was not supported in the static spatial analysis.
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Table 2. Results of the nonspatial econometric estimation.

Variables
y1 y2 y3 y4 y1 y2 y3 y4

(1) (2) (3) (4) (5) (6) (7) (8)

d1 0.313 ** 0.084 0.304 ** 0.070
(2.392) (1.344) (2.213) (1.515)

d1 × d2 0.053 ** 0.024 ** 0.069 ** 0.021 **
(1.987) (2.074) (2.368) (2.466)

x1 −0.010 0.017 0.022 0.022 −0.014 0.016 0.019 0.021
(−0.130) (0.356) (0.256) (0.624) (−0.171) (0.343) (0.215) (0.608)

x2 0.048 0.054 0.143 0.019 0.035 0.051 0.131 0.017
(0.459) (0.988) (1.292) (0.564) (0.335) (0.938) (1.215) (0.481)

x3 −0.419 0.240 −0.534 * −0.211 −0.401 0.246 −0.514 * −0.206
(−1.633) (1.453) (−1.871) (−1.479) (−1.568) (1.502) (−1.828) (−1.427)

x4 −0.004 −0.038 0.019 −0.017 −0.014 −0.040 0.011 −0.019
(−0.050) (−0.790) (0.227) (−0.634) (−0.181) (−0.830) (0.127) (−0.694)

x5 −0.129 0.018 0.186 0.040 −0.108 0.023 0.205 0.045
(−1.221) (0.498) (1.390) (1.042) (−0.989) (0.647) (1.526) (1.157)

x6 0.016 −0.017 0.014 0.015 0.020 −0.016 0.017 0.015
(0.374) (−0.472) (0.254) (0.753) (0.465) (−0.460) (0.306) (0.751)

x7 0.017 0.090* 0.017 0.137 *** 0.020 0.091 * 0.019 0.137 ***
(0.309) (1.878) (0.258) (3.318) (0.347) (1.893) (0.285) (3.237)

x8 0.063 0.005 0.079 0.033 * 0.055 0.003 0.072 0.032
(1.655) (0.166) (1.624) (1.677) (1.442) (0.101) (1.470) (1.622)

constant 5.426 *** 7.546 *** 2.433 8.614 *** 5.806 *** 7.624 *** 2.760 8.677 ***
−0.010 0.017 0.022 0.022 (3.489) (7.239) (1.593) (13.017)

N 1936 1936 1936 1936 1936 1936 1936 1936
R2 0.954 0.940 0.955 0.980 0.953 0.940 0.955 0.980

Note: t statistics are in parentheses; * p < 0.1, ** p < 0.05, and *** p < 0.01.

Table 3. Results of the static spatial econometric estimation.

Variables
y1 y2 y3 y4 y1 y2 y3 y4

(1) (2) (3) (4) (5) (6) (7) (8)

ρ 0.274 *** 0.395 *** 0.211 *** 0.258 *** 0.281 *** 0.399 *** 0.217 *** 0.259 ***
(12.190) (21.588) (9.224) (12.249) (12.588) (21.882) (9.509) (12.265)

d1 0.452 *** 0.129 *** 0.435 *** 0.047 **
(9.310) (4.941) (8.105) (2.076)

d1 × d2 0.076 *** 0.023 ** 0.087 *** 0.009
(3.750) (2.157) (3.890) (1.003)

W × d1 0.163 ** 0.079 ** 0.243 *** 0.032
(2.305) (2.094) (3.119) (0.990)

W × d1× d2
0.044 −0.008 0.040 −0.025 *

(1.510) (−0.534) (1.254) (−1.905)
Control
Variables Yes Yes Yes Yes Yes Yes Yes Yes

N 1984 1984 1984 1984 1984 1984 1984 1984
R2 0.193 0.404 0.181 0.287 0.225 0.343 0.221 0.252

The z-statistics are in parentheses; *** p < 0.01, ** p < 0.05, and * p < 0.1.

4.3. Dynamic Spatial Results and Analysis

The estimation results of Equations (5) and (6) are shown in Table 4. In Columns (1)–(4),
we examined the impacts of CNSAs on tourism economic development; in Columns (5)–(8),
we replaced the number of CNSAs (i.e., d1) with its interactive term and time-limited recti-
fication (i.e., d1 ∗ d2) and re-estimated the impacts. It can be noted that all the spatial lag
coefficients (i.e., ρ) were significantly positive, implying that the positive spatial spillover
effect of tourism economic development in China was also fully established under the
dynamic spatial Durbin model. In addition, all the temporal lag coefficients (i.e., τ) were
significantly positive and greater than the corresponding spatial lag coefficients (i.e., ρ),
implying that the positive temporal effect of tourism economic development in China was
not only fully established under the dynamic spatial Durbin model but also had a greater
impact than the spatial spillover effect of it.
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Table 4. Results of the dynamic spatial econometric estimation.

Variables
y1 y2 y3 y4 y1 y2 y3 y4

(1) (2) (3) (4) (5) (6) (7) (8)

τ 0.777 *** 0.677 *** 0.788 *** 0.710 *** 0.795 *** 0.679 *** 0.797 *** 0.711 ***
(48.497) (51.667) (47.947) (48.790) (50.001) (52.129) (49.059) (48.822)

ρ 0.152 *** 0.170 *** 0.161 *** 0.165 *** 0.151 *** 0.173 *** 0.155 *** 0.167 ***
(7.590) (10.545) (8.102) (9.254) (7.623) (10.745) (7.835) (9.372)

d1 0.160 *** 0.017 0.155 *** 0.017
(4.200) (0.956) (3.647) (1.058)

d1 × d2 0.009 0.008 0.021 0.008
(0.670) (1.153) (1.334) (1.396)

W × d1 −0.095 * 0.023 −0.191
*** 0.037

(−1.714) (0.905) (−3.107) (1.628)
W × d1× d2

−0.034 * −0.009 −0.050 ** 0.001

(−1.693) (−0.994) (−2.227) (0.073)
Control

Variables Yes Yes Yes Yes Yes Yes Yes Yes
N 1860 1860 1860 1860 1860 1860 1860 1860
R2 0.935 0.948 0.939 0.956 0.937 0.948 0.940 0.957

The z-statistics are in parentheses; *** p < 0.01, ** p < 0.05, and * p < 0.1.

In addition, the coefficients of d1 were significantly positive in Columns (1) and (3),
and insignificantly positive in Columns (2) and (4), while the spatial lag coefficients were
significantly negative in Columns (1) and (3) but insignificantly positive in Columns (2) and
(4); in other words, without the consideration of time-limited rectification, CNSAs have
merely attracted international tourists and increased international tourism revenue in local
cities, while the insignificant results for domestic tourists and domestic tourism revenue in
local and surrounding cities may give evidence of domestic tourists’ little interest for the
homogeneous service of CNSAs. Moreover, the coefficients of d1 ∗ d2 were insignificantly
positive in Columns (5)–(8), while the spatial lag coefficients of it were significantly negative
in Columns (5) and (7), insignificantly negative in Column (6), and insignificantly positive
in Column (8); in other words, after the implementation of time-limited rectification, the
positive impacts of CNSAs on international tourists and international tourism revenue in
local cities were weakened. One possible reason could be that the destination selection of
international tourists has the characteristic of a “herd effect”, and they are more sensitive
to negative information regarding time-limited rectification.

5. Further Discussion

From the estimation results in Tables 2–4, it can be drawn that the results under the
dynamic spatial Durbin model, which considers both the spatial and temporal lag effects
of independent variables simultaneously, had the best theoretical explanation and practical
significance. Therefore, in the following discussion, we focus on the results in Table 4.

After the implementation of time-limited rectification, the services of all CNSAs
ought to be improved, while the psychological shadow of international tourists pushes
them to choose the tourism destinations which are not listed in the roster of time-limited
rectification [39]. Thus, it is not hard to learn why the direct coefficients of d1 ∗ d2 become
insignificant in Columns (5) and (7).

In addition, no matter with or without the consideration of time-limited rectification,
the significant negative effects of CNSAs (or the interactive term of CNSAs and time-limited
rectification) on tourism economic development were merely supported for international
tourists and international tourism revenue; one possible reason may be that compared with
domestic tourists, international tourists face the disadvantage of information acquisition,
that is, the information asymmetry has restricted their options [40].

Generally, international tourists tend to choose CNSAs as their tourism destination,
while their available time for travel is limited, which creates the problem of limited op-
tions and causes the “beggar-thy-neighbor” effect of CNSAs, that is, a vicious strategy
devoted to attracting more international tourists in one city at the expense of a reduction in
surrounding regions [41]. Thus, to eliminate the prevalence of the “beggar-thy-neighbor”
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effect among CNSAs and win a greater reputation in the world, an in-depth reform of the
cooperation mechanism in the Chinese tourism industry is necessary for the future [42].

6. Conclusions, Policy Implications, and Research Prospects

6.1. Conclusions

Based on panel data on 124 prefecture-level and above cities from 2003 to 2018, this
study investigated the impacts of CNSAs on tourism economic development and the
moderating effect of time-limited rectification by comprehensively using the quasi-DID
model, the static spatial Durbin model, and the dynamic spatial Durbin model. The main
conclusions can be drawn as below.

Firstly, the impacts of CNSAs on tourism economic development can be attributed to
discrete categories in terms of domestic tourists and international tourists and domestic
tourism revenue and international tourism revenue. For instance, when comparing do-
mestic versus international tourists, the information asymmetry not only increased the
difficulty for international tourists in the selection of a tourism destination but also caused
irrational competition among CNSAs, which formed a vicious circle.

Secondly, both the spatial spillover effect and path dependence were the impetus in
promoting tourism economic development, which not only highlights the advantage of the
dynamic spatial Durbin model compared with the nonspatial and static spatial econometric
models but also provides evidence of cherishing the “brand effect” and “advertising effect”
of CNSAs so as to achieve their sustainable development in the long run.

Thirdly, the effectiveness of time-limited rectification has been conditionally and
partly proved in this study. The existence of the “beggar-thy-neighbor” effect among
different cities has, to some extent, weakened the promotion effect of CNSAs on tourism
economic development, especially in terms of international tourists and international
tourism revenue. The realization of a more effective system in place of a vicious cycle of
CNSA remains incomplete.

6.2. Policy Implications

The above-mentioned findings can draw the following policy implications for the
related departments.

Firstly, for the superior department in charge, a CNSA is a good choice to promote
tourism economic development where the incentive and restraint mechanism is necessary
for its high-quality development. In particular, to take advantage of the path dependence,
the evaluation criteria and supervision mechanism of CNSAs should be dynamic and
normalized.

Secondly, for local governments, CNSAs can improve the reputation of regional
tourism destinations in the short term, but it could lead to the problem of inaction or
slackness. To win their reputation and attract more tourists in the long term, the service
level of CNSAs should be promoted actively rather than rectified passively, and a periodic
inspection system should be established.

Thirdly, for the management department of CNSAs, it is important and necessary to
clarify the responsibility of each section rather than multi-sector coordinated management,
which could reduce the transaction cost and the rent-seeking space. It is also important
and necessary to avoid the vicious competition among stakeholders and promote tourism
economic development with the aid of the spatial spillover effect.

6.3. Research Prospects

This study initially examined the moderating effect of time-limited rectification on
the nexus between CNSAs and tourism economic development, while several limitations
should be identified to highlight research prospects. For instance, except for CNSAs and
time-limited rectification, other influencing factors, including government cooperation
and environmental regulation, may have remarkable effects on tourism economic devel-
opment [8,10]. In addition, to achieve an optimal balance of economic development and
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conservation of environmental resources, how the tourism economy affects the local eco-
logical environment, energy consumption, and urbanization may be potential investigation
directions, which also has great theoretical and practical significance for similar emerging
countries [1,4].
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Abstract: Free trade zones (FTZ) are designated areas for promoting trade openness and investment
facilitation. In China, FTZs are also regarded as “green areas” in which planning actions and
institutional innovations are implemented, and there is a commitment to promoting urban green and
healthy development. Given that green total factor productivity (GTFP) is an important measure
of a city’s health and green performance, this study exploits the difference-in-differences method
to explore the impact of pilot FTZs on urban GTFP in 280 cities in China for the period between
2005 and 2017. The results show that the green areas positively contributed to the growth of GTFP.
Moreover, the outcome holds with robustness tests. Statistically, the positive effect emerged in cities
during the first three years after introducing the initiative, with the effect disappearing afterward. It
also had a strong positive impact in the central and western regions and in large and medium-sized
cities, while the influence remained insignificant in the remaining areas in China. Furthermore, the
paper also reveals that the promotion of foreign direct investment and industrial structure upgrading
are the primary channels through which the positive relationship between pilot FTZs and GTFP
is established.

Keywords: pilot free trade zones; green total factor productivity; green development; difference-in-
differences; quasi-natural experiment

1. Introduction

The Chinese economy has undergone spectacular growth in recent decades, while
environmental degradation from traditional extensive economic development is becoming
an extremely serious problem. Environmental pollution brings challenges to the sustainable
and healthy development of cities [1]. According to “the Report on the State of the Ecology
and Environment”, in 2020, 40.1% of the 337 cities at or above the prefecture level exceeded
air quality standards. Severe environmental pollution endangers people’s health [2], which
results in inequality [3], aggravates public finance burden [4], and hinders the process
of urban renewal [5]. Therefore, the need for urban green and sustainable transition
has become inevitable. In this context, the Chinese government has released a series of
institutional innovations and policy experiments to control environmental pollution and
improve the urban population’s health. One of these innovations is the free trade zone
(FTZ) policy.

According to Teifenbrun [6] and Akbari et al. [7], an FTZ refers to an area where goods
may be landed, handled, manufactured, or reconfigured, and then re-exported without the
intervention of customs authorities. In the zones, multiple institutional incentives such as
free movement of goods and people and preferential taxation are provided. Since the 1980s,
countries such as the United States and Brazil have established FTZs, which are conductive
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to attract foreign direct investment (FDI), and greatly promote trade development [8–10].
The Chinese government has always been committed to deepening reform and opening
wider to the outside world. In 1980, Shenzhen, Zhuhai, Shantou, and Xiamen were
approved as special economic zones (SEZ). Then, China established the first bonded zone
(BZ) in Shanghai in 1990, and successively set up BZs in Tianjin, Dalian, and other cities.
In 2000, China approved 15 pilot export processing zones (EPZs) including Yantai Weihai,
Hangzhou, at one time. Since then, China has continuously established some other SEZs,
BZs, and EPZs. On 29 September 2013, China’s first FTZ, the Shanghai pilot FTZ, was
established, which marks a new stage of China’s opening-up. After that, more pilot FTZs
were built in Tianjin, Chongqing, and other cities by March 2017.

Compared to previous policy zones like SEZs, the opening-up of the service and
financial industries has been expanded in pilot FTZs for the first time. The Chinese pilot
FTZs have also implemented a series of institutional innovations in addition to possessing
functions similar to those of other countries. The institutional innovations mainly include:
first, optimizing government functions and improving trade and investment efficiency
through one-window service; second, tax holidays and tax regimes such as reduced income
tax for some enterprises in pilot FTZs; third, introducing the “Negative List” management
model to provide guidance and governs industry sectors in which foreign investment is
prohibited or where possible restrictions may apply.

“Green development” is a major development idea of Chinese pilot FTZs. As the
concepts emphasized in the “Guiding Opinions on Strengthening Ecological Environment
Protection in Pilot Free Trade Zones” issued by the Ministry of Ecology and Environment
(MEE) of China, the ideas of green development should penetrate to the entire process of
pilot FTZs construction, and pilot FTZs must develop a modern green service industry,
green manufacturing, green supply chain, and green trade in the future. Some studies also
indicated that pilot FTZs make efforts to become green areas in various ways [11]. Therefore,
as green areas, have the pilot FTZs effectively promoted urban green development? This
paper attempts to address this question and provide useful policy alternatives.

Numerous studies have examined the economic effects of the policy zones. The
literature has indicated that Chinese SEZs, EPZs, and BZs are all conducive to attracting
more investors and promoting trade development [12–14]. These special zones gain other
benefits such as participation in global value chains and knowledge exchange [15,16]. Some
researchers have indicated that FTZs also have effects on attracting FDI and promoting
trade development [17]. As suggested by Jiang et al. [18], pilot FTZs can effectively combine
domestic production factors with advanced international technology. Moreover, pilot FTZs
greatly promote cross-country knowledge spillover and improve China’s competitive
advantages in global industrial and supply chains [19,20]. Additionally, Song et al. [21]
found that the policy advantages of pilot FTZs are beneficial to upgrading the organization
and performance of local export-oriented enterprises.

Although few studies have attempted to estimate the impact of policy zones on urban
green and healthy development, many studies have explored their impact on economic
growth. Most extant studies support that SEZs, EPZs, and BZs positively contribute
to innovation stimulation and economic growth [22,23]. However, additional critical
findings suggest that these policies also have some dampening effects such as resource
mismatches [24], widening the gap between the rich and poor [25], and tax evasion [26].
Concerning FTZs, the existing literature mainly focuses on positive effects. For instance,
some studies have found that FTZs play an important role in innovation stimulation and
enhancing the competitiveness of enterprises, which promotes economic growth [18,27–30].
From the perspective of Chinese pilot FTZs, Tan et al. [31] focused on the Shanghai pilot
FTZ and provided evidence that there is a significant and positive effect on the growth
rate of the total imports and exports of Shanghai. Based on the difference-in-differences
(DID) method, Zhang et al. [32] found that pilot FTZs drive regional economic growth.
Chen et al. [33] also suggested that China’s FTZ policy is effective and increases the national
economic welfare.
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Another emerging stream of literature emphasizes the impact of policy zones on envi-
ronmental pollution. Some researchers argue that the policy zones promote environmental
protection, whereas other researchers find that these zones generate high emissions of
metals and other negative products that contaminate the environment [34,35]. Regarding
FTZs, it is generally believed that Chinese pilot FTZs have reduced environmental pol-
lution, since various measures such as clean production mechanisms are adopted by the
government for pollution prevention and control [36,37].

Based on these two strands of literature, the important question that we focus on is
whether the economic growth brought by pilot FTZs is at the expense of the environment
or has green characteristics. Currently, green total factor productivity (GTFP) has been
widely used in the research field of environmental economics to reflect the level of green
development [38,39]. Previous literature has regarded total factor productivity (TFP) as an
important measure of economic growth [40–42]. These studies conducted related research
by taking only the traditional input (e.g., capital and labor) and desirable output (e.g., GDP)
into account, while ignoring the green and environmental factors. With the development of
society, the constraints of the environment on economic growth have become increasingly
prominent. Therefore, it is not sufficient to use the traditional TFP indicator to analyze
green and sustainable economic development. GTFP is a new productivity indicator that
comprehensively incorporates resource and environmental constraints. Specifically, the
new indicator adds resource consumption as an input factor to the traditional TFP analysis
framework and adds environmental pollution emissions as an undesirable output to the
input-output efficiency analysis [25,43,44], which can effectively reflect the level of green
and healthy development [45,46].

At present, a small amount of attention has been given to the impact of pilot FTZs
in other countries on regional green development [7,47,48]. However, concerning China,
regarding pilot FTZs and green development, only a few researchers such as Jiang et al. [18],
have conducted research on the Shanghai pilot FTZ and found that pilot FTZ is a great
incentive to promote green development. However, Zhuo et al. [49] took the Guangdong
pilot FTZ as the research object and concluded that this FTZ operates at the expense of the
environment: for every 100 million yuan increase in the GDP, discharged wastewater and
waste gas increases by 1.746 million tons and 28.016 tons, respectively.

According to the abovementioned literature, the following problems still need to be
remedied. First, current studies mainly explore the impact of pilot FTZs on economic
growth, but few studies have focused on the relationship between pilot FTZs and green
development. Clarifying the relationship between pilot FTZs and green development is of
great significance for providing policy implications to promote urban green development
through institutional innovations. Second, the existing literature on pilot FTZs and green
development focuses only on the case studies of a special pilot FTZ, and the conclusions
remain inconsistent and controversial. Therefore, the relationship between pilot FTZs
and urban green development is uncertain, and we do not know whether the effect is of
universal significance.

Therefore, the present study takes advantage of the quasi-experiments provided by the
policy of FTZ construction and adopts the DID method to explore the impacts of pilot FTZs
on urban green development. This study contributes to the existing literature in two ways.
First, our article contributes to the literature on the economic and environmental impacts
of different policy zones. We discuss the impact of the ideas of green development and
institutional innovation measures implemented in pilot FTZs on the relationship between
free trade and environmental pollution. Therefore, the research in this paper is helpful for
a deeper understanding on how to exert government functions to better promote urban
green development. Second, this paper takes the pilot FTZs as research objects and uses
the DID and propensity score matching-DID (PSM-DID) methods to investigate the impact
of pilot FTZs on urban green development, which can address the endogeneity problem,
and ensure the reliability of the research conclusions.
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The structure of the rest of paper is as follows. The institutional background and
theoretical hypothesis are explained in the second section. The data and methodology
are reported in the third section. The empirical results are proposed in the fourth section.
Exploring the mediating effect of FTZ policy on GTFP is explored in the fifth section. Finally,
conclusions are presented in the sixth section.

2. Institution Background and Theoretical Hypothesis

2.1. Institution Background

Since 1978, China has established SEZs. The zones were designed as major platforms
that provided preferential policies such as tax reduction for foreign enterprises. In addition,
BZs have been successfully constructed since the 1990s. Goods are exempt from duty in
these zones. Further, the Chinese government set up EPZs where goods manufactured for
export are exempt from tax.

Government’s peculiarities and intervention play an important role in the develop-
ment of these policy zones [50–52]. In the Chinese context, the key experiences of SEZs,
EPZs, and BZs can best be summarized as gradualism with an experimental approach;
a strong commitment; and the active, pragmatic facilitation of the state [53]. First, the
Chinese government provides preferential policies and broad institutional autonomy such
as duty-free benefits, which greatly promoted industrial clusters. Second, strong support
and proactive participation of governments are provided, especially in the areas of public
goods and externalities, which ensure a stable and supportive environment for long-term
development. Third, the government continuously promotes technology learning and
upgrading by designing policies and foresight activities.

Under the positive impact and intervention of government, most of special zones in
China, though differing in characteristics, are quite successful in FDI introduction and
trade prosperity. However, there is still considerable room for China to expand the opening
of its service industry and attract advanced foreign investment.

To further accelerate the pace of opening to the outside world, on 27 September 2013,
the first Pilot FTZ (Shanghai) in mainland China was founded. Up to March 2017, the
Chinese government has established a total of 11 pilot FTZs. The policies of pilot FTZs
include not just the free entry and exit of goods, zero-tariff policies, and other traditional
policies that promote trade liberalization. More importantly, the FTZ policy is China’s
first policy to expand the service industry and financial opening after joining the WTO.
For example, the “Negative List” management model and “pre-entry national treatment”
were adopted in pilot FTZs to achieve expanding openness in the fields of the modern
services industry, such as banking, insurance, capital markets, and other fields. On the
premise of complying with relevant regulations, qualified foreign-funded institutions and
organizations are allowed to establish companies to conduct related business in the form
of joint ventures or independent forms, while enjoying various preferential policies. In
addition, the convertibility of the RMB capital account, the marketization of interest rates in
the financial market, the reform of foreign exchange management, the opening of financial
institutions, and the construction of international block trading platforms are all piloted in
pilot FTZs. Compared with other special policy zones, FTZs are multifunctional areas that
gather multiple innovational advantages, as shown in Table 1.

Table 1. Comparison between FTZs and other policy zones.

Policy Industry
Free

Currency
Free Trade

Free Entry and
Exit of Goods

Free Storage of
Goods

Free Entry and Exit of
Personnel

FTZs
√ √ √ √ √ √

SEZs
√ × × × × ×

EPZs
√ × × × × ×

BZs
√ × × √ √ ×

Source: The author manually compiled according to the relevant policies of China.
√

means that the innovative policies such as industry
policy, free currency policy, and free entry and exit of goods, etc. were implemented in the policy zones; In contrast, × represents the
policies were not implemented in the policy zones.
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Different from the FTZs of other countries, pilot FTZs in China have implemented a
series of institutional innovations to improve trade efficiency, investment efficiency, and
administrative efficiency. Institutional innovation is reflected in the simplified customs
clearance procedures for commodities and higher administrative efficiency. For example,
pilot FTZs apply the “first entering and then declaring” process and simplify customs
clearance documents, and so on. In addition, pilot FTZs have vigorously promoted the
reform of e-government, improved the administrative examination and approval efficiency
of the enterprises in the zone. Moreover, high-tech enterprises, financial service enterprises,
cultural and creative enterprises, and many other industries in the zones can enjoy lower
income tax rates. Overseas high-tech talents in pilot FTZs can also enjoy personal income tax
relief. These measures have effectively promoted the development of emerging industries
and economic growth in pilot FTZs.

FTZs are also set as demonstration zones for protecting the environment and achieving
high-quality development [54]. “Opinions of the Ministry of Commerce on Supporting
the Innovative Development of Pilot Free Trade Zones 2015” proposes to continuously
explore the establishment of a green supply chain management system and encourage
the development of green trade. “The Guiding Opinions on Strengthening the Ecological
Environment Protection and Promoting High-quality Development in Free Trade Zones”
released by the MEE of China highlighted the need to explore institutional innovations
related to environmental protection in these green areas. Currently, all planned actions
of the 21 existing pilot FTZs include provisions for promoting green development. For
instance, “Article 50 of the Regulations of China (Shanghai) Pilot Free Trade Zone” clearly
stipulates that pilot FTZs should strengthen environmental protection, improve environ-
mental assessment classification management, and use the advantage of openness to be in
line with international environmental and energy system standard certification. Shenzhen
is committed to ensuring 100% coverage of green buildings, establishing a green and cre-
ative transportation system, and constructing a central cooling project in the zone to reduce
pollutant emissions. Other pilot FTZs are also actively engaged in green development, for
instance, the Nanjing pilot FTZ develops green finance. Figure 1 shows that the average
investment in environmental governance of the provinces where pilot FTZs are located has
increased from 66.11 billion yuan in 2003 to 310.44 billion yuan in 2017, and after the FTZ
policy emerged, it maintains a continuous upward trend, which fully reflects the green
development effects created by FTZs.

Figure 1. The average value of environmental governance investment in provinces where pilot FTZs
are located. Source: China Statistical Yearbook on Environment, 2003–2017.
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2.2. Hypotheses

An important influencing mechanism of pilot FTZs on urban GTFP is investment
facilitation. Yao et al. [55], Qu et al. [56], and Tan and Yan [57] found that pilot FTZs have a
strong foreign investment-induced effect. FTZs are committed to attracting the entry of
foreign-funded enterprises with high productivity. The preferential policies of pilot FTZs
have abolished many of the previous restrictions on the share of FDI, relaxed investment
restrictions, and continued to simplify investment procedures. Both the Shanghai pilot FTZ
and the Guangdong pilot FTZ have implemented preferential tax policies for high-tech
enterprises and access and work convenience policies for high-tech talent. Pilot FTZs
have gradually become a gathering place for high-end foreign enterprises. On the one
hand, with the expansion of the scale of enterprises that gather in the pilot FTZs, different
enterprises can establish connections with one another through resource sharing and the
division of labor based on specialization, which effectively reduces transaction costs, and
increases productivity [58]. At the same time, the knowledge spillover effect allows the
spread of advanced technology and management experience in the agglomeration zone,
thereby enabling the enterprises in the zone to learn and use more advanced energy-
saving technologies and management methods [59]. The two effects work synergistically to
continuously improve the production and environmental efficiency of the enterprises in the
zones, which, in turn, has a positive impact on improving urban GTFP. On the other hand,
the inflow of FDI squeezes the market share of domestic enterprises to a certain extent,
intensifies industry competition, and creates a selection mechanism for the survival of the
fittest. This phenomenon strongly motivates domestic enterprises to carry out technological
innovation, thereby promoting the improvement of urban GTFP. Therefore, we put forward
the following hypothesis:

Hypothesis 1 (H1). Pilot FTZs can increase GTFP through the promotion of FDI.

Industrial upgrading is another influencing mechanism of pilot FTZs on urban GTFP.
As an innovation in the trade management system, pilot FTZs play an active role in
breaking down trade barriers, overcoming obstacles to factor flow, and making advanced
resources flow freely on an international scale. On the one hand, the main policy goal
for China to set up pilot FTZs is to accelerate the opening of the service and financial
industry, which is beneficial to the upgrading of the industrial structure [60]. Upgrading of
the industrial structure can not only reduce the emission of pollutants but also accelerate
green development [61]. Therefore, it has a considerably positive effect on the growth in
urban GTFP. On the other hand, the trade facilitation brought by pilot FTZs also brings
new opportunities for industrial upgrading. The special policies of pilot FTZs can not
only simplify international trade procedures and reduce international trade costs but also
improve logistics efficiency, which effectively promotes the flow of high-tech production
factors [62,63]. Advanced production factors continuously flow to high value-added in-
dustries, which can not only facilitate the development of import, export, and service
trade, enhance the competitiveness of related industries, but also optimize the industrial
structure and promote industrial upgrading [29,64]. In addition, pilot FTZs can boost the
optimization and upgrading of industrial structures by eliminating internal low-efficiency
enterprises and absorbing advanced technologies from the outside [65]. With the continu-
ous upgrading of the industrial structure, related enterprises also actively improve their
production efficiency and achieve green production, which promotes the improvement
of urban GTFP. Based on the above analysis, we propose hypothesis 2. In addition, the
framework of influencing mechanisms of pilot FTZs on urban GTFP is shown in Figure 2.
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Figure 2. The framework of the influence of pilot FTZs on GTFP. Source: Compiled by the author.

Hypothesis 2 (H2). Pilot FTZs can increase GTFP through the promotion of industrial upgrading.

3. Data and Methodology

3.1. The Measurement of GTFP

Urban GTFP can accurately describe and reflect the development efficiency of urban
economies under the constraints of resources and the environment [39]. Under the frame-
work of environmental technology analysis, this paper uses the slack-based measure (SBM)
model based on undesirable output and the Malmquist index model to measure GTFP.

3.1.1. SBM Model

The traditional data envelopment analysis (DEA) model has advantages in managing
the problems of multi-input indices and multi-output indices [38,66]; thus, it is widely
used in the field of development performance measurement. However, the traditional
DEA method only considers economic benefits when measuring efficiency values but does
not consider the impact of undesirable output. This fact is not only inconsistent with the
actual production process but also ignores the slack problem of input and output factors;
accordingly, there is a deviation between the measured value and the actual value [67].
Therefore, to solve this problem, Tone [68] first proposed a nonradial, nonangle SBM
model based on slack variables. This model resolves the influence of slack variables on the
measured value by incorporating the slacks of the input and output factors directly into the
objective function, and it effectively improves the accuracy of the measured values [69,70].
Therefore, in line with the above research, the SBM model proposed in this paper is
constructed as follows:

ρ = min
sx ,sy ,sb ,λ

1 − 1
M ∑M
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sx

m
xkm

1 + 1
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(
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n
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) (1)

s.t.
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where ρ is the efficiency value; x, y, and b represent the vectors of the input factors, desirable
outputs and undesirable outputs, respectively, and M, N and L represent the number of
the types of input factors, desirable outputs and undesirable outputs, respectively; (xkm,
ykn, bkl) are the input and output values of the k-th decision-making unit; λ represents
the weight of the decision-making unit; and sx

m, sy
n, and sb

l are the slack variables of the
input factors, desirable outputs and undesirable outputs, respectively. Among them, sx

m
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and sb
l represent the redundancy of input and undesirable output, respectively, and sy

n
represents the shortage of desirable output; the objective function ρ is strictly monotonically
decreases with respect to sx

m, sy
n, and sb

l , and the value range of ρ is 0–1. If ρ = 1, then
sx

m = sy
n = sb

l = 0, which indicates that the evaluation unit is completely efficient, and
there is no redundancy of input or shortage of output. If ρ = 0, then the evaluation unit is
technically completely inefficient at present.

In addition, Equation (1) represents the SBM model under the assumption of constant
returns to scale (CRS). If the constraint condition ∑K

k=1 λk = 1 is introduced into the SBM
model, then Equation (1) can be transformed into the SBM model under the assumption of
variable returns to scale (VRS).

The SBM model also has certain shortcomings. For example, its objective function is
to minimize the efficiency value, that is, to maximize the inefficiency of input and output.
From the perspective of the distance function, the projection point of the evaluated unit
is the point on the front surface that is farthest from the evaluated unit. Tone [68] tried to
design a method to calculate the shortest distance to the frontier, but it is only suitable for
the case where there are fewer units to be evaluated. At present, the SBM model is still the
mainstream method of efficiency measurement and has been widely used in the relevant
literature [69–72].

3.1.2. Malmquist Index Model

The Malmquist index is based on the distance function proposed by Malmquist in
1953 [73]. The index is calculated based on the quantitative data from inputs and outputs
without the need for pricing information [74], and it can provide a breakdown of the change
in productivity changes [75]. According to the Malmquist index model, we can accurately
measure the dynamic growth trend of the GTFP in 280 cities of China. Referring to the
practice of Chung et al. [76], the specific equation is set as follows:
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are the cross-efficiency values in period t and period t + 1,

respectively. GTFP represents the green total factor productivity index. If GTFP > 1, then
the GTFP of the decision-making unit increased in the current period, and if GTFP < 1, then
the GTFP of the decision-making unit decreased in the current period.

However, the above indicator calculated according to the Malmquist index model is
not the GTFP in each year but the rate of change of the GTFP relative to the previous year.
Therefore, if we set the value of the GTFP in the base year to 1 and then multiply it by the
GTFP of subsequent years, we can obtain the GTFP values of 280 sample cities in China
from 2005 to 2017.

3.2. DID Method

In this paper, we use the DID method to evaluate the influence of FTZ policy on GTFP.
The Chinese government established the China (Shanghai) Pilot FTZ in September 2013. To
date, China has established pilot FTZs in six batches cover 21 provinces or municipalities.
Therefore, we regard FTZ policy as a quasi-natural experiment. Tan and Yan [57] considered
integrated FTZs to be the predecessor of pilot FTZs. To reduce the research bias, we regard
the cities with integrated FTZs and pilot FTZs as the treatment groups. Other cities belong
to the control group. The DID model is set as follows:

GTFPit = α0 + α1dtit + ∑ ∂kyeark + ∑ γjXit + μcity + λit (3)
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where dt represents whether city i has a pilot FTZ in year t and GTFP is the urban green
total factor productivity measured by the super-efficiency SBM model of undesirable
outputs and the Malmquist index. X represents a set of control variables, including the
level of informatization of the city (Informatization), population density (Pdensity), the
development level of the service industry (Service_sec), the level of science and technology
(SciTec), and the scale of fixed assets (Fixed_assets). year represents the year fixed effect, μ
represents the city fixed effect, and λ represents the random error term.

In addition, the premise of using a DID method is to meet the parallel trend hypothesis;
that is, before the impact of the pilot FTZs, the GTFP of the experimental group and the
GTFP of the control group have the same change trend. Referring to Li et al. [77] and
Beck et al. [78], this paper uses the event analysis method and presents the dynamic model
as follows:

GTFPit = α +
5

∑
k≥−5,k 	=−1

βkDit
k + ∑ ∂kyeark + ∑ γjXit + μcity + λit (4)

where Dit
k is a dummy variable that represents whether the city approved the establishment

of a pilot FTZ. The value of Dit
k is assigned according to the following rules: si represents

the specific year of the establishment of a pilot FTZ. If t − si < −5, then define Dit
k = 1;

otherwise Dit
k = 0. If t − si = k, then define Dit

k = 1; otherwise, Dit
k = 0 (k∈ [–5, 5] and

k 	= −1). The process of establishing a pilot FTZ is that the local governments submit an
application to the State Council of China after completing the preparations and planning
plans for pilot FTZs. The State Council then sends staff to the field to conduct research and
perform repeated demonstrations and communication changes involving the specific plan.
Only after more than a year of revisions and necessary administrative procedures will the
State Council officially approve the establishment of a pilot FTZ. In fact, when the pilot FTZ
was established, many service industry and high-tech companies had made preparations
in advance. Therefore, we set the year before the pilot FTZ was approved as the base year.

3.3. Variables and Data Description

Dependent variable. As described in Section 3.1, the GTFP of 280 cities in China from
2005 to 2017 was estimated through the SBM model and the Malmquist index. The specific
input factors, desirable outputs and undesirable outputs are presented in Table 2.

Dependent variable. As described in Section 3.1, GTFP is based on the DEA framework.
This framework uses the non-radial and non-angle SBM model of undesirable outputs, and
measures GTFP by constructing the Malmquist productivity index.

Independent variables. The FTZ policy (dt) is set in the form of a dummy variable. For
the city with a pilot FTZ, the pilot year and subsequent years are set to 1, and the other years
are set to 0. Up to now, China has established six batches of FTZs. the first batch of FTZs
established in 2013 include the Shanghai FTZ, the second batch of FTZs established in 2015
include Guangzhou, Shenzhen, Zhuhai, Tianjin, Fuzhou, and Xiamen FTZs, and the third
batch of FTZs established in 2017 includes Shenyang, Yingkou, Dalian, Zhoushan, Kaifeng,
Luoyang, Zhengzhou, Yichang, Wuhan, Xiangyang, Chongqing, Chengdu, Luzhou and
Xi’an FTZs. After that, the Chinese government successively established the fourth, fifth
and sixth batches of free trade zones in different cities. Due to data limitations, this
paper regards only the cities with pilot FTZs in the first, second, and third batches as the
research objects.
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Table 2. Explanation of each indicator.

Category Factor Explanation

Input factors

Capital stock

Based on the calculation method provided by Shan [79], the
perpetual inventory method is used to measure capital stock. The
depreciation rate is set to 10.96%, and the fixed asset investment data
for each city are deflated by using the fixed asset investment price
index of the province. As a result, we adjust it to the actual value of
constant prices in 2005.

Number of laborers The total number of employees in the secondary and tertiary
industries is used as an indicator of the labor input in various cities.

Energy input
The entire society’s electricity consumption and urban water supply
are used as measures of energy and resource consumption,
respectively, during economic development.

Desirable outputs **
Urban output Actual regional GDP

Resident quality of life Green coverage of the built-up area

Undesirable outputs

Wastewater Industrial wastewater discharge

Exhaust gas Industrial SO2 emissions ***

Soot Industrial soot emissions

Haze pollution PM2.5 concentration *

Data source: The above data are mainly from the “China Urban Statistical Yearbook” and the statistical bulletins of provinces and cities over
the sample period. * The PM2.5 concentration data for cities come from satellite remote sensing data compiled by the National Aeronautics
and Space Administration (NASA) (http://earthdata.nasa.gov (accessed on 1 November 2020). We use the 1.4 million Chinese basic
geographic information data provided by the National Basic Geographic Information Center to obtain the average PM2.5 concentration in
various cities over the sample period [80]. ** Desirable outputs refer to strong (good) outputs, such as paper or electricity. Undesirable
outputs refer to weak (bad) outputs, such as suspended solids or SO2 [76,81]. *** Since the Chinese official government has not published
the city-level CO2 industrial emissions data, the industrial SO2 emissions is adopted here.

Control variables. This paper includes the following control variables: the level of
informatization of the city (Informatization), as measured by the number of internet users
in the city (by taking the logarithm); population density (Pdensity), measured by the
number of people per square kilometer; the development level of the service industry
(Service_sec), as measured by the proportion of the added value of the service industry in
GDP; the level of science and technology (SciTec), as measured by the amount of urban
technology investment (by taking the logarithm); and the scale of fixed assets (Fixed_assets),
as measured by the amount of fixed asset investment in the city (by taking the logarithm).

The data source is the “China Urban Statistical Yearbook”. The sample of this paper
consists of 2005–2017 data on 280 prefecture-level cities in China. The descriptive statistics
of each variable are presented in Table 3.

Table 3. Descriptive statistics.

Variables N Mean Std Min Max

Dependent variable GTFP 3640 0.369 0.222 0.0138 3.679
Independent

variables
dt 3640 0.0555 0.229 0 1

treated 3640 0.236 0.425 0 1

Mediating variables FDI 3481 0.761 1.853 0.0003 30.83
INSU 3591 0.846 0.426 0.0943 4.166

Control variables

Informatization 3606 12.69 1.160 5.466 17.76
Pdensity 3566 0.436 0.325 0.0047 2.648

Service_sec 3591 37.56 9.048 8.580 80.23
SciTec 3623 9.469 1.709 3.526 15.21

Fixed_assets 3596 15.62 1.148 11.83 18.97
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4. Results and Discussion

4.1. Parallel Trend Test and Dynamic Test

Before using the DID method to evaluate the impact of FTZ policy on GTFP, we first
conducted a parallel trend test based on Equation (4). The changing trend of GTFP before
and after the implementation of FTZ policy is shown in Figure 3. The figure illustrates
that before the construction of pilot FTZs, there was no significant difference between the
experimental and control groups. Therefore, the parallel trend hypothesis is met, and it is
reasonable to use the DID method to evaluate the impact of FTZ policy on GTFP.

Figure 3. Parallel trend and dynamic effect test of the impact of FTZ policy on GTFP.

Figure 3 also allows us to determine the dynamic effect of FTZ policy on GTFP. The
results illustrate that the driving effect of pilot FTZs on GTFP is significant in the first
and second years. This indicates that pilot FTZs effectively attracted the agglomeration of
environmentally friendly foreign capital in the zones, and supportive policies enabled the
development of some high-tech industries and green industries, which, in turn, promoted
urban green development. However, we also find that in the third, fourth, and fifth years
after the establishment of pilot FTZs, the promotion effect was no longer significant. This
may be because imperfect policy guarantee systems, especially the failure to establish an
effective intellectual property system, interfered with the positive impact of pilot FTZs on
GTFP [49]. We can see that the effect of pilot FTZs on GTFP shows an upward trend from
the third year. Due to the unavailability of data, we are not able to estimate the long-term
effect of pilot FTZs on GTFP. Since the ideas of green development are continuously applied
in the pilot FTZs, we can infer that a long-term positive effect will exist. In the future, the
governments should continue to adhere to the ideas of green development in the pilot
FTZs so that they can effectively drive urban green development.

4.2. Baseline Regression

Table 4 shows the baseline regression results of the influence of FTZ policy on GTFP.
In column (1), only the dummy variable (dt) is used as the independent variable for the
regression analysis, and the estimated coefficient is positive and significant at the 1% level.
There are three possible reasons for this result. First, there is the time trend effect. Second,
there is selectivity bias; that is, the cities where pilot FTZs are located have a higher GTFP.
Third, the FTZ policy significantly improved the GTFP of cities. Column (2) adds time
dummies to the control variables. The regression coefficient remains significantly positive,
and the regression results show that the urban GTFP level has a trend of increasing year
by year excluding the first reason above. Column (3) further controls for city-specific
fixed effects, and the regression coefficient is significantly positive at the 1% level. This
result shows that after controlling for the differences between the experimental and control
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groups, the regression coefficient of dt is still significantly positive at the 1% level, which
further excludes the second reason and indicates that the pilot FTZ policy has significantly
improved GTFP. The control variables are added in column (4), and the results do not
change substantially.

Table 4. Baseline regression results.

Variables
(1) (2) (3) (4)

GTFP GTFP GTFP GTFP

dt
0.098 *** 0.053 *** 0.058 *** 0.034 ***
(0.012) (0.012) (0.013) (0.013)

Informatization
−0.021 ***

(0.007)

Pdensity 0.319 ***
(0.071)

Service_sec
0.002 ***
(0.001)

SciTec
0.016 ***
(0.005)

Fixed_assets
−0.045 ***

(0.009)
Year FE NO YES YES YES
City FE NO NO YES YES

Constant
0.363 *** 0.390 *** 0.390 *** 0.954 ***
(0.002) (0.013) (0.008) (0.151)

Observations 3640 3640 3640 3529
R2 0.0202 0.0568 0.0568 0.0755

***, **, and * indicate statistical significance at the 1%, 5% and 10% levels, respectively. * To save space, this paper
does not present the regression results of the year dummy variables in Table 4.

4.3. Regression Analysis Based on PSM-DID

To minimize the systematic differences between the experimental and control groups
as much as possible and to reduce the estimation bias of the DID model, referring to Liu
and Zhao [82], this paper further uses the PSM-DID approach to test the robustness of
the above results. The propensity score is obtained by conducting a logit regression on
a series of variables for cities with or without a pilot FTZ. The city with the propensity
scores closest to that of the experimental group (the city with a pilot FTZ) is regarded as
the control group. After obtaining the matched experimental group and control group
cities, it is still necessary to further verify whether the matching results meet the common
support assumption. The results after matching are presented in Figure 4 and Table 5,
which show the reduced bias in the covariates after matching, and that most samples are
successfully matched.

Figure 4. Kernel distribution of the propensity scores before and after matching.
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Table 5. Reduced bias in the covariates after matching.

Variables State
Mean

(Treated)
Mean

(Control)
% Bias T P

Informatization
Unmatched 13.581 12.404 112.3 28.44 0.000

Matched 13.535 13.527 0.7 0.15 0.880

Pdensity Unmatched 0.62111 0.37941 75.8 19.75 0.000
Matched 0.60123 0.67936 −24.5 −3.31 0.001

Service_sec
Unmatched 43.24 35.641 85.0 23.04 0.000

Matched 42.675 42.239 4.9 0.99 0.320

SciTec
Unmatched 10.711 9.0694 100.9 26.70 0.000

Matched 10.625 10.56 4.0 0.86 0.389

Fixed_assets
Unmatched 16.565 15.317 125.3 30.94 0.000

Matched 16.534 16.474 6.0 1.36 0.173

This section describes use of the PSM-DID method as a robustness test to study the
effects of the FTZ policy on GTFP. The estimated results are presented in Table 6, which
illustrates that the impact of the FTZ policy on GTFP is still significantly positive after using
the PSM-DID method. The differences in the regression coefficients are not substantial, and
the significance is almost the same whether using the DID method or using the PSM-DID
method, which verifies that the policy is beneficial in improving GTFP.

Table 6. PSM-DID estimation results.

Variables
(1) (2) (3) (4)

GTFP GTFP GTFP GTFP

dt 0.092 *** 0.039 *** 0.045 *** 0.022 *
(0.012) (0.013) (0.013) (0.013)

Informatization −0.023 ***
(0.007)

Pdensity 0.254 ***
(0.076)

Service_sec 0.002 ***
(0.001)

SciTec 0.007
(0.006)

Fixed_assets −0.048 ***
(0.011)

Year FE NO YES YES YES
City FE NO NO YES YES

Constant 0.355 *** 0.364 *** 0.359 *** 1.088 ***
(0.002) (0.014) (0.009) (0.177)

Observations 3295 3295 3295 3184
R2 0.0197 0.0595 0.0595 0.0734

***, **, and * indicate statistical significance at the 1, 5 and 10% levels, respectively.

The present research contributes to the literature on policy zones that are devoted
to promoting FDI, international trade, and the environment. Moreover, on the basis of
previous research concerning the effect of pilot FTZs on economic growth [31,32] and
environmental pollution [36], this paper further shows that the urban economic growth
brought by the pilot FTZs is not at the expense of the environment. Using DID and PSM-
DID, our findings are consistent with the research conclusion of Jiang et al. [18] based on
the case of the Shanghai pilot FTZ. This suggests that the concept of green development
applied by the central and local governments in pilot FTZs is effective, which is not just
limited to Shanghai, and the FTZs as green zones drive the green development of cities.
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4.4. Heterogeneity Analysis

We analyzed the heterogeneity from the aspects of location and city size. There are
numerous differences in the level of economic development, marketization, and institu-
tional quality among the various regions in China [83]. As a result, we can expect that pilot
FTZ policy may have a different promoting effect on GTFP in different regions. Following
the research of Gong and Shen [84], we divided the samples into three categories, namely,
the eastern, central, and western regions, to explore the heterogeneous effects of the FTZ
policy on GTFP. The results are shown in Columns 1–3 of Table 7. The construction of
pilot FTZs significantly promote the level of GTFP in central and western China, but the
impact on cities in eastern China is not significant. The levels of trade openness, indus-
trial development, and technological innovation in the eastern region are inherently high;
therefore, the marginal effect of the FTZ policy on GTFP is not significant. Although the
development level is lower in the central region than in the eastern region, the central
region has relied on the support of national policies to seek opportunities for development
in recent years. The pilot FTZ policy can effectively promote trade facilitation and the
entry of high-quality foreign capital in the central region, and thus greatly promote the
upgrading of the industrial structure and the green innovation of enterprises. As a region
with relatively backward economic development in China, the optimization of trade ad-
ministration and the facilitation of trade and investment in the pilot FTZs in the western
region have released a large institutional dividend, which has a significant marginal effect
on GTFP.

Table 7. Heterogeneity analysis of the effects of FTZ policy on GTFP.

Variables

(1) (2) (3) (4) (5)

Location City Size

Eastern Central Western
Large and

Medium-Sized
Cities

Small Cities

dt 0.013 0.036 * 0.085 ** 0.032 ** −0.018
(0.019) (0.019) (0.043) (0.013) (0.092)

Constant 0.789 *** 0.432 ** 1.657 *** 0.993 *** 0.933 ***
(0.275) (0.201) (0.390) (0.204) (0.243)

Controls YES YES YES YES YES
Year FE YES YES YES YES YES
City FE YES YES YES YES YES

Observations 1439 1346 744 2415 1114
R2 0.116 0.069 0.095 0.097 0.071

***, **, and * indicate statistical significance at the 1, 5 and 10% levels, respectively. * The classification of city size
comes from the Notice of the State Council on Adjusting the Standards for Categorizing City Sizes, No. 51 [2014],
State Council of China.

In general, compared with smaller cities, larger cities tend to have advantages in
industrial structure, resource agglomeration, and scientific and technological develop-
ment [85,86], which may render the policy effect of pilot FTZs on GTFP heterogeneous.
Therefore, we also carried out a subsample regression according to the different sizes of
cities. According to the size of the urban population, we divided the sample into large
and medium-sized cities and small cities. If the population of a city is more than 500,000,
we defined it as a large and medium-sized city, and if the population of a city is less than
500,000, then we defined it as a small city. The regression results are shown in Columns 4
and 5 of Table 7. In large and medium-sized cities, pilot FTZs have significantly promoted
the improvement of GTFP, while in small cities, the policy effect has not been significant.
This difference may be because large and medium-sized cities have not only good basic
conditions for trade and foreign investment but also a high degree of spatial agglomeration
of innovation [85]. Therefore, the pilot FTZ policy can significantly promote the develop-
ment of green technology. However, in small cities, the level of capital stock is weak, the
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industrial foundation is poor, and the level of scientific and technological development is
low. As a result, pilot FTZs fail to have good policy effects in the short term in small cities.

5. Exploring the Mediating Effect of the FTZ Policy on GTFP

To explain the potential mechanisms of the green economic growth impacts, we believe
that pilot FTZs can enhance GTFP by promoting FDI and industrial upgrading. To test this
hypothesis, according to Baron and Kenny [87], we constructed a mediating effect model:

GTFPit = β0 + β1dtit + ∑ δkyeark+φ
N

∑
N=1

Xit + μcity + νit (5)

Mit = λ0 + λ1dtit + ∑ δkyeark+θ
N

∑
N=1

Xit+μcity + ξit (6)

GTFPit = γ0 + γ1dtit + γ2Mit + ∑ δkyeark+ψ
N

∑
N=1

Xit + μcity + τit (7)

In Equations (5)–(7), M represents the mediating variable, which is defined from the
perspective of FDI and industrial upgrading. FDI is measured by the amount of FDI in a city.
Referring to Gan et al. [88], industrial structure upgrading (INSU) is measured by the ratio
of the output value of the tertiary industry to the output value of the secondary industry.

The steps in testing the mediating effect are as follows. First, urban GTFP is considered
to be the dependent variable, and the pilot FTZs are taken as the core independent variable
for the regression. Second, the mediating variables are considered to be the dependent
variables, and the pilot FTZs are taken as the independent variable for the regression.
Finally, the pilot FTZs variable and mediating variables are both included in the regression
model to observe their impacts on urban GTFP. If the coefficients β1, λ1, γ2 are significant
and γ1 decreases or is significantly lower than β1, then a mediating effect exists.

Column 1 in Table 8 presents the overall effect of the FTZ policy on GTFP based on
Equation (5), which suggests that pilot FTZs significantly improve GTFP. This result might
be because the pilot FTZs expand the scale of FDI and promote industrial structure upgrad-
ing, thereby enhancing GTFP. As shown in Column 2 in Table 8, we find a positive and
statistically significant impact of the FTZ policy on FDI. Turning to the results in Column 3,
the estimated coefficients of FDI and the pilot FTZs are both statistically significant. Com-
pared with the results in Column 1, the regression coefficient of the pilot FTZs decreases,
which implies that this policy has promoted an increase in GTFP by expanding the scale of
FDI. By the same logic, the regression results in Columns 1, 4 and 5 indicate that pilot FTZs
can enhance GTFP by promoting industrial structure upgrading.

Table 8. Transmission mechanism of the FTZ policy affecting GTFP.

Variables
(1) (2) (3) (4) (5)

GTFP FDI GTFP INSU GTFP

dt 0.034 *** 0.631 *** 0.021 * 0.049 *** 0.032 **
(0.013) (0.072) (0.013) (0.009) (0.013)

FDI 0.018 ***
(0.003)

INSU 0.048 ***
(0.016)

Constant 0.954 *** −1.251 0.918 *** 0.813 *** 0.965 ***
(0.151) (0.884) (0.154) (0.105) (0.150)

Controls YES YES YES YES YES
Year FE YES YES YES YES YES
City FE YES YES YES YES YES

Observations 3529 3392 3392 3529 3529
R2 0.075 0.187 0.084 0.788 0.075

***, **, and * indicate statistical significance at the 1, 5 and 10% levels, respectively.
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Although several studies, such as Jiang et al. [18], have examined the impact of the
Shanghai pilot FTZ on green development, they did not study the underlying mechanism.
The present study fills this gap and finds that pilot FTZs promote the green development
of cities by promoting FDI and industrial structure upgrading. First, government has
implemented a series of institutional innovations that improve investment liberalization
and facilitation in the pilot FTZs, which has greatly encouraged the entry of foreign
capital. It is worth noting that pilot FTZs have strict environmental requirements for
foreign investment; therefore, they mainly attract foreign investment with high-tech, high
value-added, and environmentally friendly characteristics, which is conducive to the
green development of a city. In addition, the government attaches great importance to
the industrial planning and design of pilot FTZs and is committed to prioritizing the
development of the high-tech industry, high-end service industry, and financial services
industry to promote industrial upgrading and green development.

6. Conclusions

To promote an all-dimensional, multilayered, and wide-ranging opening up to the
outside world, China set up pilot FTZs after the establishment of SEZs, EPZs, and BZs. The
Chinese pilot FTZs not only facilitate trade and investment liberalization and facilitation
through institutional innovation but also take green development as the basic concept in the
development of construction plans. For this reason, this research investigates the impact of
FTZ policy on the green and healthy development of cities by using the DID and PSM-DID
methods. Based on a theoretical analysis, we find that pilot FTZs have strict environmental
requirements for foreign investment. In particular, pilot FTZs mainly encourage foreign
investment with high-tech, high value-added, and environmentally friendly characteristics,
which is beneficial to the green growth of a city. In addition, the industry planning and
design sets for pilot FTZs tend to prioritize the development of the high-tech industry,
high-end service industry, and financial services industry, which promotes industrial
upgrading and further boosts the green development of cities. Consequently, we propose
the hypothesis that pilot FTZs promote green development through FDI and industrial
upgrading and confirm the mechanism through the mediation model.

The evidence indicates that, first, the pilot FTZs have significantly improved the GTFP
of cities, and the results are robust to the estimation conclusion of the PSM-DID. Second,
pilot FTZs have a positive impact on urban GTFP by expanding the scale of FDI and
promoting industrial structure upgrading. Third, there are heterogeneous effects according
to the region and city size. The impact of FTZ policy on GTFP is significant in the central
and eastern cities of China but not in the western regions. In addition, pilot FTZs have a
positive effect in large- and medium-sized cities, while their effects are not significant in
small cities.

The research conclusions of this article suggest that pilot FTZs carry out trade and
investment following internationally accepted green trade rules and commercial and
ecological environmental management rules. The concept of green development penetrates
the entire process of the pilot FTZs construction. In addition, the pilot FTZs vigorously
develop the modern green service industry, green manufacturing, and green supply chain,
which greatly promotes the green and healthy development of cities. Indeed, the pilot FTZs
aim to develop into green areas, which has become a feature that distinguishes them from
Chinese policy zones such as SEZs, EPZs, and BZs and the FTZs in other countries [11].

European countries are at the forefront in the fields of green energy, low-carbon tech-
nology, and environmental governance technologies [89]. China urgently needs the EU’s
advanced technical support and experience sharing to takes advantage of the considerable
potential in the clean energy market and low manufacturing costs. At present, some pilot
FTZs such as the Qingdao pilot FTZ have cooperated with Germany and other countries
on sustainable production. In the future, the Chinese pilot FTZs can further relax market
access for EU companies in the above fields and attract them to enter China’s environmental
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protection market. More importantly, pilot FTZs should actively use cooperation with
European countries in these fields to boost the green development of cities.

Academic research in the future should give attention to how the pilot FTZs can
adhere to the concept of green development and continue to transform themselves into
green areas in the future. Due to data limitations, our research can only examine the
short-term effect of FTZs on urban green development. With more data available, future
researchers will have the opportunity to explore the long-term effect of the pilot FTZs on
urban green development. Moreover, evaluating the development status of green finance,
environmentally conscious manufacturing, and environmental supply chains, etc., in FTZs
is also an important research topic in the future.
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Abstract: China experienced rapid urbanization and socioeconomic development at an unusual rate
during the past four decades. Against such background, land use evolution and land ecological
security have both been affected in a volatile way. Therefore, it is necessary to investigate the land
use and the land ecological security in China. However, the traditional assessment approaches have
paid more attention to the environmental and economic factors than the sustainable development
of ecology, which cannot comprehensively assess the land ecological security. From the perspective
of ecological sustainable development, this study identifies 3 main factors and 17 sub-factors. We
also construct a model to integrate the FCE approach with the AHP. The results show that from
2004 to 2017, China’s land use structure was unbalanced. The construction land, mining land, and
cultivated land increased rapidly, leading to the shrinkage of ecological land. Moreover, the weight of
the sustainable development of resources and the environment, economic sustainable development,
social sustainable development are 0.3341, 0.3780, and 0.2879, respectively, demonstrating that
economic sustainable development is the most important factor affecting land ecological security.
Finally, although the value of comprehensive land ecological security in China has been on the
rise from 2004 to 2017, it remains at an unsecured level. Moreover, the value of the sustainable
development of resources and the environment has been declining since 2011 and is lower than
the values of economic sustainable development and social sustainable development. This study
demonstrates that more attention should be paid to enhancing land ecological security, especially
promoting the sustainable development of resources and the environment.

Keywords: land use evolution; land ecological security; AHP-FCE model; evaluation; China

1. Introduction

Land is the fundamental resource and physical condition which humanity depends
on for survival and development. Whereas land use and land cover change (LUCC) reflect
human activities such as socioeconomic development in the most direct way [1], land
ecological security plays a key role in sustainable development for the future of humanity.
China is a good research object for studying land ecological security. During the past four
decades, China has experienced the rapid urbanization and socioeconomic development at
an unusual rate. Against such background, the land use structure in China has witnessed
drastic change, giving rise to the contradiction between land ecological security and
enormous land demand caused by urban expansion [2–4]. Neglectedecological land and
its protection, together with the irrational use of land resources, exacerbate ecological
imbalance in land. Therefore, as the foundation and key to the sustainable use of land
resources [5–7], land ecological security maintains the long-term balance in the compound
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ecosystem of the nature, economy, and society. Dynamic land use change and regional
land ecological security and its structure have become vital topics in regional sustainable
development [8].

The existing research has mainly focused on the socioeconomic and environmental
impacts of land use. Humanity changes the outlook of the world through such ways as
expanding agricultural production, increasing urban area, and reducing ecological land,
including forest, grassland, and woodland. Land use in different parts of the world may be
varied in specific usages. However, the ultimate outcome is similar: The natural environ-
ment and ecological security often pay the cost due to the exploitation of natural resources
to meet the urgent and insatiable human demand [9,10]. For example, Foley et al. (2005)
and Liu et al. (2019) pointed out that land use alters the surface of the earth and disrupts the
natural ecosystem, particularly on the land administration, where humans play the domi-
nant role [11,12]. Salvati et al. (2018) indicated that land use change and urban expansion
directly affect urban structure and socioeconomic function [7]. Some studies have further
unrvaled the impact of land use on climate change, the global ecosystem, the disturbance
on global carbon cycle and water resources, and the degradation of biodiversity [13,14].
Studies have echoed the opinion that land use change damages the integrity of ecosystem,
which calls for the protection of land and sustainable administration over land use [14,15].

At present, five categories of methods are often employed to the evaluate regional
LUCC and the land ecological security: comparative analysis, Geographic Information
Systems tools (GIS), regressions, AHP, and the fuzzy comprehensive evaluation (FCE)
approach [16–23]. Martínez-Fernández et al. (2019) and Mezősi et al. (2019) compared the
land use data of regions in different times, and analyzed their ecological security evolution
and trend. They found that regional land use changed dramatically over time, and there
was a significant difference in the land ecological security among regions [16,17]. Using
Geographic Information Systems tools such as the Corine Land Cover, Castanho et al. (2019)
reviewed the land use evolution and characteristics in Poland; examined its development
model, future orientation, and impact on economic development; and found that land
use plays an essential role in long-term sustainable development [18]. Similarly, Wen
et al. (2021) employed a geographic detector to assess the spatiotemporal patterns of land
ecological security at both the administrative district scale and grid scale in Chaohu Lake
Basin [19]. Feng et al. (2018) used the GIS and generalized additive model to assess the land
ecological security in Ningbo city on the southeast coast of China [20]. In addition, Yang
et al. (2019) applied the stepwise regression and geographically weighted regression (GWR)
to quantify the effects of land use change and urban expansion intensity on landscape
patterns [21]. They found that land uses have different contributions to the changes of
landscape patterns in the downtown area, suburban plain area, and mountainous suburban
areas. Although comparative analysis, GIS, and regressions have certain advantages in
accuracy, the results are uncertain, with low accuracy and reliability, and are difficult
to widely use.

Further, Han et al. (2015) employed the FCE method to evaluate the land ecological
security in several Chinese cities [22]. The results indicated that the socioeconomic indi-
cator contributes more to the improvement of land ecological security. Similarly, Cheng
(2022) used the PSR framework and FCE method to evaluate the ecological security of
land resources in China [23]. The FCE method processes fuzzy evaluation objects through
precise digital means and can provide a more scientific, reasonable, and realistic quantita-
tive evaluation of the data with the hidden information presenting fuzziness. In addition,
AHP is more often used in solving complex multi-decision problems [24,25]. Liao (2018)
combined the fuzzy comprehensive evaluation method and the analytic hierarchy process
to explore the environmental conflict risk in Xiangtan of China [26]. Zhang et al. (2020)
used the improved group AHP and FCE methods to investigate the ecological environment
impact in highway construction activities. They pointed out that the AHP-FCE model has
good applicability and popularization value in the ecological environment assessment [27].
Therefore, this study integrates fuzzy comprehensive evaluation with the analytic hier-
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archy process to evaluate the land ecological security in China. Our study aims to offer
theoretical reference and science-based evidence for the sustainable use of land resources
and improvement of land ecological security.

This study contributes to the existing literature in the following aspects. First, our
study employs a model integrating the FCE approach with the AHP to provide the em-
pirical evaluation on the land use and the land ecological security in China, which could
highlight the complementary advantages of different evaluation methods. Previous litera-
ture regarding the land ecological security of China has generally focused on qualitative
research, such as concept introduction and comparative analysis, while less quantitative
research has focused on the use of the GIS, regression, AHP, and FCE methods alone. As
a multi-index compound model, the AHP-FCE method combines quantitative weighting
and qualitative indicators, which can comprehensively assess the land ecological security.

Second, this study constructs a resources and environment-economic-social sustain-
able development analytical framework on understanding the comprehensive status of
land ecological security. The existing studies have mainly selected indicators such as
environmental factors and economic factors as the main indicators of land ecological secu-
rity, and the resources and social factors have not been fully considered. However, land
ecological security is a complex system, which includes not only the status of land resource
utilization itself and the impact of land resource utilization on the economic environment,
but also the impact of social development on land use and changes in land carrying capacity.
Compared with a single-dimensional or less-dimensional assessment of land ecological
security, using the resources and environment-economic-social sustainable development
analytical framework is more objective and convincing.

Third, this study measures the status and evolution of China’s ecological security at
the national level from a macro perspective. Ecological security assessments related to
land often only examine a certain province, city, or river basin in China. Few national-level
empirical work has been described in the literature to date. China is a centralized country,
and land use in different provinces or cities is strongly related. Therefore, analyzing China’s
land ecological security issues at the national level will help to internalize the externalities
of land use.

2. Methodology

2.1. Establishing Indicators System

Based on the theory of sustainable development [28,29], combined with the charac-
teristics of statistical data, the practical operation principles of land ecological security
assessment, and the practice of existing literature [30,31], this paper constructs the index
system of land ecological security evaluation.

From the perspective of ecological sustainable development, the sustainable develop-
ment of society and the economy should be equivalent to the sustainable capacity of the
natural ecological environment. To ensure the development of human society, we should be
within the range that the land ecological environment can carry, and we cannot seek devel-
opment at the cost of destroying the environment. Only by taking sustainable development
as the core, research on land ecological security can highlight its value. Then, combined
with the definition of land ecological security, we point out that: (1) Land ecological
security emphasizes the sustainability of land ecosystem itself (i.e., the sustainable devel-
opment of resources and the environment). (2) Land ecological security emphasizes the
sustainability of the land ecosystem, providing economic value for human development
(i.e., economic sustainable development). (3) Land ecological security emphasizes that
human social development should be within the carrying range of the land ecosystem
(i.e., social sustainable development).

Further, this paper constructs the index system of land ecological security evalua-
tion from three aspects: the sustainable development of resources and the environment,
economic sustainable development, and social sustainable development. Specifically, the
sustainable development of resources and the environment indicators related to land
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mainly include the area of agricultural land, cultivated land, orchard, forest, pastureland,
and land for other agricultural use and other indicators that can reflect the sustainable state
of the ecosystem. Economic sustainable development related to land mainly contain the
land use intensity of non-agricultural land, environmental pollution issues, and environ-
mental pollution abatement and other indicators that can reflect the quantity of economic
growth and the quality of economic development. Social sustainable development mainly
include the national territorial land area, socioeconomic status, urban development status,
food supply pressure, population growth rate, and other indicators that can reflect the
harmonious development of man and nature. So far, we have built a land ecological secu-
rity assessment index system with clear levels and clear goals. The specific index system
structure is shown in Figure 1.

Figure 1. Evaluation framework for land ecological security.

Data for land use indicators were derived from the China Land and Resources Statisti-
cal Yearbook from 2004 to 2017. Indicator data for the total investment in environmental
pollution abatement, total waste water discharge, per capita GDP, urbanization rate, food
supply per capita, and natural population growth rate were derived from China Statis-
tical Yearbook (from 2004 to 2017). The missing data in the statistical yearbook were
complemented by relevant statistical reports.

2.2. Establishing the AHP-FCE Approach

Appendix A (Figure A1) shows the various steps of the analytic hierarchy process-
fuzzy comprehensive evaluation (AHP-FCE) approach used to evaluate the land ecological
security in China.

2.2.1. Non-Dimensionalizing Assessment Indicator

The evaluation indicators included in this article differ greatly in units. To eliminate
the adverse effects caused by oddity sample data, this study used the linear dimensionless
method to normalize the values of the assessment indicators [27]. The evaluation indicators
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in this article can be divided into two categories: the large-value category and small-
value category. The large-value indicators are the maximum values that represents the
optimal results, such as the area of orchard (S13), area of forest (S14), area of pastureland
(S15), land for transportation (S23), land for irrigation facility (S24), total investment in
environmental pollution abatement (S25), national territorial land area (S31), per capita
GDP (S32), urbanization rate (S33), and food supply per capita (S34). The small-value
indicators are the minimum values that represent the optimal results, such as the area of
agricultural land (S11), area of cultivated land (S12), area of land for other agricultural
use (S16), construction land (S21), residential site and independent mining land (S22),
wastewater discharge (S26), and natural population growth rate (S35). Please refer to
Appendix B for the specific calculation equation of the large-value category and small-
value category.

2.2.2. Establishing the Analytic Hierarchy Process-Fuzzy Comprehensive Evaluation
(AHP-FCE) Approach

The AHP-FCE approach was established based on a five-step process [27,32,33].
Step 1: Establishing the evaluation factors set S.
Each element in the evaluation factors set S represents an index related to land ecolog-

ical security, as shown in Equations (1)–(4).

S = {S1, S2, S3} (1)

S1 = {S11, S12, S13, S14, S15, S16} (2)

S2 = {S21, S22, S23, S24, S25, S26} (3)

S3 = {S31, S32, S33, S34, S35} (4)

where S1, S2, S3, respectively, represent sustainable development of resources and the
environment, economic sustainable development, and social sustainable development. S11,
S12, S13, S14, S15, S16, respectively, represent the area of agricultural land, cultivated land,
orchard, forest, pastureland, and land for other agricultural use. S21, S22, S23, S24, S25,
S26, respectively, represent construction land, residential site and independent mining
land, land for transportation, land for irrigation facility, total investment in environmental
pollution abatement, and wastewater discharge. S31, S32, S33, S34, S35, respectively,
represent the national territorial land area, per capita GDP, urbanization rate, food supply
per capita, and natural population growth rate.

Step 2: Establishing the assessment set V.
The assessment set was a collection of various evaluation results. Referring to the

practice of Wang et al. (2016) and Wu et al. (2021) [32,34], the assessment set V is described
as V = {V1, V2, V3, V4}, in which V1 is safe (S), V2 is relatively safe (RS), V3 is relatively
unsafe (RU), and V4 is unsafe (U).

Step 3: Calculating the single factor membership.
The triangular membership function method was used to determine the membership

degree of evaluation index to realize the fuzzy mapping from the evaluation factors set S to
the assessment set V. The {r1, r2, ···, ri} is the set of assessment levels, and the membership
function was achieved as Equations (5).

f(x) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, x ≤ rmin

x−rmin
ri−rmin

, rmin < x ≤ ri
rmax−x
rmax−ri

, ri < x < rmax

0, x ≥ rmax

(5)
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Then, according to the calculation of the single factor membership, the single-factor
evaluation matrix was achieved as Equation (6).

R =

⎡⎢⎣ r11 · · · r1m
...

. . .
...

rn1 · · · rnm

⎤⎥⎦ (6)

The value of rij is judged by expert opinion method (Delphi method). In this study,
the assessment set V was divided into four levels. Thus, for i = 1, 2 · · · n, there is:

ri,j =
Vi,j

∑4
j=1 Vi,j

(7)

To check the consistency of judgment matrix with different order n, based on the
practice of Zhang et al. (2018) [35], this study employed the random consistency index (RI)
to judge the matrix consistency. The results are shown in Appendix A (Table A1).

Step 4: Determination of indicator weight.
The AHP approach was employed to measure the relatively importance of each index

factor. This method combines the advantages of qualitative analysis and quantitative
analysis. This study used the 1 to 9 comparable scale method to compare the impact degree
of the index and establish the judgment matrix. The specific meaning of the 1–9 ratio
method is attached in Appendix A (Table A2).

Then, after the consistency test, the weight set of index factor W was achieved as
Equation (8).

W = {W1, W2, W3, · · · , W17} and ∑17
i=1 wi = 1 (8)

where W1, W2, W3, W4, W5, W6, W7, W8, W9, W10, W11, W12, W13, W14, W15, W16, and
W17 are the weights for S11, S12, S13, S14, S15, S16, S21, S22, S23, S24, S25, S26, S31, S32,
S33, S34, S35, respectively.

Step 5: Multi-level fuzzy comprehensive operation.
According to the principle of fuzzy transform, this study used the weighted aver-

age model to synthesize the single-index evaluation matrix (R) and the weight matrix
(W) and obtain the multi-index comprehensive evaluation result-matrix (X), as shown
in Equation (9).

Xi = Wi∗Ri (9)

3. Results

3.1. Land Use Type Evolution Analysis

As exhibited in Figure 2, in terms of the evolution trend of agricultural land and
ecological land, pastureland displayed a large decline, followed by land for other agri-
cultural use. Agricultural land declined slightly. In terms of ecological land, pastureland
decreased drastically. Forestry increased, while orchards experienced fluctuation. Culti-
vated land, forestry, and orchards showed an upward trend. Figure 3 displays the evolution
of non-agricultural land. Different kinds of non-agricultural land increased in lockstep.
The increase of construction land was the largest, followed by that of residential sites and
independent mining land.
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Figure 2. Evolution trend of agricultural and ecological land (2004–2017).

Figure 3. Evolution trend of non-agricultural land (2004–2017).

Overall, since 2007, the proportion of non-agricultural land has continued to increase
at an accelerated growth rate while agricultural and ecological land have declined. Con-
struction land, mining land, and cultivated land witnessed the largest increase, with an
increase of 25.20%, 24.76%, and 10.18%, respectively. Pastureland and land for other agri-
cultural use experienced a downturn, with a decrease of 16.52% and 7.56%, respectively.
The growth rate of non-agricultural land, particularly construction land, far outpaced the
decline rate of the proportion of agricultural and ecological land.

3.2. Weight Values of Land Ecological Security Evaluation Indicator

As described in Section 2, this study employed the Analytic Hierarchy Process and
Fuzzy Comprehensive Evaluation model (AHP-FCE model) to assess the land ecological
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security in China. According to the steps of the model, we established the sample set of
land ecological security evaluation indicators and normalized the evaluation indicators, as
shown in Table 1.

Table 1. Normalized value of the index.

Sub-
Factors

S11 S12 S13 S14 S15 S16 S21 S22 S23 S24 S25 S26 S31 S32 S33 S34 S35

2004 0.9997 0.8999 0.7582 0.9210 1.0000 0.9996 0.7987 0.8016 0.5868 0.9836 0.1994 0.6561 1.0000 0.2109 0.7136 0.7992 0.9966
2005 0.9998 0.8973 0.7757 0.9237 0.9978 0.9996 0.8084 0.8106 0.6079 0.9863 0.2494 0.7133 1.0000 0.2427 0.7346 0.8192 1.0000
2006 1.0000 0.8950 0.7938 0.9252 0.9970 1.0000 0.8195 0.8209 0.6316 0.9918 0.2680 0.6997 1.0000 0.2827 0.7577 0.8382 0.8964
2007 0.9997 0.8948 0.7931 0.9252 0.9968 0.9980 0.8284 0.8302 0.6421 0.9945 0.3537 0.7573 1.0000 0.3462 0.7842 0.8398 0.8778
2008 0.9995 0.8946 0.7918 0.9250 0.9967 0.9961 0.8370 0.8386 0.6579 1.0000 0.5156 0.7775 1.0000 0.4071 0.8030 0.8807 0.8625
2009 0.9906 1.0000 1.0000 1.0000 0.8405 0.9409 0.8904 0.8997 0.7474 0.9452 0.5492 0.8011 1.0000 0.4422 0.8260 0.8797 0.8268
2010 0.9899 0.9991 0.9926 0.9993 0.8404 0.9393 0.9078 0.9156 0.7895 0.9507 0.7950 0.8394 1.0000 0.5204 0.8536 0.9017 0.8132
2011 0.9892 0.9989 0.9859 0.9985 0.8401 0.9385 0.9241 0.9305 0.8211 0.9589 0.7429 0.8965 1.0000 0.6132 0.8761 0.9381 0.8132
2012 0.9886 0.9983 0.9812 0.9978 0.8399 0.9370 0.9390 0.9455 0.8500 0.9644 0.8619 0.9312 1.0000 0.6735 0.8983 0.9631 0.8404
2013 0.9832 0.9934 0.9704 0.9923 0.8356 0.9311 0.9484 0.9536 0.8789 0.9589 0.9438 0.9458 1.0000 0.7379 0.9181 0.9785 0.8353
2014 0.9826 0.9927 0.9657 0.9916 0.8354 0.9307 0.9648 0.9676 0.9211 0.9753 1.0000 0.9740 1.0000 0.7940 0.9359 0.9819 0.8846
2015 0.9822 0.9922 0.9617 0.9913 0.8352 0.9287 0.9770 0.9791 0.9447 0.9781 0.9197 1.0000 1.0000 0.8451 0.9586 1.0000 0.8421
2016 0.9816 0.9916 0.9584 0.9909 0.8350 0.9268 0.9899 0.9903 0.9763 0.9836 0.9629 0.9671 1.0000 0.9067 0.9800 0.9863 0.9949
2017 0.9769 0.9915 0.7670 0.9905 0.8348 0.9240 1.0000 1.0000 1.0000 0.9863 0.9962 0.9515 1.0000 1.0000 1.0000 0.9808 0.9032

Then, we established the fuzzy evaluation matrix based on the normalized value of
indicators and constructed the judgment matrix. In addition, we checked the consistency of
judgment matrix and calculated the weight. The result show that the consistency coefficient
was 0. Therefore, the judgment matrix was considered as consistent. The weights of the
indicators were calculated by the AHP method. The specific values are shown in Table 2.

Table 2. Weight values of the land ecological security evaluation indicators in China.

Object Main Factors Weight Sub-Factors Unit 
Security 

Trend Weight 
Weight 
Rank 

Land ecological 
security evalua-

tion S 

Sustainable develop-
ment of resources and 

environment S1 
0.3341 

Area of agricultural land 
S11 

thousand 
hectares Negative 0.1176 4 

Area of cultivated land S12 
thousand 
hectares Negative 0.0994 5 

Area of orchard S13 
thousand 
hectares Positive 0.0343 9 

Area of forest S14 
thousand 
hectares Positive 0.0408 8 

Area of pastureland S15 
thousand 
hectares Positive 0.0205 15 

Area of land for other agri-
cultural use S16 

thousand 
hectares Negative 0.0207 14 

Economic sustainable 
development S2 

0.3780 

Construction land S21 
thousand 
hectares Negative 0.1185 3 

Residential site and inde-
pendent mining land S22 

thousand 
hectares Negative 0.1233 2 

Land for transportation S23 
thousand 
hectares Positive 0.0304 10 

Land for irrigation facility 
S24 

thousand 
hectares Positive 0.041 7 

Total investment in envi-
ronmental pollution abate-

ment S25 

hundred 
million 
yuan 

Positive 0.0111 16 

Waste water discharge S26 
hundred 

million ton Negative 0.009 17 

Social sustainable devel-
opment S3 

0.2879 

National territorial land 
area S31 

ten thou-
sand hec-

tares 
Positive 0.1836 1 

Per capita GDP S32 yuan Positive 0.0739 6 
Urbanization rate S33 % Positive 0.0301 11 

Food supply per capita S34 kg/person Positive 0.023 12 
Natural population 

growth rate S35 
% Negative 0.0227 13 
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Table 2 shows the weight values of the land ecological security evaluation indica-
tors of China and their ranks. First, for the main factors, the weight of the sustainable
development of resources and the environment, economic sustainable development, and
social sustainable development was 0.3341, 0.3780, and 0.2879, respectively, demonstrat-
ing that economic sustainable development was the most important factor affecting land
ecological security. Second, for the sub-factors, the weight of the national territorial land
area, residential site and independent mining land, construction land, agricultural land,
cultivated land, per capita GDP, land for irrigation facility, and forest was above 0.04. The
eight indicators play a leading role in the land ecological security of China. The weight
of the orchard, land for transportation, urbanization rate, food supply per capita, natural
population growth rate, land for other agricultural use, and pastureland was above 0.02,
showcasing a relatively important on land ecological security. The weight of the total
investment in environmental pollution abatement and total wastewater discharge was
below 0.02, exhibiting little impacts on the land ecological security. This demonstrates that
the investment in environmental pollution abatement and wastewater discharge are less
important factors affecting land ecological security.

3.3. The Multi-Index Comprehensive Evaluation on Land Ecological Security

The comprehensive evaluation value of the land ecological security of China was
determined by the value of the sustainable development of resources and the environment,
economic sustainable development, and social sustainable development. This study em-
ployed Equation (9) to calculate the evaluated value of the sustainable development of
resources and the environment, economic sustainable development, and social sustain-
able development. Based on this, we summed the evaluated value of the main factors
to obtain the comprehensive evaluation value of land ecological security from 2004 to
2017. The details are shown in Table 3. We found the land ecological security remained
at the unsafe level from 2004 to 2017. Limited by resources and the environment and
affected by human activity, land ecological security improvement was obstructed. The land
ecological system suffered certain degrees of damage. However, the gradual growth of
the comprehensive evaluation value of the land ecological security showed signs of the
continuous improvement in land resource protection and in the health of the ecosystem.

Table 3. The multi-index comprehensive evaluation results of the land ecological security from 2004 to 2017.

Year

Ecological
Security Com-

prehensive
Value

Natural
Coordination

Value

Economic
Sustainability

Value

Social Stability
Value

Security Level Security Status

2004 0.2973 0.1038 0.0947 0.0988 U Unsafe
2005 0.2997 0.1040 0.0958 0.0999 U Unsafe
2006 0.3024 0.1041 0.0971 0.1012 U Unsafe
2007 0.3047 0.1041 0.0982 0.1024 U Unsafe
2008 0.3066 0.1040 0.0992 0.1034 U Unsafe
2009 0.3255 0.1091 0.1055 0.1109 U Unsafe
2010 0.3295 0.1090 0.1076 0.1129 U Unsafe
2011 0.333 0.1088 0.1095 0.1147 U Unsafe
2012 0.3366 0.1087 0.1113 0.1166 U Unsafe
2013 0.3381 0.1081 0.1124 0.1176 U Unsafe
2014 0.3416 0.1080 0.1143 0.1193 U Unsafe
2015 0.3444 0.1079 0.1158 0.1207 U Unsafe
2016 0.3472 0.1078 0.1173 0.1221 U Unsafe
2017 0.3472 0.1054 0.1185 0.1233 U Unsafe

Note: “U” denotes unsafe.

To intuitively display the evolution of the land ecological security of China, we drew
Figure 4. The results show that, from 2004 to 2017, the comprehensive evaluation value of
land ecological security in China experienced little fluctuation and grew gradually. The
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evaluation value of economic sustainable development and social sustainable development
increased to some extent and showed a stable upward trend, while the natural coordination
value declined. However, the evaluation value of the sustainable development of resources
and the environment showed a downward trend from 2004 to 2017. This may have been
caused by the unreasonable use of land by human activities.

Figure 4. Evolution of land ecological security in China from 2004 to 2017.

In general, the change trend of land ecological security in China is in line with the
trend of the sustainable development of resources and the environment, economic sus-
tainable development, and social sustainable development in 2009 and preceding years.
However, after 2010, the evaluated value of the sustainable development of resources and
the environment began to fall. In addition, its value was continually lower than the value
of economic sustainable development and social sustainable development. Affected by this,
the rise of the comprehensive evaluation value of land ecological security also slowed. This
indicates that sustainable development of resources and environment gradually became
the major factor restraining the land ecological security.

4. Conclusions and Discussion

China experienced the rapid urbanization and socioeconomic development at an
unusual rate during the past four decades. Against such background, land use structure
in China has witnessed drastic change, giving rise to the contradiction between land
ecological security and enormous land demand caused by urban expansion. Therefore, it is
necessary to investigate the land use and the land ecological security in China. Previous
studies have used different methods examine the land use and land ecological security in
different regions and time dimensions in China, and the conclusions are also quite different.
Moreover, these studies have paid more attention to the environmental and economic
factors than the sustainable development of ecology, and lacked a systematic analysis
framework and composite evaluation system, which cannot comprehensively assess the
land ecological security. By constructing the resources and environment-economic-social
sustainable development analytical framework, this study identified 3 main factors and
17 sub-factors. We also constructed a model to integrate the FCE approach with the AHP,
making the overall weight ratio distribution more reasonable and objective. This study
aimed to explore the land use evolution and evaluate the land ecological security in China
from 2004 to 2017.

First, we analyzed the evolution characteristics of land use in China. We found that
China’s land use structure was unbalanced from 2004 to 2017. The construction land,
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mining land, and cultivated land increased rapidly, leading to the shrinkage of ecological
land. Specifically, construction land, mining land, and cultivated land witnessed the largest
increase, with an increase of 25.20%, 24.76%, and 10.18%, respectively. Pastureland and
land for other agricultural use experienced a downturn, with a decrease of 16.52% and
7.56%, respectively. The growth rate of non-agricultural land, particularly construction
land, far outpaced the decline rate of the proportion of agricultural and ecological land.
This may be because, on the one hand, as population continues to grow and urbanization
keeps advancing, under limited land resources, construction land and mining land crowd
out ecological land. On the other hand, economic development and population growth
increase humanity’s demand for cultivated land and energy resources. Driven by the
expansion of cultivated land and mining land, economic development continues to increase,
leading to the shrinkage of ecological land. In addition, the increase in construction land,
cultivated land and mining land will, in turn, promote social and economic development
and population urbanization. Under the action of this double-helix mutually reinforcing
mechanism, cultivated land, mining land, and construction land have increased rapidly,
leading to the further shrinkage of ecological land. Overall, land use is closely related
to land ecological security. The decrease in agricultural land and the gradual increase in
non-agricultural land, especially the increase in construction land, have had a negative
impact on China’s land ecological security.

Second, we analyzed the influencing factors and weight of land ecological security in
China. The results showed that the weight of the sustainable development of resources and
the environment, economic sustainable development, and social sustainable development
was 0.3341, 0.3780, and 0.2879, respectively, demonstrating that economic sustainable
development was the most important factor affecting land ecological security. Moreover,
the weight of the national territorial land area, residential site and independent mining land,
construction land, agricultural land, cultivated land, per capita GDP, land for irrigation
facility, and forest was above 0.04, which plays a leading role in land ecological security of
China. The eight indicators play a leading role in the land ecological security of China. The
weight of the orchard, land for transportation, urbanization rate, food supply per capita,
natural population growth rate, land for other agricultural use, and pastureland was above
0.02, showcasing a relatively important on land ecological security. However, the weight of
the total investment in environmental pollution abatement and total wastewater discharge
was below 0.02, exhibiting little impacts on land ecological security. This shows that a stable
land area is the foundation of national land ecological security. In addition, reasonable
planning of residential site and independent mining land, construction land, agricultural
land, cultivated land, land for irrigation facility, and forest also plays an important role in
improving land ecological security.

Finally, we used the AHP-FCE model to obtain the comprehensive evaluation value of
land ecological security from 2004 to 2017. We find that, although the value of comprehen-
sive land ecological security in China has been on the rise from 2004 to 2017, it remains at
an insecure level. In addition, the change trend of land ecological security in China was in
line with the trend of sustainable development of resources and the environment, economic
sustainable development, and social sustainable development in 2009 and preceding years.
However, after 2010, the evaluated value of the sustainable development of resources and
the environment began to fall. In addition, the value was continuously lower than the
values of economic sustainable development and social sustainable development. Affected
by this, the rise of the comprehensive evaluation value of land ecological security also
slowed. It indicates that the sustainable development of resources and the environment
gradually became the major factor restraining the land ecological security. In general, al-
though China’s land ecological security has improved, it is still in an unsafe state, especially
considering that the level of the sustainable development of resources and the environment
has declined rapidly.

The conclusion of this study carries some policy implications. First, efforts should
be made to optimize land use structure to reduce the negative impact on land ecological
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security. It is necessary to increase the area of ecological land and moderately control the
construction land, mining land, and cultivated land. Second, we need to continuously
improve the level of economic sustainability because it is the most important factor affecting
land ecological security. Third, at present, the overall level of land ecological security in
China is still low. Therefore, we need to strengthen the protection of land ecological
security. More attention should be given to promoting the sustainable development
of resources and the environment. However, it is worth noting that, considering the
correlation and interdependence between the various subsystems of the land ecological
security, improving a single subsystem in the short term may help improve the land
ecological security. However, in the long term, this is not sustainable.

There are still several areas for improvement in our study. First, there were limitations
in the scope of research. This paper only analyzed the land ecological security of China
due to the limitations of data, but it will be very meaningful to extend this research to a
wider global scope and conduct comparative analysis. Second, there was insufficiency
in measuring the resources and environment-economic-social sustainable development
system. We only selected 17 indicators from 3 aspects: the sustainable development of
resources and the environment, sustainable development of the economy, and sustainable
development of society. It would be of great value to select more corporate- or individual-
level indicators from the micro dimensions.
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Appendix A

Figure A1. The evaluation process of the AHP-FCE model.

Table A1. Random consistency index (RI) of the judgment matrix.

Matrix
Order

1 2 3 4 5 6 7 8 9

RI 0 0 0.52 0.89 1.12 1.26 1.36 1.41 1.46

Table A2. The specific meaning of the 1–9 ratio method.

Score Connotation

1 The two factors are equally important

3 The factor is slightly more important than the
other factor

5 The factor is obviously more important than
the other factor

7 The factor is significantly more important than
the other factor

9 The factor is extremely more important than
the other factor

2,4,6,8 Median values of the above adjacent
judgments

Reciprocal
If the importance ratio of factor i to factor j is
bij, the importance of factor j is 1/bij as
compared to factor i.

Appendix B

The specific calculation equation of the large-value category and small-value category.
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The dimensionless value of assessment indicator is ri,j, ri,j∈ [0, 1]. The assessment
index set is set to V, and the assessment indicator is VI,j∈V. The indicator attribute value
is xi, j. The maximum value of indicator is xmax, and the minimum value is xmin. The
calculations are shown in Equations (A1)–(A3).

ri,j = Vi,j
(
xi,j
)

(A1)

The calculation equation for the judgment where the maximum value represents the
optimal result is shown below.

ri,j =
xi,j

xmax + xmin
(A2)

The calculation equation for the judgment where the minimum value represents the
optimal result is shown as follows.

ri,j =
xmax + xmin − xi,j

xmax + xmin
(A3)
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Abstract: This study incorporates business environment, foreign direct investment (FDI), and the
global value chain upgrading into a unified analysis framework to unravel the effects of business
environment and FDI on the Belt and Road Initiative (BRI) countries’ status elevation on the global
value chain. The panel data of 112 BRI countries from 2007 to 2017 are employed for empirical tests
on the trilateral relationship through the panel data regression model. The results show: (1) business
environment improvement and FDI inflow significantly promote BRI countries’ status elevation
on the global value chain. Business environment not only elevates BRI countries’ status on the
global value chain directly, but indirectly lifts their status through the intermediate effects of FDI; (2)
business environment and FDI significantly promote the status elevation on the global value chain
for industries that are intensive on varied factors, especially for labor-intensive industry; (3) the test
results of the panel threshold model further verify the positive effect of the business environment
and FDI inflows on BRI countries’ status elevation on the global value chain.

Keywords: business environment; FDI; BRI countries; status elevation the global value chain

1. Introduction

In recent years, as trade liberalization deepens and technological innovation pro-
gresses, an increasing number of countries participate in the division of labor on the global
value chain based on their own economic development, factor variety, and resource endow-
ment. In September 2013, Chinese President Xi Jinping coined the Belt and Road Initiative
and incorporated the countries involved in the Belt and Road Initiative (hereinafter referred
to as BRI countries) into a regional economic cooperation framework characterized by
consultation, contribution, and shared benefits, pushing forward new progress in economic
globalization. Due to the difference in product advantages of BRI countries, their status,
and roles in the division of labor on the global value chain are also varied. Developed
countries dominate the high-end section on the global value chain thanks to their leading
technologies and essential roles on key links. However, the majority of BRI countries are
developing countries with relatively low level of economic development. The products
which they produce or export contain little technology, locking themselves in the low end
on the global value chain. Furthermore, Asian countries are losing their advantages in
product costs, and developed countries are implementing reindustrialization and reshoring
manufacturing strategies. BRI countries are therefore facing the dual challenges of backflow
of high-end industries and outflow of low-end industries. It has become a focus of BRI
countries to resolve their bottlenecks in manufacturing, to improve their competitiveness
in international division of labor, and ultimately to move up to the medium and high range
on the global value chain.

As research on the global value chain digs deeper, scholars from China and other
countries narrow their interest on the factors affecting division of labor on the global value
chain. Specifically, the factors affecting division of labor on the global value chain include
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environmental regulation [1,2], factor endowment [3,4], human capital [5], R&D inten-
sity [6,7], industrial agglomeration [8], financing restriction [9], and business environment
etc. Under current complex and changeable domestic situation, the State Council of China
emphasizes that improvement of business environment is more important than preferential
policies granted by governments at all levels for the development of manufacturing indus-
try. Business environment refers to the total sum of factors and conditions which affects, to
some extent, the behavior of market entities within the region, including factors such as
political environment, economic and market environment, legal environment, financing
environment, and social service environment. Studies on the role of business environment
draw a unanimous conclusion that business environment is the key factor in economic
development of countries and exerts significant impacts on sustained growth in economic
competitiveness [10]. The reason for the importance of business environment is that favor-
able business environment effectively lowers transaction costs for companies and helps
companies explore the international market [11]. Researchers believe business environment
affects the efficiency of contract enforcement by companies in a country, making itself a
vital factor impacting the country’s integration into the division of labor on the global
value chain [12]. System environment is an essential part of business environment. Sup-
portive system environment helps increase the sophistication level of export technologies,
contributing to status elevation on the global value chain of the country [13]. Improvement
of system significantly elevates the status in the division of labor on the global value chain.
Favorable system environment is beneficial to the improvement of technology level and
product quality. Unleashing system dividend is a vital strategic choice for China to move
up on the global value chain [13]. In particular, the improvement of economic system
significantly propels economic growth in BRI countries and affects their participation and
status in division of labor on the global value chain [14]. Dai (2020) investigates the relation
between business environment and division of labor on the global value chain [15]. He
reveals improvement of business environment delivers positive effects on improvement
and elevation of status in division of labor on the global value chain. In fact, foreign
direct investment also plays a vital role in status elevation on the global value chain [16].
Although significantly promoting high-quality growth of the Chinese economy [17], FDI
also affects the status of China’s manufacturing industry on the global value chain through
technological advancement, import of intermediate goods, and embedment into the global
value chain [18,19]. FDI restrains the influence of industrial conglomeration on status
elevation for manufacturing industry on the global value chain. Research results indicate
the influence of industrial conglomeration on manufacturing status elevation on the global
value chain is different due to varied levels of FDI. When FDI is below the threshold value,
industrial conglomeration suppresses status elevation of manufacturing industry on the
global value chain. However, when FDI surpasses the threshold value, industrial conglom-
eration significantly elevates manufacturing industry’s status on the global value chain.
However, business environment, FDI, and global value chain are seldom put into a unified
framework for comprehensive consideration. Do business environment and FDI affect
BRI countries’ status elevation on the global value chain? If yes, what is the mechanism
through which business environment and FDI affect BRI countries’ status elevation on the
global value chain? Is there a heterogeneity in the impacts of business environment and
FDI due to different factor intensity among industries?

To unravel the above questions, this study put business environment, FDI, and status
elevation on the global value chain under a unified analysis framework. From a theoretical
and empirical perspective, this study examines the impact of business environment and
FDI on BRI countries’ status elevation on the global value chain. Compared with existing
research, this study contributes in the following aspects: (1) against the backdrop of the
Belt and Road Initiative, this study focuses on business environment to investigate its
direct impacts on status elevation on the global value chain, which serves as a supplement
to current research; (2) combing FDI’s role in status elevation on the global value chain,
this study employs intermediate effect model to explore the indirect effect of business
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environment on status elevation on the global value chain. It is a new way to illustrate the
mechanism through which business environment affects countries’ status on the global
value chain; (3) this study uses threshold effects to determine the tipping point of the impact
of business environment improvement and FDI inflow on countries’ status elevation on
the global value chain. Industry-specific heterogeneity is also investigated in an in-depth
manner. Such practice not only enriches the study on factors affecting countries’ status on
the global value chain but offers policy suggestions on elevating BRI countries’ status on
the global value chain by improving business environment.

2. Theoretical Analysis and Hypothesis

2.1. Direct Effect of Business Environment on Status Elevation on the Global Value Chain

Business environment is the breeding ground for market economy and is the life-
giving oxygen for market entities. Only by further improving business environment can
productivity be emancipated, and competitiveness enhanced. Improvement in business
environment significantly increases domestic value added in gross exports [20]. Investment
facilitation helps improve total factor productivity in BRI countries [21,22]. Enhancing
companies’ innovation capability is the most important in lifting the status in international
division of labor on the global value chain, and improvement of business environment
stimulates innovation vitality [23,24]. Innovation activities require motivation and basic
system support from desirable innovation environment to lower innovation costs [25].
Desirable business environment decreases, on the one hand, the cost of starting a business,
offering convenience and support for market entry or exit by companies. On the other
hand, it also lowers the operation costs of companies [26]. The transaction cost and system
cost are also eased, leaving companies unshackled for technological innovation. Humphrey
(2014) points out technological advancement is the key factor in elevating the status on
the global value chain [27]. As companies continue to innovate technologies, improve
product quality, and upgrade product function, products gain stronger competitiveness
at the market, leading to status elevation on the global value chain. Therefore, this study
proposes the following hypothesis:

Hypothesis 1. Improvement in business environment elevates BRI countries’ status on the global
value chain.

2.2. FDI’s Impact on the Host Country’s Status Elevation on the Global Value Chain

FDI plays a vital role in companies’ participation in the global value chain [28] and
technological progress [17]. For BRI countries to move up on the global value chain, the
most important way lies in promotion of technological progress. FDI helps the host country
climb up the global value chain through the following three mechanisms. First, FDI inflow
increases the value added of domestically produced products for export. FDI inflow offers
capital for production at the host country and promotes expansion of production scale,
which attracts more multinationals to provide quality intermediate input products and
supporting services, leading to increase of value added of domestically produced products
for export. Meanwhile, the intermediate product brought by FDI inflow increases the
production supply by local upstream companies, which expands export scale of domestic
companies, improves product use efficiency, and makes companies further embedded into
the global value chain. FDI increases domestic value added in gross export by attracting
inflow of intermediate products and embedment into the global value chain [19]. Second,
FDI inflow significantly promotes product quality improvement. FDI inflow generates
demonstration effects on companies in the host country and drives local companies to
improve and innovate by drawing from production mode and management model of
foreign-invested companies based on their own conditions. The productivity efficiency at
local companies is therefore improved. The methods and models proven effective for local
companies help them move up on the global value chain. Third, FDI inflow effectively
facilitates technological innovation. Continuous FDI inflow brings about fierce competition
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for companies at the host country and urges them to make innovation and breakthrough
in key technologies, which becomes the driving forces for technological innovation at
local companies. To win the competition with foreign companies, local companies must
strengthen technological learning and innovation by increasing R&D input. As a result,
technological level of the host country is elevated, and productivity and export product
quality are improved, leading to status elevation on the global value chain.

Hypothesis 2. FDI inflow elevates BRI countries’ status on the global value chain.

2.3. Indirect Effect of Business Environment on BRI Countries’ Status Elevation on the Global
Value Chain

Creating favorable business environment is one of the vital factors in maintaining
fast and sustained economic growth. We believe business environment affects countries’
status elevation on the global value chain through FDI by the following two channels.
First, a country can effectively lower the entry costs and operation risks for FDI by opti-
mizing market and business environment such as renovating infrastructure, enhancing
system transparency and bettering financial service system [21]. In such cases, FDI can
be channeled into the host country at a rapid pace and stimulate market competition
and innovation. Specifically, improvement in business environment at the host country
brings down barriers preventing FDI from entering, which shortens the time needed for
FDI to access the market and lowers the entry costs and risks for foreign-invested compa-
nies substantially. The spillover of advanced management philosophies and technologies
from foreign-invested companies also delivers demonstration effects on the host country.
Companies at the host country would imitate and replicate the best practice, leading to pro-
ductivity improvement at the host country. Second, a country can improve export product
quality by optimizing market and business environment to attract more FDI [29,30]. As BRI
countries improve their openness and business environment, FDI inflow will continue to
grow and promote market competition. Under the huge pressure brought by FDI, domestic
companies seek collaboration with well-established domestic counterparts to upgrade
technologies and enhance their competitiveness. Market competition and productivity
improvement decrease the product price under the same category. Technological progress
maintains product quality at a reasonable range, further improving the competitiveness of
export intermediate products. Quality improvement of export products represents the core
competitiveness for companies to move up on the global value chain, making themselves
fully embedded into the global value chain and improving their status. Overall, in terms of
the sub-indicators of business environment, deregulation, enhancing intellectual property
rights protection, and improving cross-border trade facilitation help attract FDI inflow, op-
timize industrial mix, and promote high-quality development. Fair and just factor market
at the mature market economy environment can attract FDI inflow and relax financing
restrains, offering more capitals for companies in R&D [31]. Improving the innovation
capability of manufacturing industry can accelerate its upgrading and transformation and
contribute to quality development [32], which will ultimately elevate the country’s status
on the global value chain. This study therefore proposes the third hypothesis.

Hypothesis 3. Improvement in business environment elevates, by attracting FDI inflow, BRI
countries’ status on the global value chain.

3. Data and Statistical Model

We incorporate business environment, FDI, and status elevation on the global value
chain into a unified analysis framework to examine the impact of business environment
and FDI on status elevation on the global value chain.

3.1. Data

Data employed in this study come from three sources. The first is the business envi-
ronment data of 190 economies from Doing Business Project by the World Bank (Washington,
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DC, USA). We sift out 134 countries involved in the Belt and Road Initiative. However, due
to availability of data, only 112 BRI countries are selected as the research subject and their
characteristic variables are controlled. The second type of data are control variable data
from Worldwide Governance Indicators and World Development Indicators by the World Bank.
The third type is trade data from UN Comtrade Database. The five-digit category data
of the Standard International Trade Classification Revision 3 (SITC Rev.3) which covers
2780 types of commodities are used for the calculation of export technology sophistication.
FDI data are from database of the United Nations Conference on Trade and Development
(UNCTAD). This study adopts the panel data of 112 countries from 2007 to 2017 to inves-
tigate the impact of FDI and business environment on the status elevation on the global
value chain.

3.2. Variables

1. Dependent variable: BRI countries’ status on the global value chain (GVCs). Koop-
man (2012) decomposes the total exports of China and the U.S. to measure the status
of manufacturing industries on the global value chain [33]. This study adopts sophis-
tication level of exports, coined by Hausmann et al. (2007) [34], as the substitution
indicator for status on the global value chain. However, according to the methods by
Schott (2008), export similarity index among two countries can be measured by the
following equation [35]:

ESIi = ∑ j Min(Sj,i , Sj,r
)

(1)

where j represents the export product, r is the reference country and i is the sample
country. Sj,r is the share of product j in the total export of country r. Min refers to the
smallest number in an interval. If the export in a sample country showcases a high
degree of similarity with a developed country with advanced technologies, it means
the sophistication level of export in the sample country is relatively high. In other
words, the sample country holds a relatively high status on the global value chain. To
minimize the impact of intermediate product import, this study constructs the net
export similarity index among two countries as follows.

NESIi ∑ jmin(
NEj,i

∑j NEj,i
,

NEj,r

∑j NEj,r
), and NEj,i =

{
Ej,i − Mj,i, i f j ∈ B

Ej,i, i f other
(2)

In Equation (2), Ej,i denotes the export value of product j in country i, Mj,i is the
share of product j import, B represents the set of intermediate products. According to
the classification of broad economic categories by the United Nations, trade products are
divided into primary products, intermediate products, and final products. Intermediate
products include semi-finished products and parts and components. Based on the five-
digit product category of the Standard International Trade Classification (SITC Rev.3) and
BEC, this study makes the following treatment while calculating NESI. If product j is an
intermediate product. It will be calculated by its net export value. If its net export value is
negative, the observation will be scored as 0, meaning country i is incapable of export this
kind of intermediate product; if product j is not an intermediate product, its export value
will just be calculated by its total export value. The value of NESI falls into the range [0,1].
The bigger the value, the higher the similarity among the two countries in export structure
and sophistication level of export, and the higher their status on the global value chain.
When two countries export completely different products, the value of NESI is 0. On the
other way round, its value is 1. For the convenience in comparison, this study adopts the
average coefficients of net export similarity between Germany, the U.S., and Japan as the
reference value to examine the evolution of and difference in sophistication level of export
of BRI countries and to measure their manufacturing industries’ status on the global value
chain. The calculation results based on the data of 112 BRI economies from 2007 to 2017
demonstrate that NESI of developed countries are generally higher than the others. NESI
of China continues to grow with each passing year.
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2. Key independent variables: (1) business environment (dtf). Business environment
is an important indication of economic soft power of a country. Premier Li Keqiong
once noted that business environment is in itself productivity. Business environment
in China has been improving on the whole. According to Doing Business 2019 Report
by the World Bank, business environment in China was ranked 46, elevated by
32 places compared with 2018. Significant progress has also been made in multiple
sub-indicators of business environment. Electricity indicator improved by 84 places,
starting businesses indicator grew by 65 places, and protection for minority investors
increased by 55 places. Djankovetal (2010) attests that the indicator representing
business environment of a country in the ease of doing business index by the World
Bank is consistent with theories about FDI [36]. Pinheiro-Alves and Zambujal-Oliveira
(2012) demonstrate the efficacy of the ease of doing business index in interpreting
business environment through factor analysis and Cronbach’s alpha [37]. Referring
to Li (2018), this study adopts ease of doing business score to measure the overall
business environment of an economy [38]. Five sub-category indicators are used to
investigate the specific category of business environment, including facilitation for
construction permission (construct), facilitation for paying taxes (tax), facilitation for
protection over investors (protect), facilitation for contract enforcement (contract),
and facilitation for insolvency. The five sub-indicators accurately reflect the specific
changes in business environment at each economy over time. The impact of business
environment change on economies can also be detected in an accurate manner. The
higher the business environment indicator, the more convenient the conditions for
operation activities in the country. (2) foreign direct investment (FDI). In recent years,
thanks to continuous efforts in opening-up and consistent improvement in business
environment, the use of FDI in China has been kept in a good momentum, forming a
stark contrast with the downward trend of FDI globally. China ranked third, behind
the U.S. and the U.K., in terms of FDI use in 2016. One year later, China secured the
second place in FDI use. According to the statistics of United Nations Conference on
Trade and Development (UNCTAD), global FDI experienced a four-year downturn
with a decline of 31.5% in 2019 from the 2015 level. In 2019, the total FDI in China,
with banks, securities, insurances, and other fields included, reached 141.2 billion
USD, increased by 2.1% over the preceding year. China’s share of FDI in global FDI
grew from 6.7% in 2015 to 10.1% in 2019, up by 3.4 percentage points. Tang and
Zhang (2017) reveals FDI inflow boosts inflow of foreign intermediate products and
introduction of advanced technologies, which improves quality of export products,
increases the domestic value added in gross export, and ultimately elevates the status
on the global value chain [19]. However, FDI may also impede the status elevation
on the global value chain due to the competition brought by imported intermediate
products and lock-in on low end of the value chain. This study adopts FDI stock of
countries to measure FDI level at different countries. Data are from the database of
UNCTAD.

3. Control variables. In reference to existing research, this study selects the following
control variables which relates to BRI countries’ status on the global value chain. (1)
export scale. This study uses the logarithm of the export value in the database of
World Development Indicators by the World Bank; (2) resource endowment. The
share of the sum of historical export of ores, metals, and fuels in GDP is adopted as
its substitution variable; (3) intellectual property rights protection. It is measured
by the intellectual property right payment with relevant data derived from World
Development Indicators (WDI) of the World Bank; (4) interest rate. High interest rate
affects return on investment and investment cost of multinationals, which is a vital
impacting factor for FDI. Data are from WDI; (5) per capita wealth (wealth). It is
denoted by the logarithm of per capita GDP, and data come from WDI; (6) domestic
average level of production (level). It is denoted by the ratio of value added of
industry to sales value of industry. Data are from WDI; (7) industrial openness (open).
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It is measured by the ratio of trade volume to sales value of industry with data derived
from WDI. The descriptive statistics of key variables are shown in Table 1.

Table 1. Descriptive statistics of variables.

Variable Code Mean SD Minimum Maximum

Dependent
variable

Status on global
value chain chain 8.207649 4.898577 0 23.34099

Independent
variable

Business
environment dtf 5.893868 0.2909366 4.906891 6.483816

Foreign direct
investment FDI 4.162892 0.9984578 −5 6.894549

Control
variable

Per capita
wealth wealth 17.51375 14.57597 0 70.59955

Intellectual
property rights

protection
iprp1 6.463159 3.167798 0 10.72787

Resource
endowment resource 16.07034 26.81276 0 99.98649

Industrial
openness open 85.21757 46.78791 0 437.3267

Export scale exscade1 9.50821 2.439018 0 12.35098
Interest rate rate 5.543384 37.4895 −31.9229 1158.026

Domestic
average level of

production
Level 27.7054 12.73778 0 74.8123

3.3. Econometric Model

Based on the above analysis, this study starts by constructing the econometric model
on the impact of business environment on BRI countries’ status elevation on the global
value chain.

lnGVCsit = α + βlndt fit + δXit + γt + εit (3)

where i refers to the country and t represents the year. Dependent variable GVCs denotes
BRI countries’ status on the global value chain. Independent variable dtf is business
environment, Xit is the vector of relevant control variables, γt is the year fixed effect. εit is
the stochastic disturbance term.

In addition, to identify the impact of FDI on the status on the global value chain, we
add FDI variable into Equation (3) and obtain the following equation.

lnGVCsit = α + βlndt fit + ϕlnFDIit + δXit + γt + εit (4)

Furthermore, this study adds the interaction between business environment and FDI
into Equation (4) to investigate the role of business environment in FDI’s impact on the
statue on the global value chain. The specific model is shown below.

lnGVCsit = α + βlndt fit + ϕlnFDIit + τlndt fit ∗ FDIit + δXit + γt + εit (5)

This study also divides industries, based on their production factor, into labor-
intensive industry, resource intensive industry, capital intensive industry, and technology
intensive industry to explore the heterogeneity of the impact of business environment on
the statue on the global value chain due to factor difference among industries. The model
is constructed as follows:

lnGVCsit = θ1zyit + θ2zbit + θ3ldit + θ4 jsit (6)
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where zy denotes resource intensive industry. zb is resource intensive industry, ld represents
labor-intensive industry, js represents technology intensive industry.

4. Empirical Results

4.1. Benchmark Regression Results

We first conduct Hausman tests to identify model setting. The Hausman test result
shows that p = 0.0000, so the null hypothesis is rejected, which is indicating the fixed-effects
model is preferred. Therefore, unless specifically noted, a fixed-effects model is employed
in the following sections. We first analyze the relation between business environment and
BRI countries’ status on the global value chain. Model (1) is the benchmark model for
the impact of business environment on the status on the global value chain. Model (2) is
constructed by adding the impact of foreign direct investment (FDI) into model (1). Model
(3) is constructed by adding the interaction between business environment (dtf) and foreign
direct investment into model (2), which means model (3) considers whether spillover effect
of business environment is restrained by FDI. The results are presented in Table 2.

Table 2. Business environment’s impact on BRI countries’ status elevation on the global value chain.

VARIABLES (1) GVCs (2) GVCs (3) GVCs

dtf 8.2060 *** 6.8436 *** 6.2188 ***
(16.195) (13.885) (13.276)

FDI 1.4064 *** 1.8610 ***
(10.804) (14.230)

Dtf * FDI 3.1334 ***
(9.988)

wealth 0.0436 *** 0.0391 *** 0.0476 ***
(4.498) (4.315) (5.548)

resource 0.0177 *** 0.0196 *** 0.0212 ***
(3.090) (3.645) (4.178)

iprp1 0.4248 *** 0.3026 *** 0.2319 ***
(8.207) (6.081) (4.894)

open −0.0052 * −0.0045 * −0.0063 ***
(−1.944) (−1.825) (−2.665)

exscade1 0.3426 *** 0.2657 *** 0.2133 ***
(4.565) (3.805) (3.233)

rate −0.0318 * 0.0134 0.0106
(−1.920) (0.850) (0.713)

level −0.0354 *** −0.0576 *** −0.0646 ***
(−2.805) (−4.863) (−5.775)

Constant term −44.9620 *** −40.7077 *** 38.5919 ***
(−16.053) (−15.455) (4.639)

Year fixed effect YES YES YES
Observation 805 793 793
R-squared 0.556 0.620 0.663

Number of countries 112 112 112
Note: The t value in the parentheses is calculated using the prefecture-level clustering robust standard error. YES
means corresponding fixed effect is controlled. ***/* indicates the significance at the 1%/10% levels, respectively.

Empirical results reveal when FDI is not taken into consideration the coefficient of
business environment in model (1) is 8.2060, which is significant at the 1% level. Once
percentage point increase in business environment elevates the status on the global value
chain by 8.2060 on average. This demonstrates business environment delivers positive
effects on status elevation on the global value chain. One possible explanation is that
favorable business environment lowers, to a large extent, entry costs and operation costs,
which reduces investment risks, improves expectation on investment benefits, and is
beneficial to independent innovation of companies. Therefore, Hypothesis 1 is proved. The
impact of FDI and business environment on status elevation on the global value chain is
considered in model (2). The empirical results show the estimate coefficient of FDI, and
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business environment is positive at the 1% significance level, meaning improvement of
business environment and promotion of FDI contribute to elevation on the global value
chain. The main reason is that FDI enables technological progress and innovation, improves
the quality of export product, and increases the value added of export product, leading to
status elevation on the global value chain. Thus, Hypothesis 2 is demonstrated. Results of
model (3) show, when the interaction between business environment and FDI is added,
the coefficient of business environment, FDI, and the interaction is 6.2188, 1.8610, and
3.1334 respectively, all of which are significant at the 1% level. The results indicate the
improvement of the business environment can strengthen the positive effect of FDI inflows
on the BRI countries’ global value chain upgrading.

To corroborate the above-mentioned mechanisms, this study further performs an
intermediate model (Baron and Kenny, 1986) to test how the improvement of business
environment attracts FDI to promote BRI countries’ global value chain upgrading [39]. We
choose foreign direct investment (FDI) as mediators. We follow their method in four steps
(Baron and Kenny, 1986). In the first step, we run the regression of business environment
on the BRI countries’ global value chain upgrading to calculate the total effect. In the
second step, we show the correlation between mediators and the business environment
by running regression models of mediators on the business environment, individually. In
the third step, we include both the business environment and mediators in a regression.
By doing the second and third steps, we can successfully separate the direct effect of the
business environment on BRI countries’ global value chain upgrading from the indirect
intermediate effect. If both the business environment and mediator variables in the third
step are significant, then the mediator is a partial transmission channel for the impact of
the business environment on BRI countries’ global value chain upgrading. If only the
mediators are significant in the third step, then it is a complete transmission channel. The
results are shown in detail in Table 3.

Table 3. Estimate Results of FDI’s Intermediate Effect.

Dependent Variables GVCs FDI GVCs

dtf 4.7046 *** 2.7787 *** 4.0875 ***
(0.3227) (0.2949) (0.3273)

FDI 1.0654 ***
(0.1171)

Note: The t value in the parentheses is calculated using the prefecture-level clustering robust standard error.
*** indicates the significance at the 1% levels, respectively.

The Sobel test can be used to judge the significance of the intermediate effects. The
p value of Sobel test is close to 0, demonstrating the significance of FDI’s intermediate
effects. The estimate results of main independent variables show optimizing business
environment delivers positive effects on elevation on the global value chain at a significant
level. FDI promotes status elevation on the global value chain at the 1% significance level.
Such results demonstrate FDI’s intermediate effects are significant with the value being
2.9604 (2.7787 × 1.0654). The estimate results of FDI’s intermediate effects reveal FDI
inflow promotes, to some extent, status elevation on the global value chain. Improvement
of business environment means more favorable operation environment and system for
foreign-invested companies, which lowers operation costs and risks. Increasing number of
premium foreign companies and technologies is therefore channeled into the domestic mar-
ket, which improves FDI quality, drives domestic technological innovation, and increases
value added of export product. It is through improving FDI quality that progress in busi-
ness environment promotes status elevation on the global value chain. Thus, Hypothesis 3
is proved. Last, the estimate results of control variables are consistent with those of the
benchmark model, which are then not repeated here due to limitation of space.
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4.2. Industry Heterogeneity Analysis

As shown in model (6), this study also divides the global value chain of different
industries, based on the method of Wang (2017) [40], into labor-intensive industry (ld),
resource intensive industry (zy), capital intensive industry (zb), and technology intensive
industry (js) to explore the heterogeneity of the impact of business environment on the
statue on the global value chain due to factor difference among industries. According to the
empirical results, the estimate coefficients of business environment (dtf) are positive at the
1% significance level and their value is smaller than the coefficients in the benchmark model.
The value change in the estimate coefficients of business environment demonstrate the im-
pact of business environment on status elevation on the global value chain is heterogeneous
among varied industries. Business environment significantly promotes status elevation
on the global value chain for different industries. However, compared with the coefficient
of labor-intensive industry, those of resource intensive industry and technology intensive
industry are higher, meaning the effects of resource or technology intensive industry are
stronger. Meanwhile, the coefficients of foreign direct investment (FDI) are positive at the
1% significance level for the four types of industries. FDI promotes status elevation on the
global value chain for industries with varied factor intensity, and its promotion effects on
resource intensive industry are the highest with its coefficient being 0.0416. The reason may
be that resource intensive countries need to attract foreign direct investment for advanced
and new technologies to promote resource exploitation and improve productivity. Similarly,
FDI companies are the ones with advanced technologies and need to lower production
costs through cheap labor, which in return increases domestic value added in gross export
and elevates the status on the global value chain. Therefore, FDI also promotes status
elevation for labor-intensive countries. As for technology intensive countries, FDI may
enable integration and innovation of new technologies and therefore help them move up
to the medium and high range on the global value chain. The results are shown in detail in
Table 4.

Table 4. Heterogeneity analysis.

VARIABLES (1) ld (2) zy (3) zb (4) js

dtf 0.1828 *** 0.2039 *** 0.1132 *** 0.2253 ***
(12.835) (13.442) (8.294) (12.091)

FDI1 0.0412 *** 0.0416 *** 0.0353 *** 0.0407 ***
(10.950) (10.397) (9.792) (8.270)

wealth 0.0019 *** 0.0000 0.0000 0.0010 ***
(7.217) (0.090) (0.136) (3.036)

resource −0.0000 −0.0006 *** −0.0003 ** −0.0005 ***
(−0.098) (−3.844) (−2.176) (−2.660)

iprp1 0.0069 *** 0.0092 *** 0.0051 *** 0.0089 ***
(4.827) (6.029) (3.714) (4.731)

open 0.0001 0.0001 −0.0003 *** −0.0001
(0.887) (1.304) (−4.957) (−1.062)

exscade1 0.0063 *** 0.0066 *** 0.0074 *** 0.0104 ***
(3.100) (3.079) (3.838) (3.922)

rate −0.0008 * −0.0012 ** −0.0003 −0.0006
(−1.751) (−2.506) (−0.680) (−1.059)

level −0.0009 *** −0.0000 −0.0002 −0.0015 ***
(−2.729) (−0.059) (−0.677) (−3.443)

Constant term −1.1744 *** −1.3156 *** −0.7652 *** −1.3863 ***
(−15.430) (−16.232) (−10.491) (−13.922)

Year fixed effect YES YES YES YES
Observation 793 793 793 793
R-squared 0.632 0.599 0.434 0.548

Number of countries 112 112 112 112
Note: The t value in the parentheses is calculated using the prefecture-level clustering robust standard error.
YES means corresponding fixed effect is controlled. ***/**/* indicates the significance at the 1%/5%/10% levels,
respectively.
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4.3. Robustness Checks

Referring to Li (2018) [38], this study adopts the five sub-category indicators of busi-
ness environment to conduct the robustness checks on the effects of business environment
on BRI countries’ global value chain upgrading, including facilitation for construction
permission (construct), facilitation for paying taxes (tax), facilitation for protection over
investors (protect), facilitation for contract enforcement (contract), and facilitation for in-
solvency (insolvency). The five sub-indicators accurately reflect the specific changes in
business environment at each economy over time. The higher the business environment
indicator, the more convenient the conditions for operation activities in the country. The
estimate results are shown in Table 5, which are basically consistent with the previous
results, so Hypotheses 1 and 2 are further demonstrated.

Table 5. Robustness checks.

VARIABLES (1) GVCs (2) ld (3) zy (4) zb (5) js

FDI1 1.2641 *** 0.0403 *** 0.0421 *** 0.0290 *** 0.0359 ***
(11.602) (12.869) (12.474) (9.793) (8.661)

construct 0.0085 0.0007 *** 0.0012 *** 0.0005 *** 0.0007 ***
(1.550) (4.393) (7.066) (3.211) (3.188)

protect 0.0145 ** −0.0001 −0.0001 −0.0003 * 0.0005 **
(2.370) (−0.403) (−0.701) (−1.696) (2.053)

tax 0.0117 ** 0.0003 * 0.0003 0.0000 0.0009 ***
(2.150) (1.842) (1.486) (0.216) (4.528)

insolvency 0.0824 *** 0.0026 *** 0.0025 *** 0.0023 *** 0.0029 ***
(13.656) (14.990) (13.504) (13.795) (12.693)

contract 0.0564 *** 0.0012 *** 0.0013 *** 0.0012 *** 0.0017 ***
(7.066) (5.146) (5.207) (5.759) (5.760)

Constant term −8.7577 *** −0.3272 *** −0.3769 *** −0.2390 *** −0.3327 ***
(−13.274) (−17.270) (−18.429) (−13.330) (−13.256)

Year fixed effect YES YES YES YES YES
Observation 1103 1103 1103 1103 1103
R-squared 0.661 0.675 0.638 0.525 0.591
Number of
countries 112 112 112 112 Number of

countries
Note: The t value in the parentheses is calculated using the prefecture-level clustering robust standard error.
YES means corresponding fixed effect is controlled. ***/**/* indicates the significance at the 1%/5%/10% levels,
respectively.

5. Further Analysis

According to the above econometric test results, business environment and FDI sig-
nificantly change the status on the global value chain. However, when the business
environment and FDI are at different levels, their role in the promotion of the status of the
BRI countries’ global value chain upgrading may be different, i.e., the role of the business
environment and FDI in the promotion of the BRI countries’ global value chain upgrading
may have a threshold effect. At this time, the traditional linear model assumes that the
influence of the business environment and FDI on the BRI countries’ global value chain
upgrading is fixed, so we need to re-design a model, when the independent variables are
in different ranges, the impact on the dependent variable is different. Therefore, this study
adopts business environment and FDI as the threshold variable respectively for threshold
tests. The results are shown in Tables 6 and 7.
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Table 6. Threshold Test and estimation results.

Threshold Variable Test F Value p Value

FDI
Single threshold 6.565 ** 0.021

Double threshold 197.688 *** 0.000
Triple threshold −0.921 ** 0.020

Business environment
Single threshold 5.997 0.443

Double threshold 102.379 *** 0.000
Triple threshold −48.971 1.000

Note: ***/** indicates the significance at the 1%/5% levels, respectively. p value and threshold value are obtained
by 1000 times of Bootstrap sampling with replacement.

Table 7. Estimation results of threshold model.

Variable Business Environment (dtf)
Foreign Direct Investment

(FDI)

wealth 0.0149 * 0.0308 ***
(1.94) (2.93)

iprp1 0.402 *** 0.194 ***
(10.92) (3.52)

resource 0.0269 *** 0.0326 ***
(6.38) (5.78)

open 0.00284 −0.00320
(1.00) (−1.28)

exscade1 0.331 *** 0.365 ***
(6.31) (4.92)

rate 0.00908 ** −0.0148
(2.27) (−1.13)

level −0.0499 *** −0.0215
(−5.27) (−1.61)

Dtf (L ≤ r1) 0.0595 ***
(3.75)

dtf (r1 < L ≤ r2) 0.125 ***
(8.87)

Dtf (L > r2) 0.155 ***
(11.05)

FDI (L ≤ r1) 0.776 ***
(6.34)

FDI (r1 < L ≤ r2) 1.165 ***
(9.20)

FDI (L > r2) 1.338 ***
(10.80)

Threshold Double threshold Double threshold
Constant −1.765 *** −4.153 ***

(−3.00) (−4.58)
Note: The t value in the parentheses is calculated using the prefecture-level clustering robust standard error.
***/**/* indicates the significance at the 1%/5%/10% levels, respectively.

Table 6 shows that the F value of the single threshold, double threshold, and triple
threshold of FDI is 6.565, 197.688, and−0.921 respectively. The results of single threshold
test and triple threshold test are significant at the 5% level while those of the double
threshold test is positive at the 1% significance level. Therefore, these demonstrate business
environment delivers significant double threshold effects on the status elevation on the
global value chain with the estimate threshold value being 3.305 and 4.903, respectively.
According to the empirical results of the panel threshold model, when FDI is lower than
3.305 the spillover effect of business environment is significant, and the elastic coefficient
is positive at a statistically significant level. A 1% improvement in business environment
leads to status elevation on the global value chain by 0.0595%. This indicates spillover of
business environment significantly promotes status elevation on the global value chain.
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When FDI is higher than 3.305 and is lower than 4.903, business environment promotes
status elevation on the global value chain more significantly. The elastic coefficient is
0.125. It is, therefore, identified that there is significant difference in the impact of business
environment on status elevation on the global value chain at varied threshold ranges.

Generally, when FDI continues to increase, the positive impact of business environ-
ment on status elevation on the global value chain becomes increasingly significant. The
main reason is that improvement in business environment promotes status elevation on
the global value chain more significantly along with continuous FDI inflow. On the one
hand, improving business environment makes capital registration more convenient and
cuts costs and time. Companies can enter the market quickly, take preemptive actions,
and seize beneficial export opportunities. On the other hand, improving business envi-
ronment helps protect the legitimate rights and interests of investors and offers favorable
and market-based financing conditions. Investors are therefore motivated, and more social
capital can be mobilized, leading to rapid development, improvement of export product
quality, technological innovation, and status elevation on the global value chain.

According to Table 6, F value of business environment (dtf) double threshold test is
102.379, respectively. which is significant at the 1% level. However, the single threshold test
and triple threshold test is not statistically significant. Therefore, foreign direct investment
(FDI) delivers double threshold effects on the status elevation on the global value chain.
Its threshold value is 56.100 and 65.600, respectively. Based on the empirical results of the
threshold model, when business environment (dtf) is below 41.800 the impact of FDI on
the status elevation on the global value chain is not statistically significant with the elastic
coefficient being 0.143. In another word, when business environment (dtf) is lower than
56.100, FDI does not promote status elevation on the global value chain. When business
environment ranges from 56.100 to 65.600, FDI’s spillover effect is still significant at the
1% level. The elastic coefficient is 0.774. When business environment is higher than 65.600,
FDI promotes status elevation on the global value chain more significantly. A 1% increase
in FDI elevates status on the global value chain by 1.338%. Therefore, FDI delivers varied
promotion effects on status elevation on the global value chain in different threshold
interval of business environment (dtf). Though FDI’s impact remains positive, its impact
intensity is different.

The reasons for the above phenomenon are explained as follows. Along with the
improvement of business environment, FDI’s promotion effect on status elevation on the
global value chain becomes increasingly significant. Favorable business environment at-
tracts large number of foreign companies to establish close cooperation ties through FDI.
The integration and introduction of technologies improve product quality and produc-
tivity, leading to status elevation on the global value chain. When business environment
reaches certain level, desirable conditions for business and legal support attract more
foreign companies to increase investment. In such cases, FDI’s positive role in promoting
technological innovation is in full play. While bringing in fierce competition, FDI also
enables technological upgrading at local companies, helping companies move from the
low end to the medium and high end of the global value chain.

6. Conclusions and Policy Implication

With the gradual expansion of the influence of the Belt and Road Initiative, BRI
countries are also facing some new challenges, such as backflow of high-end industries
and outflow of low-end industries. Solving the manufacturing bottleneck, enhancing the
competitiveness of the international division of labor, and finally moving towards the mid
to high end of the global value chain, has become an urgent problem for BRI countries.
Therefore, this article attempts to discuss the issue of global value chain upgrading in the
BRI countries from the perspective of business environment.

This study incorporates business environment, foreign direct investment (FDI), and
the global value chain upgrading into a unified analysis framework to unravel the effects of
business environment and FDI on BRI countries’ status elevation on the global value chain.
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The panel data of 112 BRI countries from 2007 to 2017 are employed for empirical tests on
the trilateral relationship through the panel data regression model. The results show: (1)
business environment improvement and FDI inflow significantly promote BRI countries’
status elevation on the global value chain. Business environment not only elevates BRI
countries’ status on the global value chain directly but indirectly lifts their status through
the intermediate effects of FDI; (2) business environment and FDI significantly promote
the status elevation on the global value chain for industries that are intensive on varied
factors, especially for labor-intensive industry; (3) the test results of the panel threshold
model further verify the positive effect of the business environment and FDI inflows on
BRI countries’ status elevation on the global value chain.

The conclusion of this study carries rich policy implications. New generation of
information technology is fully integrated into manufacturing industry, triggering far-
reaching industrial revolution. After the global financial crisis in 2008, there has been
a trend of deglobalization at the world economy. Developed countries implemented
reindustrialization and reshoring manufacturing strategies, which accelerates the formation
of the new global trade and investment pattern. Although it is a good opportunity to move
up the global value chain, evolution of the global value chain brings higher requirements
for a business environment. BRI countries should focus on the following two aspects
to construct the business environment which fits in the new situation of and changes in
globalization to attract premium FDI inflow. First, the government of BRI countries should
make more efforts in improving business environment to strengthen the supporting role of
business environment in elevating the status on the global value chain. Efforts should be
made in streamlining administrative approval system, deregulation, delegation of power
to governments at lower levels, improvement of operational and post-operation oversight
mechanism, improvement of government service efficiency, burden-easing for market
entities, and improvement of public services. The government ought to improve business
environment by resolving the problems for companies, enforcing favorable policies, and
eliminating obstacle restraining companies’ development to strengthen their confidence
and competitiveness. Second, the government should promote FDI inflow and give full
play to the complementary role of business environment and FDI inflow.
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Abstract: In the context of China’s Pilot Free Trade Zone (FTZ), ports have a new opportunity to
realize high-quality development. Based on the analysis of the current situation of pollutant emissions
from ports in China’s Pilot Free Trade Zones (FTZs), this paper introduces environmental factors
into the analysis framework of the total factor productivity (TFP) of ports in China’s FTZs, and uses
the Global Malmquist–Luenberger index method to analyze the evolution trend and heterogeneity
of green TFP in 28 ports of China’s 19 FTZs from 2011 to 2017. The results show that firstly, the
emissions of sulfur dioxide (SO2), nitrogen oxides (NOX) and other pollutants in China’s FTZs have
been decreasing year by year. Secondly, both the green TFP and the traditional TFP of the ports
in FTZs are on the rise. The absence of environmental factors leads to the underestimation of the
TFP of ports. For the green TFP, the main source of its growth is technological progress. Thirdly,
there is obvious port heterogeneity in the green TFP of FTZ ports. Nanjing Port has the highest
green TFP growth rate, with an average annual growth rate of 21.95%. Ningbo Port, which ranks
14th, has an average annual growth rate of 5.46%. Fuzhou Port, which is rated last, has negative
growth. Fourthly, there is also obvious types and regional heterogeneity in the green TFP of FTZ
ports. When categorized by type, the average annual growth rate of green TFP in inland ports is
significantly higher than that of coastal ports. When categorized by region, the descending order
of the average annual growth rate of green TFP is the western region, the eastern region and the
central region. Fifthly, the green TFP differences among the eastern, central, and western regions, as
well as between inland ports and coastal ports, are shrinking. Moreover, the green TFP differences
within inland ports and coastal ports and within central ports and eastern ports are also shrinking,
implying there may be σ convergence. The conclusions of this paper have important implications for
the scientific understanding of the heterogeneity of green TFP growth in ports in China’s FTZs, and
how to promote the green development of ports in China’s FTZs under environmental constraints.

Keywords: pilot free trade zone; port; green TFP; environmental constraints; regional heterogeneity

1. Introduction

With the continuous strengthening of economic globalization, the impact of the eco-
nomic crisis is more likely to spread all over the world [1]. Affected by the economic
crisis to varying degrees, the economic growth trend of developed countries and emerging
economies are gradually divided. To maintain its dominant position in the global eco-
nomic system, regional free trade agreements such as bilateral investment agreements,
Trans-Pacific Partnership Agreements, Transatlantic Trade and Investment Partnership
Agreements led by developed countries continue to emerge. Compared with the multilat-
eral trade rule system, the economic conditions and needs of countries in the same region
are more similar, and regional free trade agreements dominated by bilateral agreements are
easier to achieve. Therefore, more and more countries and regions began to sign regional
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free trade agreements and establish free trade areas (FTA). Consequently, bilateral and
free trade pilot areas expanded rapidly in quantity and depth [2]. In recent years, the
decline of China’s exports has had an impact on the domestic economy; the growth of
domestic demand is slow, the contradiction of overcapacity is prominent, and the structural
transformation has a long way to go. China’s economy urgently needs a “booster”, to
improve China’s economic recovery and move towards a new stage of a higher-energy
level. In this context, in order to meet the urgent needs of economic globalization and
regional economic integration, and to achieve the goal of high-quality and sustainable
economic growth, China’s pilot free trade zone (FTZ) was materialized.

Unlike the international traditional free trade area (FTA), which focuses on multi-
national participation and in which rules are jointly formulated by many countries, a FTZ
is a regional special economic zone, established in its own country (region) according to its
own (regional) laws and regulations. FTZ strategy requires institutional innovation as the
core, accelerating the construction of an institutional framework in line with the general
rules of international investment and trade, and accumulating experience for China to gain
more voice in international economic cooperation. It is an important strategy for China
to actively integrate into the world economic development trend, improve international
competitive strength and actively participate in global governance. With the establishment
of FTZ, the port, as one of the cores of FTZ, has developed rapidly. According to the statistics
of the National Bureau of Statistics of China, the cargo throughput of coastal ports above the
designated size increased from 6.16 billion tons in 2011 to 9.19 billion tons in 2019, and the
number of 10,000-ton berths of inland ports above the designated size also increased from
340 in 2011 to 444 in 2019, showing rapid development in terms of volume. However, the
increase in port input and output does not equate to the improvement of port efficiency. The
low efficiency of ports in FTZs and the lack of market competitiveness may still exist. In the
context of China’s supply-side structural reform, emphasizing high-quality development,
it is contrary to the development concept to promote the port development in FTZs by
relying only on the input of production factors. Therefore, incremental reform should be
used to promote the stock adjustment, correct the distortion of port factor allocation, and
promote development by relying on the improvement of total factor productivity (TFP).

At the same time, China’s FTZ ports adhere to the concept of green development
in the development process. As one of the five development concepts first proposed at
the fifth plenary session of the 18th CPC Central Committee, the green development con-
cept emphasizes taking a green low-carbon cycle as the main principle, and ecological
civilization construction as the basic starting point of development. This is undoubtedly
significant for the sustainable development and high-quality development of ports in FTZs.
In fact, as early as November 2002, the report of the 16th CPC National Congress put
forward the specific objectives of ecological construction, which emphasized the protection
of the environment and resources as the basic national policy, and began to realize that
“good ecology” is one of the symbols of “civilization”. The report of the 17th CPC National
Congress put forward the scientific concept of “ecological civilization”, which outlined
that “establishing the concept of green and low-carbon development, focusing on energy
conservation and emission reduction, improving the incentive and restraint mechanism,
accelerating the construction of resource-saving and environment-friendly production and
consumption modes, and enhancing the ability of sustainable development” was taken as
the general requirement for the development of the national economy. In the report of the
18th CPC National Congress, China incorporated the construction of ecological civiliza-
tion into the “five-pronged strategy” (economic, political, cultural, social and ecological
progress), established the status of a “long-term plan” for the construction of ecological
civilization, and clarified its internal relationship with economic construction, political
construction, cultural construction, social construction. On this basis, the construction
of ecological civilization was highlighted again in the report of the 19th CPC National
Congress, which proposed to “establish and improve the economic system of green and
low-carbon circular development, build a market-oriented green technology innovation
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system, develop green finance, expand energy conservation and environmental protection
industry, clean production industry, clean energy industry, and build a clean, low-carbon,
safe and efficient energy system”. It can be seen that the concept of green development has
been consistently emphasized in economic development, including FTZ ports.

However, although China’s FTZ ports adhere to the concept of green development and
promote sustainable development, the operation of port ships still brings much air pollution.
In the era of low-carbon economy and green cycle sustainable development, reducing
energy consumption and pollution emissions is the top priority of port construction, and
also an important standard to evaluate the efficiency of port operation. Moreover, in
the “ecological construction” of the 14th five-year plan, it is also emphasized that both
economically developed and underdeveloped regions must take “green development” as
the precondition of a series of construction requirements, and follow the road of sustainable
development unswervingly. Therefore, in the process of promoting economic development
through FTZ port development, the concept of green and sustainable development should
also be upheld, to reduce the impact on the environment as much as possible. Achieving
the green development of ports in FTZs is a difficult problem for China in developing
FTZs, and one of the most effective ways to solve this problem is to improve the green
TFP of ports. In this context, the main research question of this paper is of the changing
trends and heterogeneity of green TFP of the ports in China’s FTZs, from the perspective
of environmental constraints. Based on this research question, this paper mainly includes
three research purposes: (1) analyze the current situation of the port environment in China’s
FTZs by using pollution emission data such as SO2 and NOX; (2) introduce environmental
factors into the measurement framework of the TFP of the ports in FTZs, to measure green
TFP and compare it with traditional TFP; (3) empirically analyze the port heterogeneity,
type heterogeneity and regional heterogeneity of TFP changes, as well as the evolution
trend characteristics of port and regional differences. This study is not only conducive to
the assessment of the performance of green growth in the ports of FTZs, but also conducive
to the analysis of regional differences and evolution trends of green TFP growth in the ports
of FTZs. It is of great practical significance for China to formulate appropriate policies for
the development of ports in FTZs, to promote the green and sustainable development of
ports in FTZs.

The main conclusions of this paper are as follows: first, pollutants such as SO2
and NOX emitted by ports in China’s FTZs are decreasing year by year, but there are
heterogeneous characteristics in pollutant emissions that change these trends. Second,
the green TFP and traditional TFP of ports in FTZs are rising. Introducing environmental
factors will have a significant impact on the estimation of the TFP of ports in FTZs; thereby,
not introducing environmental factors will lead to the underestimation of TFP on the whole.
The main source of traditional TFP growth is technical efficiency, and green TFP is technical
progress. Third, there is great port heterogeneity in the growth of green TFP in the ports of
FTZs. Nanjing Port has the highest green TFP growth rate, with an average annual growth
rate of 21.95%. Ningbo Port which ranks 14th has an average annual growth rate of 5.46%.
Fuzhou Port, which is rated at the bottom, has negative growth. After the introduction
of environmental factors, the green TFP of most ports (except Fuzhou Port, Harbin Port
and Yangpu Port) has increased, compared with the traditional TFP, and the main source
of growth has changed from technical efficiency to technical progress. Fourth, the green
TFP growth of FTZ ports also has large range of types and regional heterogeneity. Taking
the type as the division standard, the average annual growth rate of green TFP for inland
ports is significantly higher than for those of coastal ports. Taking the region as the division
standard, the average regional annual growth rates of green TFP in descending order
are: the western region, the eastern region and the central region. Fifth, the green TFP
differences among the eastern, central, and western regions, as well as between inland
ports and coastal ports, are shrinking. Moreover, the green TFP differences within inland
ports and coastal ports, and within central ports and eastern ports, are also shrinking,
implying there may be σ convergence.
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2. Literature Review

During the 12th five-year plan period, China proposed the strategic adjustment of
economic development, and to pay attention to the deep-seated structural problems of the
economy. Therefore, during 2011–2015, China’s economic development entered a period of
deep adjustment, and the economic growth rate has changed from the previous high-speed
growth to medium and low-speed growth. For China, higher requirements were put
forward in terms of economic structure transformation and the degree of opening to the
outside world [3]. China’s new stage of “opening-up” is essentially a transition from the
border opening-up, to domestic institutional opening-up. The consequent expansion of this
opening-up through service trade promotes domestic institutional reform [4]. Therefore,
the implementation of the FTZ strategy is the “second quarter” of China’s open economy [5].
The main types of FTZs are entrepot distribution type, trade–industry combination type,
export-processing type, and bonded-storage type. Different types of FTZs have played
an important role in the process of China’s foreign trade liberalization [6]. These different
types of FTZs are also the basis for the construction of a new round of FTZs in China [7–9].

Overall, the implementation of the FTZ strategy is conducive to accelerating the
pace of China’s opening to the outside world, optimizing the foreign trade structure,
and strengthening the economic and trade relations with other countries [10–12]. The
establishment of FTZ is conducive to reducing regional transaction costs, and legally
filtering the political forces of trade protection [13,14]. It also plays an important positive
role in promoting the construction of the Belt and Road Initiative [15]. However, without an
effective coordination mechanism, this positive role will also be affected [16,17]. Previous
studies have shown that FTZs in different regions have different policy effects on promoting
economic growth, upgrading industrial structure and capital flow [18–22]. In order to
further achieve high-quality economic development through the construction of FTZs, we
must make full use of the relationship between FTZs and various industries, policies and
related infrastructure. Vigorously exploring FTZs is conducive to strengthening the role of
FTZs in serving national strategies [23–25].

Scholars have also carried out multi-dimensional research on ports, mainly including
the following aspects: first, the research on port cities, such as the port city evolution
model [26,27], port city interactive development [28,29], port city interface and spatial
planning [30]; second, the research on port logistics, such as the relationship between port
logistics and regional economy [31], and port logistics efficiency evaluation [32,33]; third,
the research on the port system, such as the evolution model of the port system [34,35]
and the impact of new technologies on the port system [36]; fourth, the research on port
hinterland, such as the division of port hinterland, and the port hinterland relationship
with evolution law [37]; fifth, the research on port transportation, such as the complexity
of the shipping network [38,39], and spatial connections and regional differences of the
shipping network [40,41]. Among them, the research on port logistics efficiency evaluation
is most relevant to this paper.

At present, there are many evaluation methods for port efficiency, which are mainly
divided into nonparametric and parametric methods. Data Envelopment Analysis (DEA)
is one of the most widely used nonparametric methods. Seth and Feng [42] used the
DEA method to evaluate the efficiency changes of 15 container ports in the United States.
Barros [43] introduced the Malmquist index on the basis of the DEA to analyze the technical
efficiency of five Portuguese seaports in 1999–2000. González et al. [32] used the DEA–
Malmquist index to calculate the changes to port efficiency in Spain from 2011 to 2018. Wu
and Liang [44] and Li et al. [45] also used the same method to calculate the port efficiency
in different regions. Wang and Meng [46] compared the efficiency of China’s inland
and coastal ports based on the meta-frontier and the sequential SBM-DEA method, and
concluded that the overall efficiency of China’s ports was low. Some scholars also calculate
the port efficiency from the perspective of port managers (port-listed companies) [47].

In recent years, more and more scholars have begun to pay attention to the envi-
ronmental problems caused by port development. When examining port development,
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environmental factors are often introduced to measure whether green and sustainable de-
velopment has been achieved. Teixeira et al. [48] carried out a bibliometric and a structured
analysis of the literature focusing on the connection between lean, green, and sustainability
concepts. Ikram et al. [49] constructed a corresponding green assessment framework for
the goal of sustainable development. Lin et al. [50] used the MDAM model to evaluate the
improvement strategy of green infrastructure to support urban sustainable environmental
construction. Parida [51] and Ranjbar et al. [52] discussed the interactive relationship
between green building and the sustainable development of the environment. Xie and
Zhu [53] studied how manufacturing enterprises broke through the dilemma of system
and efficiency with the help of green innovation to achieve the sustainable development of
enterprises. Scholars have carried out in-depth research on how to incorporate environ-
mental factors into port efficiency measurements in different countries and regions, such as
the research on China’s ports by Luo et al. [54], Qi et al. [55], and Liu et al. [56], and the
research on European and Spanish ports by Quintano et al. [57] and Tovar and Wall [58].
In the study of China’s ports, Luo et al. [54] used the SBM-DEA model to set the annual
CO2 emissions of China’s eight major container ports as undesirable output to evaluate
their environmental efficiency. Qi et al. [55] used the RAM-DEA model to empirically test
the statistical data of 10 coastal ports in Jiangsu Province and evaluated the port efficiency
from two aspects of port operation performance and environment. Liu et al. [56] refined the
research perspective to the ports of FTZs, took the air pollution emitted by ship operation
as the undesirable output of the ports and combined this with the expected output to
measure the port efficiency. However, they only considered the coastal ports of FTZs, and
did not do in-depth research on the changing trends and convergence degrees of green
TFP. In the research on ports in other countries and regions around the world, Quintano
et al. [57] used the SBM model and REBUS-PLS unit segment detection procedures to detect
greenhouse gases such as CO2, and NO2 into the output indicators of ports and made a
comparative analysis on the ecological efficiency of 24 major container ports in Europe.
Tovar and Wall [58] defined CO2 as “bad output”, and used the DEA model to calculate
the eco-environmental efficiency of port operations of 28 port administrations in Spain,
in 2016.

The previous literature has provided the research basis for this study, but there are
still some deficiencies in the following aspects. Firstly, although the existing literature has
calculated port efficiency, the research on the calculation of the port efficiency of China’s
FTZs is still insufficient. With the rapid development of China’s FTZs, it is necessary to
study the efficiency of ports in FTZs. Secondly, the existing studies on port efficiency
mainly focus on the changes of traditional TFP, and lack research on port green TFP
calculation under environmental constraints. Furthermore, port operation has caused
serious environmental problems. Therefore, the traditional TFP can’t truly reflect the
actual situation of the current port TFP. Thirdly, the existing literature about productivity
convergence rarely involves ports. In order to more objectively and scientifically evaluate
the differences of TFP among different regions and types of ports in China, it is necessary
to further study the convergence or evolution trend of green TFP in ports.

In view of the above problems, the marginal contribution of this study is as follows.
Firstly, to conduct in-depth research on the efficiency of ports in China’s FTZs, this paper
takes 19 of the current 21 FTZs (except the Shaanxi and Beijing FTZs, due to data avail-
ability) as the source of ports, and selects a total of 28 ports as the objects of efficiency
measurement. Secondly, we use the Global Malmquist–Luenberger index method to es-
timate the green TFP of 28 ports in China’s 19 FTZs from 2011 to 2017, and compare this
with the traditional TFP without considering environmental constraints. We also study the
impact of environmental factors on port efficiency evaluation by comparison. Thirdly, we
investigate port heterogeneity, port-type heterogeneity and regional heterogeneity of green
TFP on the basis of the overall analysis, and explore the internal causes of the heterogeneity.
Fourthly, when analyzing the evolution trend of port green TFP in FTZs, the ports are
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divided into two types (inland and coastal), and three major regions (east, central and west),
and the TFP evolution trend of port types and regional differences are deeply analyzed.

3. Analysis on the Current Situation of the Port Environment in China’s FTZs

Since the establishment of China’s first FTZ in 2013, China has established a total of
21 FTZs through “1 + 3 + 7 + 1 + 6 + 3” wild goose array, and gradually expanded from
coastal to inland after six rounds of construction. The first batch was the Shanghai FTZ; the
second batch included the Guangdong, Tianjin, Fujian FTZs; the third batch included the
Shaanxi, Sichuan, Chongqing, Hubei, Henan, Zhejiang, Liaoning FTZs; the fourth batch
was the Hainan FTZ; the fifth batch comprised the Heilongjiang, Yunnan, Hebei, Guangxi,
Jiangsu and Shandong FTZs; and the sixth batch were the Hunan, Anhui and Beijing FTZs.
This means that more than half of China’s provinces have set up FTZs. The new pattern
of “no gap along the coast and focus on the mainland” has been formed. Some FTZs
are located in the deep inland, with few and small-scale ports (Shaanxi FTZ). Some FTZs
have no ports, due to their own special administrative planning (Beijing FTZ), so there are
many statistical deficiencies in the ports of these FTZs. Therefore, this paper finally selects
28 ports from 19 FTZs (excluding Shaanxi and Beijing FTZ) as research samples. Before
measuring the green TFP and traditional TFP of the ports in FTZs, this paper focuses on
the analysis of the environmental pollution of the ports.

3.1. Comparison of Pollutant Emission between Inland Ports and Coastal Ports

Figure 1 shows the SO2 emissions of inland ports and coastal ports. It can be found
that during 2011–2017, the SO2 emissions of inland and coastal ports continued to decline
year by year, to a certain extent, indicating that the concept of green development has
gradually been implemented in the construction and operation of ports in FTZs. According
to the comparison of port types, it is not difficult to see that most of the coastal ports in the
study sample emit SO2, probably because the majority of ocean-going ships in coastal ports
emit more SO2. From the perspective of the decline rate of SO2 emissions, both inland
ports and coastal ports have generally shown a process of gradually acceleration and
then deceleration. For example, the decline rate sharply increased from 2015 to 2016 and
then began to slow down. This shows that the goal of energy conservation and emission
reduction has been achieved to a certain extent, and now other measures may be needed to
further promote green development.

Figure 1. SO2 emissions from inland and coastal ports (unit: ton). Note: The 2014 SO2 emission data
of coastal and ocean-going ships and inland ships in the Air Pollutant Emission Inventory of Marine
in China (2017) calculate their proportion in China’s SO2 emission in 2014 as a fixed proportion value
from 2011 to 2017; then, by multiplying by the fixed proportion value according to the SO2 emission
data in the China Statistical Yearbook and Statistical Yearbooks of each province, the SO2 emission
data of each port can be obtained.
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Figure 2 shows the NOX emissions of inland and coastal ports. It can be found that
the total NOX emissions of ports are decreasing, and that the NOX emissions from coastal
ports account for the vast majority of the total emissions; however, compared with the
emissions of inland ports, the difference is shrinking. From the range of change, for both
the inland ports or coastal ports, the NOX emission has always been a negative growth,
showing a phased downward trend, and the fluctuation degree is basically the same. In
addition to 2013, the reduction rate of NOX emission in coastal ports was lower than that
in inland ports, and it was slightly higher than that in inland ports in other years.

Figure 2. NOX emission of inland and coastal port (unit: ton). Note: The 2014 NOX emission data of
coastal and ocean-going ships and inland ships in the Air Pollutant Emission Inventory of Marine in
China (2017) calculate their proportion in China’s NOX emission in 2014 as a fixed proportion value
from 2011 to 2017; then, by multiplying the fixed proportion value according to the NOX emission
data in the China Statistical Yearbook and Statistical Yearbooks of each province, the NOX emission
data of each port can be obtained.

3.2. Comparison of Pollutant Emissions among Eastern, Central and Western Ports

Furthermore, the comparison of pollutant emission in different regions was carried
out. Figure 3 shows the SO2 emissions of the ports in East, Central, and West China shows
the specific division of ports in the eastern, central and western regions. It can be seen that
the eastern ports account for the vast majority of SO2 emissions. This is because most of
the eastern ports are coastal ports, where ocean-going ships are in the majority and SO2
emissions are large. The SO2 emissions of eastern ports showed a downward trend, year
by year, and the decline rate has remained stable, except for 2016. The variation range of
SO2 emissions in western ports were basically consistent with those in the eastern ports,
but the decrease range was slightly lower than those in the eastern ports. The variation
range of SO2 emissions in central ports were quite different from those in the other two
regions; its SO2 emissions increased in 2013, then kept a slow downward trend until 2016,
and turned to a positive growth in 2017.

Figure 4 shows the NOX emissions of the ports in the eastern, central, and western
regions. It can be seen from Figure 4 that the NOX emissions of the eastern ports account
for the vast majority of the total. Under the declining trend of the overall and three regional
emissions, year by year, the difference between the NOX emissions of the eastern ports and
those of the other two regions has shrunk. From the perspective of the variation trend, NOX
emissions of the eastern ports have shown a fluctuating decline, whereas the decline rate of
the central and western ports has remained basically the same during 2012–2014. During
2015–2016, the decline rate of the NOX emissions of central ports was significantly lower
than those of western ports, which then reversed in 2017. However, the NOX emissions of
the two ports have also shown a fluctuating downward trend, as a whole.
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Figure 3. SO2 emissions from the eastern, central and western ports (unit: ton).

Figure 4. NOX emissions from ports in East, Central and West China (unit: ton).

To summarize, according to the analysis results of the two major port types of the three
regions, the emissions of SO2 and NOX from the ports of China’s FTZs have decreased
year by year. The port environment is gradually improving, and the concept of green
development has been thoroughly implemented. However, the pollutant emission and
its variation trend have certain heterogeneous characteristics. Most of the pollutants were
emitted from coastal ports and eastern ports, especially SO2. On the downward trend,
no matter by type or by region, the reduction of NOX emission was higher than that of
SO2 emission. Therefore, although the pollutant emissions of the ports in FTZs have been
decreasing year by year, it is necessary to investigate whether they affect the calculation
results of TFP, in the case that there are still a large number of pollutant emissions. Therefore,
it is necessary to introduce environmental factors into the study of TFP in FTZ ports for
scientific assessment.

4. Measurement Methods, Variables and Data

4.1. Measurement Methods
4.1.1. Current and Global Production Possibilities Set

First, we needed to build a set of production possibilities, called environmental
technologies. This production probabilities set included both “good” outputs, such as
GDP, and “bad” outputs, such as CO2 emissions. We supposed that in different periods
t(t = 1, . . . , T), the port k(k = 1, . . . , K) used N kinds of inputs x = (x1, . . . , xN) ∈ R+

N to
produce M kinds of “good” outputs y = (y1, . . . , yM) ∈ R+

M and I kinds of “bad” outputs
b = (b1, . . . , bI) ∈ R+

I . For each input vector x, environmental technologies can produce
a combination of expected and undesirable outputs simultaneously (y, b). Based on the

136



IJERPH 2021, 18, 12910

hypothesis of Wang et al. [59], we used the data envelopment analysis method (DEA) to
convert the current environmental technology into Equation (1):

Pt(xt) =
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎩
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k=1 zt
kyt

km ≥ yt
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K
∑

k=1
zt

kbt
ki = bt
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K
∑

k=1
zt

kxt
kn ≤ xt

kn, n = 1, . . . , N;

zt
k ≥ 0, k = 1, . . . , K

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
(1)

In Equation (1), zt
k is the weight measurement index of the observed values of each

cross-section, and zt
k ≥ 0 means the constant return to scale. When measuring the GML

index, the current production possibility set Pt(xt) was replaced by the global production
possibility set PG(x), which can be expressed as Formula (2) with the DEA method:

Pt(xt) =
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(
yt, bt) : ∑T

t=1 ∑K
k=1 zt

kyt
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⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎭
(2)

4.1.2. SBM Directional Distance Function

According to Fukuyama and Weber [60], the global SBM directional distance function
incorporated into SO2 and NOX emissions on China’s FTZ ports is expressed as:

SG
V

(
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km − sy
m = yt

k′m, ∀m;

∑T
t=1 ∑K

k=1 zt
kbt

ki + sb
i = xt

k′i, ∀i;

∑K
k=1 zt

k = 1, zt
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(3)

In Equation (3),
(

xt,kt
, yt,kt

, bt,kt
)

is the input and output vector of ports.
(

gx, gy, gb
)

is a direction vector, which represents the decrease in input, the increase in “good” output,
and the decrease in “bad” output.

(
sx

n, sy
m, sb

i

)
is a relaxation vector, reflecting the input and

output. If the relaxation vectors of both inputs and outputs are positive numbers greater
than 0, this means that the actual input and carbon emission of ports are larger than the
input-output value of the boundary, whereas the actual output value is smaller than the
boundary output value. To summarize, sx

n, sy
m, sb

i represents the situation of excessive input,
relatively insufficient “good” output, and excessive pollution emissions of each port [59].
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4.1.3. Global Malmquist–Luenberger Productivity Index

After the construction of the SBM directional distance function, we constructed an
output-oriented GML index, to measure green TFP. According to Oh [61], the GML index
can be expressed as:

GMLt+1
t =

1 + SG
C
(

xt, yt, bt; g
)

1 + SG
C (xt+1, yt+1, bt+1; g)

(4)

Furthermore, the GML index can be divided into two parts: the efficiency change
index (GEC) and the technology change index (GTC):

GMLt+1
t =

1 + St
C
(
xt, yt, bt; g

)
1 + St+1

C (xt+1, yt+1, bt+1; g)
×

⎡⎢⎢⎣
1+SG

C (xt ,yt ,bt ;g)
1+St

C(xt ,yt ,bt ;g)

1+SG
C (xt+1,yt+1,bt+1;g)

1+St+1
C (xt+1,yt+1,bt+1;g)

⎤⎥⎥⎦ (5)

When the GMLt+1
t (GEC or GTC) index is greater than 1, the green TFP (technical

efficiency or technical progress) of the port shows an increasing trend. When the index is
equal to (or less than) 1, the green TFP (technical efficiency or technical progress) remains
unchanged (or decreases).

4.1.4. Global Malmquist Productivity Index

In order to more intuitively reflect the constraints of environmental factors, such as
pollution emissions on China’s FTZ ports, we also estimated the traditional TFP of the
ports, and applied the DEA–Malmquist productivity index method (Global Malmquist
index method) based on the Global technology, and compared it with the GML index. The
Global Malmquist index can be expressed as:

GM
(

yt+1, xt+1, yt, xt
)
=

Dt+1(xt+1, yt+1)
Dt(xt, yt)

[(
Dg(xt+1, yt+1)

Dt+1(xt+1, yt+1)
× Dt(xt, yt)

Dg(xt, yt)

)]
= EC × TC (6)

4.2. Variable Selection and Data Sources

A total of 21 FTZs have been set up since the first one was established in 2013. Due to
the lack of ports in some FTZs or the lack of data in some ports, this paper has collected
the input and output data of 28 ports in 19 FTZs in China. The production berth and
wharf length are taken as input indicators, the cargo and container throughput as “good
output”, and SO2 and NOX as “bad output”. The basic data were mainly from the China
Port Yearbook, the China Statistical Yearbook and the China City Statistical Yearbook.

4.2.1. Ports Output—“Good Output”

As an important hub of land and water transportation, the port’s basic function is
cargo transportation. The existing literature mainly calculates the port efficiency from three
perspectives: the input-output perspective of the port itself, the operation perspective of
port enterprises, and the consideration of undesirable outputs (Table 1). Among them,
most works of literature take the cargo and container throughput as the output indicators,
because the cargo and container throughput can directly reflect the output level of the ports.
Although some scholars [62–64] used financial indicators, such as net profit, main business
income and earnings per share, such indicators need to be obtained from the financial data
of the ports group, or the ports company that manages the ports. Due to the large number
of ports selected in this paper, it is difficult to obtain financial data of some ports. Therefore,
the cargo and container throughput were used as the index to measure the “good output”
of the ports.
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Table 1. Port input-output literature review.

Port’s Own Input-Output Perspective

Author Input indicator Output indicator

Du et al. (2021) [65]
Length of wharf, number of berths

for production, amount of loading and
unloading equipment

Cargo throughput, container throughput

Zheng and Yang (2021) [66] Length of wharf, number of berths
for production Cargo throughput, container throughput

Zhu et al. (2021) [67] Length of wharf, number of berths
for production Cargo throughput, container throughput

Lu and Li (2018) [68] Length of wharf, number of berths
for production Port throughput

Port Enterprise Operation Perspective

Author Input indicator Output indicator

Kuang (2007) [62] Main business cost, number of employees,
fixed assets

Net profit, main business revenue,
earnings per share

Wang and Wu (2016) [63] Number of employees Net profit, main business revenue,
earnings per share

Feng et al. (2017) [64] Main business cost, fixed assets Net profit, main business revenue
Han et al. (2021) [69] Number of employees, number of bridge cranes Net profit, main business revenue

Undesirable Output Perspective

Author Input indicator Output indicator

Liu et al. (2021) [56] Number of berths for production, length of
wharf, number of employees, net assets

Port throughput, net profit, SO2,
NOxemissions

Liu and Wang (2018) [70]
Length of berths for production, energy

consumption (standard coal), production berth
above 10,000 tons

Container throughput, CO2 emissions

Luo et al. (2014) [54] Berth length, port area, shore jib crane,
pusher crane Container throughput, CO2 emissions

Sun et al. (2017) [71] Number of employees, fixed asset,
operating costs

Cargo throughput, net profit,
NOX emissions

Wang and Liang (2018) [72]
Number of berths for production, number of

employees, oil consumption, electric
consumption

Cargo throughput, CO2 emissions

4.2.2. Ports Output—“Bad Output”

At present, there is no unified definition of “bad output” in the academic circle,
and the “bad output” used in the measurement of green TFP is also different. In the
course of the operation of port ships, SO2 and NOX were the two atmospheric pollutants
with the largest emissions and the highest pollution degrees. In this paper, they were
regarded as undesirable “bad outputs”, and the practice of Liu et al. [56] was used for
reference. According to the 2014 SO2 and NOX emission data of coastal and ocean-going
ships, and inland ships in the Air Pollutant Emission Inventory of Marine in China (2017),
the proportion of SO2 and NOX in China’s two types of pollutant emissions in 2014 is
calculated as the fixed proportion value from 2011 to 2017. Subsequently, according to the
emission data of two types of pollutants in the China Statistical Yearbook and the Statistical
Yearbooks of each province, multiplied by the fixed proportion value, the SO2 and NOX
emission data of each port can be obtained.

4.2.3. Ports Input

According to Table 1, from the perspective of the port’s input, the port’s input in-
dicators mainly included the number of berths for production, the length of the wharf,
and the amount of loading and unloading equipment [65,66]. These indicators directly
reflect the port’s scale and infrastructure construction level; from the perspective of the port
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enterprise operation, port input indicators focus on financial indicators, mainly including
main business cost, number of employees, fixed assets, etc. [62,69]. These indicators can
reflect the scale and operation level of port operation companies; from the perspective of
undesirable output, energy indicators such as oil consumption and electric consumption
can also be selected as port input indicators [70,72]. There are two problems in the actual
collection of the latter two types of indicators: first, many ports operating enterprises in
FTZs are not listed and their financial status is not disclosed, resulting in great difficulty
in data collection of financial input indicators; second, in the process of collecting energy
input indicators, it is found that there are many missing values in the relevant data of ports
in FTZs. Therefore, based on the principle of data availability, this paper mainly selected
the number of berths for production and the length of the wharf as input indicators from
the perspective of the port’s own input. The longer the wharf length, the more berths can
be built. The more berths for production, the stronger the ship carrying capacity of the port.
The two can reflect the infrastructure construction level of the port from the perspective of
actual investment, and represent the scale and production capacity of the ports to a large
extent. Table 2 reports the descriptive statistical results of each variable.

Table 2. Descriptive statistical results of input-output variables.

Variable Type Variable Name Unit Obs. Mean Median S.D. Min Max

“Good output” Cargo Throughput
Container throughput

10,000 Tons
10,000 TEUs

196
196

21,793
675

14,236.5
136.54

19,223.41
1441.51

348
0

70,542
16,602

“Bad output” SO2
NOx

Ton
Ton

196
196

2097
3281

187.64
1555.95

3499.4
4780.1

1.98
19.68

17,028
24,075

Ports
investment

Number of berths for
production Unit 196 225 151 231.39 22 1402

Length of Wharf Meter 196 25,585 22,674 18,892 2084 76,469

5. Time Series Characteristics and Heterogeneity Analysis of Green TFP in FTZ Ports

5.1. Overall Temporal Characteristics

Table 3 reports the TFP index of China’s FTZ ports and their decomposition results.
When the environmental factors were not introduced, the annual growth rate of TFP (TFPC)
in FTZ ports from 2011 to 2017 was 1.25%, in which the technical efficiency (TEC) increased
by 5.95% annually, whereas the technical progress (TPC) showed negative growth, with an
annual decline of 4.44%. After the introduction of environmental factors, the annual growth
rate of green TFP of the ports in FTZs increased to 4.43%, of which the annual growth rate
of technical efficiency decreased to 0.57%. The technological progress showed positive
growth, with an annual growth rate of 3.84%. Through comparison, it was found that after
the introduction of environmental factors, technical efficiency decreased by 5.38%, whereas
the technical progress and TFP growth rate increased by 8.28% and 3.18%, respectively. This
indicated that after the introduction of environmental factors, the technological transition
and the decreasing factor utilization rate of the port coexist. Although the decline of
technical efficiency is large, the improvement of TFP brought by technological progress
is enough to counter for the loss caused by the lack of factor utilization. Therefore, the
TFP growth rate can still achieve positive growth after the introduction of environmental
factors, and the average annual growth rate can be further improved. It can be seen that the
TFP estimation of China’s FTZ ports will be affected by environmental factors. Ignoring
these environmental factors will lead to the underestimation of the TFP growth rate and
technological progress growth rate, and the overestimation of the technical efficiency
growth rate.
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Table 3. Port TFP index and its decomposition term (2011–2017).

Year

No Environmental Factors Were
Introduced

Environmental Factors Were
Introduced

TEC TPC TFPC TEC TPC TFPC

2012 1.0560 0.8232 0.8693 0.9385 0.9271 0.8701
2013 1.0570 1.0161 1.0740 1.0064 1.0965 1.1035
2014 1.0414 0.9765 1.0170 1.1400 0.9005 1.0265
2015 1.1115 0.9140 1.0159 0.9952 1.0254 1.0205
2016 1.0200 0.9856 1.0054 0.9392 1.1678 1.0968
2017 1.0733 1.0350 1.1109 1.0280 1.1439 1.1758

Mean value 1.0595 0.9556 1.0125 1.0057 1.0384 1.0443

In addition to 2012, the green TFP and the traditional TFP of China’s FTZ ports have
both shown positive growth, which may be due to the fact that since the establishment of the
first batch of FTZs in 2013, ports, as an important hub of a region, undertake the functions
of trade exchanges and cargo transportation with other countries and regions. To give
full play to the role of FTZs in promoting foreign exchanges and economic development,
their respective trade zone governments and port groups can pay more attention to port
management and technological progress. From 2014 to 2015, the TFP index of the two
categories continued to decline, which may be due to the increase in the number of FTZs,
or some inefficient FTZ ports pulling down the overall growth rate. On the other hand,
it may also be due to the fact that in the early days of the establishment of FTZs, some
regions excessively pursued the port’s infrastructure construction and blindly expanded,
resulting in repeated construction. In the environment of a shrinking market, there is a lack
of overall planning awareness and management capacity, which gives some ports excess
capacity and low operational efficiency. Since 2011, the green TFP index has been higher
than the traditional TFP index. Combination Färe et al. [73] reveal that the reduction in the
“bad” output of ports in China’s FTZs has exceeded the growth rate of the “good” output,
and the technological progress rate of ports in China’s FTZs are constantly improving, and
moving towards the direction of green development.

According to the decomposition, when it comes to the TFP index, without the in-
troduction of environmental factors, the technical efficiency index is significantly greater
than 1, and the technical progress index is less than 1 in most years, showing a negative
growth. This indicates that without considering environmental factors, TFP growth mainly
depends on the improvement of factor allocation and usage efficiency. By comparison with
the results without the introduction of environmental factors, the technical efficiency index
decreased significantly after the introduction of environmental factors; on the contrary,
the technological progress index, especially in 2016 and 2017, showed significant growth.
It may be that under the macro environment of energy conservation and the emission
reduction, the RD of new energy and new technology has gradually passed the stage of
cost investment, and its dividend has begun to emerge. It can be seen that the introduction
of environmental factors has had a crucial impact on the estimation of the TFP of China’s
FTZ ports. At the same time, this also reveals that the port efficiency of China’s FTZs
has not fully reached its potential of existing resources and technologies, and there is still
much room to promote the performance growth of ports by improving their operation and
production efficiency.

5.2. Investigation of Port Heterogeneity

Table 4 reports the TFP index of each port and its decomposition results. It can
be found that the TFP of ports in China’s FTZs are different. Without considering the
environmental factors, Hangzhou port has the highest TFP growth rate (with an average
annual growth rate of 15.97%), followed by Changsha Port and Luzhou port, and Fuzhou
port has the lowest TFP growth rate. After the introduction of environmental factors,
Nanjing port has the highest TFP growth rate (with an average annual growth rate of

141



IJERPH 2021, 18, 12910

21.95%), followed by Hangzhou port and Chongqing port. Fuzhou port’s TFP growth rate
was still the lowest. From the numerical comparison of the TFP index, we can see that
after the introduction of environmental factors, except for Fuzhou port, Harbin Port and
Yangpu Port, the TFP index of other ports has increased, with Nanjing port and Xiamen
Port increasing by 13.23% and 13.49%, respectively. This also indicates that the TFP ranking
of the two ports has significantly improved, ranking first and fifth respectively. Overall,
environmental factors have a significant impact on the TFP index of each port.

Table 4. TFP index of each port and its decomposition term (2011–2017).

Port Type Region

No Environmental Factors Were Introduced
Environmental Factors

Were Introduced

TEC TPC TFPC
TFP

Ranking
TEC TPC TFPC

TFP
Ranking

Changsha inland central 1.1822 0.9621 1.1374 2 1.1098 1.0336 1.1471 4
Dalian coastal eastern 1.0602 0.9615 1.0194 13 0.9255 1.1061 1.0237 18
Fuzhou coastal eastern 0.8200 0.9616 0.7885 28 0.7870 0.9999 0.7869 28

Guangzhou coastal eastern 1.0887 0.9607 1.0459 8 1.0754 1.0333 1.1112 9
Harbin inland central 1.0011 0.9615 0.9625 23 0.9317 1.0297 0.9593 25
Haikou coastal eastern 0.9682 0.9620 0.9313 27 1.0000 1.0000 1.0000 20

Hangzhou inland eastern 1.2062 0.9615 1.1597 1 1.1301 1.0325 1.1668 2
Hefei inland central 0.9880 0.9624 0.9508 24 0.9429 1.0332 0.9742 24

Lianyungang coastal eastern 1.0275 0.9645 0.9910 19 0.9496 1.0567 1.0034 19
Luzhou inland western 1.1632 0.9619 1.1188 3 1.0043 1.1199 1.1248 6
Nanjing inland eastern 1.1301 0.9620 1.0872 5 1.1790 1.0343 1.2195 1
Nanning inland central 1.0429 0.9615 1.0027 18 1.0299 1.0228 1.0533 15
Ningbo coastal eastern 1.0782 0.9437 1.0175 14 1.0555 0.9991 1.0546 14

Qinzhou coastal central 0.9802 0.9626 0.9435 26 0.8180 1.1619 0.9504 26
Qingdao coastal eastern 1.0209 0.9661 0.9863 20 1.0000 1.0000 1.0000 21
Shanghai coastal eastern 1.1261 0.9150 1.0304 11 1.1188 1.0014 1.1204 7
Shenzhen coastal eastern 1.1795 0.8584 1.0125 16 1.0000 1.0712 1.0712 11
Suzhou inland central 1.0674 0.9623 1.0271 12 1.0000 1.0323 1.0323 17

Tangshan coastal eastern 1.0000 0.9802 0.9802 21 1.0000 1.0000 1.0000 22
Tianjin coastal eastern 1.0463 0.9684 1.0132 15 1.0315 1.0044 1.0361 16
Wuhu inland central 1.0908 0.9625 1.0499 7 1.0142 1.0415 1.0564 13
Wuhan inland central 1.0967 0.9620 1.0551 6 1.0413 1.0359 1.0787 10
Xiamen coastal eastern 1.0833 0.9298 1.0073 17 1.0158 1.1244 1.1422 5
Yantai coastal eastern 1.0113 0.9623 0.9731 22 0.9726 1.0066 0.9791 23

Yangpu coastal eastern 0.9825 0.9622 0.9454 25 0.9110 1.0089 0.9191 27
Yueyang inland central 1.0743 0.9623 1.0338 10 1.0000 1.0663 1.0663 12

Chongqing inland western 1.1545 0.9625 1.1112 4 1.1191 1.0342 1.1574 3
Zhuhai coastal eastern 1.0839 0.9618 1.0425 9 1.1066 1.0084 1.1159 8

Mean value 1.0595 0.9556 1.0125 1.0057 1.0384 1.0443

According to the decomposition term of TFP, for most ports, whether environmental
factors are introduced or not determines whether the leading factor of TFP growth is
technical efficiency or technical progress. Without the introduction of environmental
factors, the technical efficiency index of most ports exceeds the technical progress index
(except for Fuzhou port). After the introduction of environmental factors, the comparison
of the decomposition terms of most ports is reversed. This shows, once again, that ignoring
environmental factors leads to errors in the measurement results of the TFP of ports in
China’s FTZs. It also means that there is a large space for the vast majority of ports to
further promote the growth of TFP, through the improvement of technical efficiency.

5.3. Analysis on Port Types and Regional Heterogeneity

In order to investigate the types and regional heterogeneity of the TFP changes in
China’s FTZ ports, the FTZ ports were divided into two types (inland ports and coastal
ports) and three regions (eastern, central and western regions). It can be seen from Table 5
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that there are great differences in the TFP index and its decomposition terms between
inland ports and coastal ports. From the regional point of view, the differences between the
eastern ports and the central ports are minor, but there are significant differences between
them and the western ports.

Table 5. TFP index of port type and region and its decomposition mean (2011–2017).

Port

No Environmental Factors Were
Introduced

Environmental Factors Were
Introduced

TEC TPC TFPC TEC TPC TFPC

Overall
average 1.0595 0.9556 1.0125 1.0057 1.0384 1.0443

Inland 1.0977 0.9620 1.0561 1.0393 1.0427 1.0837
Coastal 1.0317 0.9508 0.9810 0.9812 1.0352 1.0157

Eastern 1.0509 0.9520 1.0005 1.0103 1.0282 1.0388
Central 1.0551 0.9621 1.0151 0.9824 1.0523 1.0337
Western 1.1588 0.9622 1.1150 1.0601 1.0762 1.1410

Under the classification standard of port types, the TFP annual growth rate of inland
ports was significantly higher than those of coastal ports, without the introduction of
environmental factors. The TFP annual growth rate of inland ports was 5.61%, whereas for
coastal ports this was 1.9%. This difference was mainly determined by technical efficiency.
This represents that the difference between coastal ports and inland ports is mainly reflected
in factor utilization efficiency, when environmental factors are not considered. It may be
that with the opening of the FTZ, coastal areas expand port investment in cases with a
more advantageous geographical location, resulting in different degrees of congestion in
the number of berths and berth length investment [46]. This leads to low efficiency. After
the introduction of environmental factors, the annual growth rate of the TFP of inland
ports was still higher than those of coastal ports. Compared with the results without the
introduction of environmental factors, the technical efficiency index decreased by different
degrees, indicating that in terms of port operation and management, the two types of
ports had deficiencies in resource consumption and environmental contamination emission
management. Moreover, the technical efficiency of coastal ports had a negative growth.
This shows that both inland ports and coastal ports have input in clean technology, green
operation and environmental protection technology, and the corresponding input has
brought different degrees of income, which lead to the leading factor of TFP growth from
the technical efficiency without environmental factors, to the technical progress after the
introduction of environmental factors.

Under the regional division standard, without the introduction of environmental
factors, the annual growth rate of port TFP from high to low is in the order of western,
central and eastern regions. After the introduction of environmental factors, the western
region still ranked first, whereas the eastern and central regions alternated. According
to the decomposition in terms of the TFP index, compared with the non-introduction of
environmental factors, the average annual growth rate of technological progress increased
significantly, whereas the average annual growth rate of technical efficiency decreased
significantly. Firstly, this shows that the regional ranking of TFP annual growth rate
was also affected by environmental factors. Secondly, due to data reasons, ports in the
western region solely included Chongqing port and Luzhou port, which may be due to
the relatively concentrated population in Chongqing and Luzhou, strong demand for
cargo transportation, developed water systems, a long history of ship transportation
businesses, rich experience in management and operation, and small pollution emissions
from inland ships. Therefore, both traditional TFP and green TFP were ranked first. After
the introduction of environmental factors, the ranking of the TFP average annual growth
rate in the eastern and central regions alternated, which was mainly affected by the sharp
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decline in the technical efficiency of the ports in the central region. This reveals that
compared with the ports in the eastern region, the ports in the central region still have
a certain gap in geographical location, scientific and technological environment, and the
concentration of cargo transportation points.

5.4. Analysis on Evolution Trend of Port Types and Regional Differences

Since green TFP can better reflect the green growth performance of the ports in FTZs,
we only analyzed the change trend of port types and regional differences of green TFP.
Referring to the practice of Teng et al. [74], we used the coefficient of variation to measure
the degree of regional difference.

Figure 5 depicts the evolution characteristics of the type difference degree of the
green TFP index of the whole sample, inland and coastal ports. It can be found that the
difference degree of port type of the green TFP index decreased as time went on, meaning
that the green TFP of ports in China’s FTZs may exist on whole σ convergence. From
the evolution of the internal differences of green TFP between the two types of ports, the
evolution trajectory was basically consistent with the whole sample, which indicated that
the differences of green TFP between the two types of ports are shrinking, and may also
exist on σ convergence. From the mean value of the coefficient of variation, the inland ports
were significantly higher than the coastal ports in most years. Regarding the differences
between port types, the difference of coefficient of variation between the two types of ports
in 2017 was smaller than that in 2012, indicating that the differences between port types
are narrowing.

Figure 5. Variation trend of green TFP difference degree in general, inland and coastal ports.

Figure 6 depicts the evolution characteristics of regional differences in the green TFP
index of eastern, central and western ports. From the evolution of the internal differences of
green TFP of ports in the three regions, the coefficient of variation of central ports decreased
significantly, from 0.4469 in 2012 to 0.161 in 2017, with the largest declines in 2012 and
2013; the coefficient of variation of eastern ports decreased from 0.2452 in 2012 to 0.207 in
2017, which was less than those of central ports. It can be seen that the differences of green
TFP between the central and eastern ports are shrinking, and there may be some problems
with σ convergence. However, the coefficient of variation of western ports remained stable
during 2012–2017, and there was no convergence trend. From the mean value of coefficient
of variation, except for 2017, the coefficient of variation of the three regions from large to
small was central, eastern and western, meaning that the difference of green TFP within
the central ports was the largest, followed by eastern and western. From the perspective of
regional differences, the difference of the coefficient of variation of the three major regional
ports in 2017 was smaller than that in 2012, which indicates that the differences between
regions are narrowing.
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Figure 6. Variation trend of green TFP difference degree in eastern, central and western ports.

6. Conclusions

This paper introduces environmental factors into the measurement framework of TFP
in China’s FTZs, and compares it with the traditional TFP, without considering environ-
mental factors. The main conclusions are as follows.

Firstly, the emissions of SO2, NOX and other pollutants from the ports of China’s
FTZs have decreased year by year. The port environment has gradually improved, and
the concept of green development has been thoroughly implemented. However, there are
some heterogeneous characteristics in pollutant emissions and their changing trends, and
the pollutant emission of coastal ports and eastern ports account for the vast majority. In
the downward trend, the reduction of NOX emission was generally higher than that of
SO2 emission.

Secondly, both the green TFP and traditional TFP of FTZ ports showed an upward
trend, with an average annual growth rate of 4.43% and 1.25%, respectively. It can be seen
that the introduction of environmental factors has a significant impact on the estimation of
TFP in FTZ ports, which means the non-introduction of environmental factors will lead to
the overall underestimation of TFP. The main source of traditional TFP growth is technical
efficiency, whereas for green TFP it is technical progress. There is still a large space to further
improve the green TFP of FTZ ports through the improvement of technical efficiency.

Thirdly, the growth of green TFP in FTZ ports has great port heterogeneity. Nanjing
port has the highest growth rate of green TFP, with an average annual growth rate of
21.95%. Ningbo Port ranked 14th, with an average annual growth rate of 5.46%. At the end
of the list, the green TFP of Fuzhou Port showed negative growth. After the introduction
of environmental factors, the green TFP of most ports (except for Fuzhou port, Harbin Port
and Yangpu Port) increased, compared with the traditional TFP, and the main source of
growth changed from technical efficiency without the introduction of environmental factors,
to technical progress. The conclusion was the same as the overall time series conclusion.

Fourthly, the growth of ports green TFP in FTZs had great type and regional hetero-
geneity. Under the classification standard, the annual growth rate of green TFP in inland
ports was significantly higher than that in coastal ports. According to the three regional
classification standards, the annual growth rate of green TFP from high to low was in
the order of: the western region, the eastern region and finally the central region. The
central region was more restricted by environmental factors. After the introduction of
environmental factors, the TFP growth rate of the central region was lower than that of the
eastern and western regions.

Fifthly, from the evolution trend of the internal differences of green TFP between the
two types of ports, the differences of green TFP between inland ports and coastal ports
are shrinking, and there may be σ convergence. The difference between the two has also
narrowed. From the evolution trend of the internal differences of green TFP in the three
regional ports, only the differences of green TFP in the central and eastern ports have
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narrowed, which may exist due to σ convergence. The differences among the three regions
are also narrowing.

Based on the above research conclusions, the main enlightenment of this paper is
as follows.

Firstly, under the background of economic globalization and regional economic inte-
gration, as one of the cores of FTZs, ports in FTZs should pay more attention to the positive
impact of TFP on the green and sustainable development of FTZs, and incorporate environ-
mental factors into the evaluation and management system of port TFP. They should also
promote the transformation of port growth mode from factor driven to green TFP driven,
and further promote the green development of ports in FTZs.

Secondly, it is necessary to maintain the contribution level of technological progress of
the TFP of the ports in FTZs, as well as continuously improve the independent innovation
ability and technical level of the ports, strictly control pollution emissions, build ecological
green ports and strive to improve their core competitiveness. At the same time, the green
TFP growth can be promoted through the improvement of technical efficiency, reasonable
planning of the port layout, and clear port positioning according to their actual situation, in
addition to a focus on the construction of professional and large-scale wharfs, and avoiding
the repeated construction and redundant investment of ports. At the same time, we should
make full use of the policy advantages of FTA to increase port throughput, improving
the carrying capacity of wharfs, and further tapping the potential of existing resources
and technologies.

Thirdly, although the regional differences of green TFP growth in ports are shrinking,
the government should still formulate corresponding regional difference policies according
to the factor endowments of various regions, establish a flexible environmental response
system to improve the environmental adaptability of the port industry, and guide ports
to make full use of and allocate resources effectively. By promoting the research, develop-
ment and introduction of environmental protection and clean technologies, strengthening
regional green technology exchange and cooperation, we can further narrow the regional
differences of port’s green TFP growth, and ultimately promote the overall improvement
of port’s green TFP in China’s FTZs.

This study is helpful to scientifically understand the growth trend and heterogeneity
of the green TFP of ports in China’s FTZs under environmental constraints, and is of great
significance in promoting the green development of ports in China’s FTZs. However, this
work is not over yet. In the future, we can continue to study it from at least the following
three aspects: first, this study can be further connected with the theme of sustainable
development. We can perform research on the sustainable development of FTZ ports
from the perspective of green TFP, meaning that green TFP will be regarded as one of the
important factors affecting the sustainable development of ports. By constructing a model
to quantitatively evaluate the impact of green TFP on port sustainable development under
environmental constraints, we can then put forward the port emission reduction strategy
from the perspective of sustainable development. Second, we can perform research on
the influencing factors of green TFP of FTZ ports. As an important factor affecting the
sustainable development of ports, green TFP is an endogenous variable, determined by
a series of economic activities. As a continuation of this study, we can further analyze
which factors have an important impact on port green TFP. For example, the city’s green
infrastructure and comprehensive development level are closely related to the city’s TFP
and sustainable development. The port is located in a city, so we can focus on identifying
the causal impact of the city’s green infrastructure and comprehensive development level
on the port’s green TFP. Third, we can scientifically evaluate the green TFP effect of China’s
FTZ strategy. Considering that the ports studied in this paper belong to the ports in
China’s FTZs, there may be differences in policy impact between them and non-FTZ ports.
Therefore, we can take the establishment of China’s FTZs as a quasi-natural experiment,
and scientifically evaluate the real effect of the implementation of China’s FTZ strategy on
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the port pollutant emission and green TFP of FTZs, by using time-varying difference in
difference (DID) and other methods.
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Abstract: The health shocks caused by air pollution seriously interfere with people’s economic life.
Based on the air pollution index and health shock index calculated by the principal component
entropy weight method, this article analyzes the impact of air pollution on labor mobility, and adopts
the mediation effect model to test the mediation effect of health shocks, using the threshold model
to analyze the time and the health shocks threshold effect of air pollution on labor mobility. Its
conclusions are as follows: (1) Air pollution has a negative impact on the net inflow of labor mobility,
and the net inflow of labor mobility decreases between 24.9% and 44.7% on average for each unit
increase in the health shocks of air pollution. (2) The impact of air pollution on labor mobility is all
caused by health shocks; the health shocks are also an important factor influencing the decrease in the
labor mobility supply across provinces, and the different health levels of the migrating individuals
due to air pollution. (3) The health shocks of air pollution have a single-time threshold effect on labor
mobility, and the health shocks of air pollution in China have intensified after 2010, confirming that
China’s Lewis turning point was 2010. (4) The attraction effect of stable and higher regional real
income will partially offset the repulsion effect of health shocks of air pollution on labor mobility,
when the health-shocks index of air pollution exceeds the threshold value of 1.9873. Finally, the policy
implications of the health shocks of air pollution on labor mobility are also formulated.

Keywords: air pollution; health shocks; labor mobility; mediating effect; threshold effect

1. Introduction

The environment, health and reasonable labor mobility are currently hot social topics.
Since 1949, the scale of labor mobility has been unprecedented, and it has become an
important factor for promoting social and economic development [1]. From 1982 to 2015,
China’s labor mobility scale first increased and then decreased, with the total population
migration across counties enlarging 4.1 times from 1982 to 2010, and decreasing 9.59%
from 2010 to 2015 [2], becoming the main labor force for China’s economic development,
especially in developed regions such as Guangdong, Shanghai and Beijing. Indeed, the
characteristics of labor mobility in China can be divided into three stages. Firstly, the early
stage of labor mobility (1949–1978). In this stage, only a small number of migrant workers
can be migrated to another place, especially to the cities, and labor mobility is mainly based
on the government’s planned policies to serve social stability and economic development.
Secondly, the middle stage of labor mobility (1979–2010). In this stage, laborers begin to flee
their regulated workplace for a better income, and the labor mobility scale across regions is
growing. Both China’s labor mobility index and the annual average inflow of the mobile
population are continuously increasing before 2010, as shown in Figure 1. Thirdly, the
transition stage of labor mobility (after 2011). In this stage, the characteristics of health-type
mobility appeared, and health demands come to be a more important factor influencing
labor’s mobility.
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Figure 1. The trend of the labor mobility index and the annual average inflow of floating population
in China from 1980 to 2018. Note: According to the calculation formula of net mobility rate in the
Section 3.2.2, the annual results of each province were taken as the natural index, and then the annual
average value of the whole country was calculated to represent the inflow index.

In the third stage, the deaths caused by air pollution increased. According to the
Lancet’s “Global Burden of Disease Report 2019,” China’s PM2.5 caused 1.2 million early
deaths and 25 million disabled-adjusted life-year losses in 2019. As the threat of air pollution
and health damage continues to increase, the average annual labor mobility index (net
labor inflow rate) in each province of China has continued to decline, and this indicates
increased labor fleeing as shown in Figure 2(the graph is consistent with Zhang and Wang
(2020) [3]). Based on this phenomenon, scholars believe that air pollution has a significant
negative impact on labor mobility [4–6].

Figure 2. The trend of the net inflow rate of labor mobility and the air pollution-health shocks
composite index from 2007 to 2015. Note: (1) The net inflow rate of labor mobility is calculated
according to Formula (7) below, which is the average value of each year. (2) The air pollution-health
shocks composite index is calculated in Section 3.2.2.

The negative relationship between air pollution and labor mobility refutes the view of
surplus labor depletion under the “Lewis Turning Point” from the perspective of exogenous
influence. Especially in the developed and eastern coastal regions in China, people decide
their own labor supply on facts as health and social investment, the labor income, the leisure
replacement and healthy life, and we can also see the counter-urbanization phenomenon
known as “fleeing Beijing, Shanghai and Guangzhou” [6]. However, there are few empirical
studies on the relationship between air pollution, health and labor mobility. Most studies
do not provide direct evidence to confirm air pollution’s influence on labor mobility
through damaging health, and focus especially on the healthy migration effect and the
salmon bias effect after the self-selection of Latin immigrants (also known as the Hispanic
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paradox) and are limited to using the pollution amount or concentration and other related
variables to construct indicators for indirect analysis [5,7]. The health paradox of Latino
immigrants (the Hispanic paradox) refers to the fact that Latino immigrants with lower
socioeconomic status in the United States who have limited access to healthcare generally
have a higher health level than non-Hispanic whites [8,9]. Indeed, facing the health shocks
caused by air pollution, the probability of labor migration across provinces is higher than
that across counties, and health shocks on labor mobility are more sensitive in larger
geographical regions [10]. Therefore, this article focuses on providing direct evidence
of air pollution’s impact on labor mobility, anchoring the health shocks perspective in
provincial samples. The potential contributions of this article are as follows: Firstly, using
the principal component-entropy weight combination method, this article calculated the
air pollution index and the health shocks effect index, and provided a direct provincial
sample for empirical analysis. Second, using the mediation effect model, we found that
labor will be impacted by health shocks when it suffers from air pollution. Labor mobility
will be promoted to change migration decisions, and the inflow rate of labor mobility across
provinces will decrease. These findings will provide additional evidence for the debate on
the Lewis turning point and the exploration of the health paradox of Latin immigrants.

The remaining sections of this article are as follows: Section 2 is the literature review,
summarizing the methods and conclusions about the relationship between air pollution,
health shocks and labor mobility, and providing related hypotheses. Section 3 is the
methodology, introducing the mediation effect method and data resources and description.
Section 4 reveals the result, showing the impact of air pollution on labor mobility, and
the mediation effect of health shocks and the threshold effect. Section 5 is the discussion,
focusing on the study’s results and their limitations. Finally, in Section 6, the conclusions
and policy implications are provided.

2. Literature Review

2.1. The Impact of Air Pollution on Health

Scholars have studied the relationship between different air pollutants and health, and
found that air pollution has a significantly positive relationship with the death rate [11],
the infant mortality rate [12], respiratory diseases [13], cardiovascular diseases [14], der-
matology [15], ocular surface diseases (Jung et al., 2018) [16], neurological diseases [17],
cancer [18] and other chronic diseases [19]. For example, Chay and Greenstone (2003) [20]
asserted that with a 1% decrease in the total suspended particulate (TSP) the infant mortality
would decrease 0.35−0.45%, and indicated a non-linear relationship between air pollution
and infant mortality at the county level. Based on a sample of 88 large cities in the United
States, Dominici et al. (2002) [21] argued that the mortality rate would increase 0.5% if the
PM10 concentration rate on the previous day increased about 10 μg/m3, and indicated
a linear relationship between concentration and response. Song et al. (2019) [14] further
found that hospitalized patients with hypertension increased by 0.56%, 0.31%, 1.18%, 0.40%
and 0.03%, while the PM2.5 (lag06), PM10 (lag06), NO2 (lag03), O3 (lag06) and CO (lag04)
increased by 10 μg/m3, respectively.

2.2. The Impact of Health on Labor Mobility

In the 19th century, based on the law of population migration, E. G. Ravenstein
first proposed the population movement theory [22]. In the 1960s, E. S. Lee (1966) [23]
further perfected R. Herberle’s push–pull theory and argued that population migration
could be attributed to the joint action of push and pull forces. Poor living conditions
and various reasons push people away from their hometown, and good expectations pull
people to new places. At the level of occupation, Thomas et al. (2006) [24] studied an
intervention experiment in Indonesia, and the results showed that the improved health
status significantly increased the probability of male rural residents participating in migrant
work. Adhvaryu and Nyshadham (2017) [25] further suggested that most people with
long-term illness experienced a shift from agricultural labor to enterprise labor, and sick
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people are more productive in business than on farms, and confirmed that disease is a push
force for labor mobility. However, other scholars have opposite views. Jing et al. (2018) [26]
found that health status had little impact on rural migrants’ choice of self-employment
and employment.

In addition, based on the population migration theory, other scholars have explored
the impact of health on labor mobility from the perspective of the Latino health paradox.
The health paradox of Latin immigrants can be described as immigrants with lower so-
cioeconomic status and fewer medical resources having better health outcomes than the
local residents [27]. Many scholars generally believe that individual health status will
significantly affect labor migration or mobility decisions, and have proposed the health
depletion effect, the health migration effect [28,29] and the salmon bias effect [30]. The
health migration effect suggests that workers with a good health status are more likely to
leave home, and the salmon bias effect suggests that workers in poorer health status are
more likely to return home.

However, scholars do not fully support the viewpoints above. Indeed, when the
labor supply is subjected to a health shock such as an epidemic, there is a temporary or
permanent reduction in the labor supply due to the direct and indirect effects of illness and
death. At the same time, the fear of being infected by others can lead to a decline in labor
participation, and the closure of employment places [31]. If labor suffers a health shock
such as COVID-19, this is likely to reduce the mobility inflow rate of different regions [32].

2.3. The Impact of Environmental Pollution on Labor Mobility

Since the early 1990s, scholars have been increasingly concerned about the relationship
between environmental pollution and labor mobility. Among them, based on the dual
economic structure framework, Harris and Todaro (1970) [33] proposed the classical Harris–
Todaro model (“H–T model”), and discussed the relationship between labor transfer and
environmental pollution. Based on the H–T model, some scholars have studied the rela-
tionship between the pollution and labor mobility from the industry sector perspective [34]
and have confirmed that pollution in the industrial sector will affect the marginal income
of the labor transfer, and further affect the labor mobility scale between urban and rural re-
gions. Several scholars have studied the relationship between pollution and labor mobility
from the population migration and the spatial mobility perspective [35] and have argued
that a better quality of environment, including solid waste, the air, water, noise pollution
and other factors, is the main factor in the interregional migration of individuals. That is
different from the traditional view that economic factors are the dominant contributor to
labor mobility.

Focusing on China’s labor mobility problem, most scholars have explored the influence
of environment on labor mobility at a geo-space level. Their conclusions have shown that
the natural environment has gradually become an attractive factor for labor immigrants [36],
and air pollution exerts an important influence on labor mobility, especially for male people
of a younger age with higher education, high skills or high-income [6]. However, they used
air pollution or environmental pollution variables, such as haze and exhaust emissions,
to explain the main impacts on labor mobility, and ignored the impact mechanism of the
health shocks caused by air pollution on labor mobility. For example, using micro-survey
samples in the Beijing-Tianjin-Hebei region, Lu et al. (2018) [7] argued that haze pollution
has caused the technical talent loss in the Beijing-Tianjin-Hebei region. Few scholars
have paid attention to the impact of environmental pollution on labor mobility between
industries. The impact of environmental pollution on the employment scale shows an
inverted U-shaped relationship, and the degree of environmental pollution also has an
obvious impact on the employment structure of the industry [37].

To sum up, there are many studies on the relationship between air pollution and
the health, the health and labor mobility, or air pollution and labor mobility, respectively.
However, there are few studies on the relationship between air pollution, the health and
labor mobility simultaneously. Meanwhile, studies on the relationship between air pollution
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and health lack the health-risk-generation perspective at the macro level, and the studies
on the relationship between health and labor mobility do not further explain the health
paradox of Latino immigrants due to the influence of air pollution. Finally, most studies
on labor mobility involving the Lewis turning point are from the perspective of marginal
productivity changes [38], and do not consider the impact of exogenous factors. Therefore,
this article will focus on the relationship between air pollution, health and labor mobility at
a macro level. The theoretical framework is shown in Figure 3.

Figure 3. The theoretical framework.

2.4. Research Hypothesis

Indeed, China’s labor mobility index has declined, which is especially obvious in the
labor force fleeing Beijing, Shanghai and Guangzhou, and labor shortages have restricted
the high-quality development of the eastern region. However, areas such as eastern China
and north of the Huai River are heavily polluted [11]. According to the reference above,
there is a significant functional relationship between air pollution, health shocks and labor
mobility. Therefore, we propose hypothesis H1 and H2:

Hypothesis 1 (H1). Air pollution restricts labor mobility across provinces, and health shocks play
a mediating role in that process.

Hypothesis 2 (H2). The impact of the health shocks of air pollution on labor mobility varies
significantly in different regions. The severely polluted areas in eastern China and north of the Huai
River, etc., perform more prominently.

Furthermore, as mentioned above, China’s labor mobility index and the annual aver-
age inflow of floating population fluctuated upward before 2010 and then downward. Since
the reform and opening up, the continuous advancement of industrial priority and the
eastern priority development strategy in China have not only accelerated the development
of industrialization and urbanization, but also widened the income gap between different
industries and regions, and created large-scale market-oriented spontaneous labor mobility,
and the cross-regional scale of labor mobility is growing continuously. The nature of labor
mobility is mainly affected by the inequality of development between regions and income
equality. Subsequently, although income inequality has been slowly decreasing, the income
gap is still obvious, and the average level of health shocks has changed only modestly after
2010, and health inequality between regions has further increased (Figure 4), while the
labor mobility index has dropped significantly. Generally, we can conclude that the health
shocks of air pollution on labor mobility have time differences, which mainly originated
from the income inequality and air pollution [39]. Therefore, we propose hypothesis H3:
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Figure 4. The annual development trend of residents’ income and health in China. Note: We used
the geometric mean of the mortality rates in each province to represent the average health level, and
adopted the annual income Gini coefficient to represent the income inequality index, and calculated
the health inequality index in the sample using the Gini coefficient method.

Hypothesis 3 (H3). The health shocks of air pollution that hinder the inflow of labor mobility
across provinces became more significant after 2010, indicating a threshold effect, and the threshold
effect mainly originates from income and air pollution.

3. Materials and Methods

3.1. The Econometric Model
Entropy Method

Firstly, we analyze whether the interaction between the air pollution index and health
factors has a significant impact on labor mobility, and the benchmark model is as follows:

lit = ρ0 + ρ1 polit + ρ2dit + ρ3 polit ∗ dit + B ∗ contr + ωi + δt + εit (1)

lit = β0 + β1hit + B0 ∗ contr + ωi + δt + εit (2)

In Equations (1) and (2), i, t refers to the province and the year, respectively. The value
l represents the labor mobility index, pol represents the composite index of air pollution,
d denotes the health shock index, pol∗d is the interaction term, h represents the coupling
index of air pollution and the health shock and ω, δ and ε refer to the individual effect, the
time effect and the random effect, respectively. B and B0 represent the coefficient parameter
vector of the control variables, ρ0 and β0 are the constants, ρ1, ρ2, ρ3 and β1 represent the
coefficient parameters, and contr represents the control variables.

Secondly, we analyze the mediating effect of health shock in the impact of the air
pollution on labor mobility, and model as follows:

lit = α0 + α1 polit + B1 ∗ contr + ωi + δt + εit (3)

dit = γ0 + γ1 polit + B2 ∗ contr1 + ωi + δt + εit (4)

lit = λ0 + λ1 polit + λ2dit + B3 ∗ contr + ωi + δt + εit (5)

In Equations (3)–(5), B1, B2, B3, α1, β1, γ1, λ1 and λ2 represent the coefficient parame-
ters, respectively. α0, γ0, and λ0 are the constants. contr1 represents the control variables.
When α1 in Equation (3) is significant, it indicates that air pollution has an overall influence
on labor mobility. Subsequently, Equations (4) and (5) test whether the γ1, λ1 and λ2 are
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significant, indicating that air pollution affects labor mobility partly by a health shock; if γ1
and λ2 are significant on the test, while λ1 is not, the effect of air pollution on labor mobility
is entirely due to a health shock. Finally, if γ1 or λ2 show only one or none of the tests to be
significant, a Sobel or bootstrap test is required to further determine the mediating effect.

Lastly, we adopt the threshold effect model, to further explore to what level the health
shock of air pollution influences labor mobility, and the model as follows:

lit = μ0 + μ × M × I(·) + ωi + εit (6)

In Equation (6), μ0 refers to the constant, μ refers to the coefficient and M is the vector
set of explanatory variables in Equation (1). I(·) represents the indicative functions of
each threshold condition. The time effect is not controlled here, as the threshold condition
contains a time variable.

3.2. The Variable Measurement
3.2.1. The Dependent Variables

Referring to Lin and Wang (2006) [40], the population changes caused by the natural
population growth were excluded from the total population changes in each region, and
the working population aged 15–64 was retained to obtain the net population change scale
as the net inflow of labor mobility. Indeed, according to China’s Sixth National Census
in 2010, 90% of the floating population are of working age [3]. Thus, the net inflow of
population multiplied by 90% is an estimate of the net inflow of labor mobility, and can be
regarded as the labor mobility index l, and the index lit in region i from time t to t + 1 can
be calculated as:

lit =
(pit+1 − pit × (1 + nit))× 90%

(pit−1 + pit)/2
(7)

In Equations (7), p refers to the year-end population in one region. lit >0 denotes the
net inflow and lit <0 denotes the net outflow.

3.2.2. The Explanatory Variables

The index of health shock effect (d) and the index of air pollution (pol), measured
by Zhang and Wang (2020) [3] represent the health shock level (referring to the combined
impact level including the air pollution impact and the impact of other factors) and the
air pollution level, respectively. h is the coupling measure index of air pollution and
health shocks, directly representing or specifically referring to the health shock index of
air pollution.

To overcome the different dimensional effects, the multicollinearity and the subjective
empowerment arbitrariness of one complex system with more indicators, and avoid the
information loss caused by the individual effect and the time effect, we adopt the principal
component-entropy weight method. This article analyzes the time and the space value
of the selected variables after standardization, and the relative risk values of the two
dimensions are, respectively, q and r in the final measure. Meanwhile, in order to better
reflect the individual differences among the different samples, the composite index g
containing the time and space dimensions is:

g = eq ∗ er = e(q+r) (8)

Based on the above, to calculate the pol, d and h value, the specific measurement steps
are as follows:

Firstly, the samples were extracted after standardization, and the principal component
dimension reduction analysis was performed to extract the principal components for air
pollution and health shock subsystems.

Secondly, the standardized score of the extracted principal components is calculated
in each subsystem. Then, using the entropy weight method, the entropy information is

157



IJERPH 2022, 19, 1382

extracted from samples, and the weight of each index in the time and the space dimensions
is determined.

Finally, using the obtained weight, the relative index values q(pol), r(pol), q(d), r(d), q(h)
and r(h) of the spatial and temporal dimensions were calculated, and then the air pollution
index (pol), the health shock index (d), and the coupling index h of the air pollution system
and the health shock system is calculated as follows:

pol = e(q(pol)+r(pol)) (9)

d = e(q(d)+r(d)) (10)

h = e(q(h)+r(h)) (11)

3.2.3. The Control Variables

The set (contr) of control variables in Equations (1)–(3) and (5) includes:

(1) The real per capita income (gp). The gp is calculated by the proportion of the real per
capita GDP on the commodity housing price. Some scholars believe that air pollution
is one of the important factors affecting the housing price, and the regional housing
price is also one of the important factors influencing labor mobility [41], and the
regional housing price factors should be excluded from the regional per capita income.
After excluding the regional housing price factors, the region with the higher per
capita real income level will be more likely to attract labor inflow [42];

(2) The regional openness (iemport). The iemport is calculated by the proportion of the
total imports and exports on GDP, and the region with higher openness will have
more job opportunities to attract labor inflow [42];

(3) The regional education level (pere). Education has an important impact on labor
migration [43]. The pere is calculated by the weighted education level per capita, and
the region with the higher education level is more likely to be a developed region,
and to attract labor inflow (the specific calculation formula of per capita education
level is as follows: the average number of years of education for the labor force
=the proportion of illiterate and semi-illiterate in the employed population *1.5+ the
proportion of the employed population receiving primary education);

(4) The industrial structure (thr). Industrial structure is also an important variable affect-
ing labor mobility [44]. The thr is calculated by the proportion of the tertiary industry
on GDP. The more developed the tertiary industry is, the more likely it is to attract
labor inflow;

(5) The average daily precipitation (rain). The precipitation is also an important factor
affecting labor mobility [44]. The rain is calculated by the ratio of annual precipitation
to the number of days in the corresponding year. The more the average daily pre-
cipitation, the less sunshine there will be, and the more likely it is not conducive to
labor inflow;

(6) The per capita road area (perroad). The perroad is calculated by the road area divided
by the number of people at the end of the year. The higher the per capita road area,
the better urban transportation and infrastructure in one region, the more likely it is
to attract labor inflow [45].

The set (contr1) of control variables in Equation (4) includes:

(1) The per capita GDP (pergdp). The pergdp represents the regional economic develop-
ment level. It is generally believed that the higher the economic level is, the better it is
able to resist health shocks [46];

(2) The regional openness (iemport). The higher openness in one region, the more likely
it is to acquire new technologies and improve health [47]. However, other scholars
have confirmed that higher pollution in one region is always correlated with higher
openness [48], which will be worse for resisting health shocks;
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(3) The per capita education level (pere). The education level is an important variable
affecting the health level [30]. In a region with higher per capita education level,
people’s health awareness will be stronger than in others, and the better they will be
able to resist health shocks;

(4) The average temperature (temp). The temp is substituted by the average temperature
of major cities in each province, and it is an important exogenous factor affecting
people’s health or disease [14];

(5) The number of health technicians per 1000 population (tec). The medical level is also
an important variable affecting health level [30]. The higher medical care level in a
region, the better it is able to resist health shocks.

3.3. The Sources of Materials

Without special statements, the data used in this article are from provincial statistical
yearbooks of China, China Stock Market and Accounting Research Database (CSMAR),
China Economic Network Statistical Database, China Statistical Yearbook, China Health
Statistics Yearbook, China Environmental Statistics Yearbook and the meteorological moni-
toring data of Columbia University, etc. In this paper, the sample time ranges from 2007
to 2015; most health indicators’ statistic values start from 2007, and this can avoid the
exogenous interference of related policies before 2016, as China implemented the Healthy
China 2030 Development Strategy in 2016. We also establish panel data from 30 provinces
(excluding Hong Kong, Macau, Tibet and Taiwan) from 2008 to 2015, and adjust some
variables, such as GDP per capita imports and exports, to avoid influence from inflation.
Table 1 shows the descriptive statistics of the variables.

Table 1. The descriptive statistics of the variables.

Variable Description Unit Mean Std.Dev. Min Max

l The index of labor mobility % 0.279 1.163 −5.360 5.077
h The health shocks composite index of air pollution 2.012 0.797 1.085 7.389

pol Air pollution index 2.029 0.563 1.164 4.552
d Health shock index 2.206 0.715 1.284 6.185

pergdp Per capita GDP yuan/person 33,514.940 19,462.150 6915.000 106,184.200
gp Per capita real income level m2/person 6.467 2.013 2.300 14.075

iemport The ratio of total imports and exports to GDP % 0.146 0.224 0.000 1.101
pere Average years of education year/person 10.864 1.128 8.267 14.610
thr Ratio of output value of tertiary industry to GDP % 41.342 8.823 28.600 79.653
rain Average daily precipitation 100 million m3 4.954 3.467 0.151 13.965

perroad Road area per capita m2/person 13.543 4.289 4.040 25.820
temper Average temperature Celsius 14.474 5.045 4.300 25.333

tec Number of health technicians per 1000 population 5.094 1.912 2.140 15.460

Note: The sample size is 270.

4. Results

4.1. Characterization of Main Variables

Based on the measurement results of the above methods, from the annual average of
the past three years (see Figure 5), the air pollution index (pol), health shock index (d) and
the health shocks composite index of air pollution (h) vary greatly among provinces, and
the index of labor mobility (l) is generally low.

Furthermore, the annual average growth rate of the labor mobility index
(lz, lzt = (lt/lt−1) − 1), the annual average value of air pollution index (pol), the annual
average value of the health shock index (d) and the annual average value of the health
shocks composite index of air pollution (h) of each province are shown in Figure 6. We
can see that the lz line shows a positive tendency, and other three lines are showing a
negative trend, indicating that the growth in the health shocks of air pollution may be
closely related to the decline of the net inflow rate of labor mobility. We will confirm this in
the next section.
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Figure 5. The changes of key variables in 30 provinces in recent years (average value in recent three
years). Note: Because the labor mobility index is generally low, numerical labels have been added to
show the results clearly; others have not been added.

Figure 6. The annual average value and trend of several index measurement results in various
provinces. Note: The serial numbers 1–30 on the x-axis represent Shanghai, Tianjin, Hebei, Jiangsu,
Ningbo, Guangdong, Shanxi, Liaoning, Beijing, Shandong, Guizhou, Zhejiang, Chongqing, Hainan,
Sichuan, Yunnan, Henan, Qinghai, Fujian, Guangzhou, Gansu, Anhui, Shaanxi, Inner Mongolia,
Hunan, Hubei, Xinjiang, Jiangxi, Heilongjiang and Jilin.

4.2. The Baseline Results

A fixed or random model is adopted according to the Hausman test. A dynamic
system GMM model was adopted to estimate the first-order hysteresis effect and to reduce
the endogenous problem, such as the potential autocorrelation effect of the net inflow rate
of labor mobility, and the potential impact of the agglomeration effect formed by labor
mobility on environmental pollution [49], and Table 2 shows the estimation results.

In column (1), the coefficient of the air pollution index is significantly negative at
the 5% confidence level, indicating that air pollution will reduce the net inflow of labor
mobility, and the negative impact is further confirmed in column (4). As shown in column
(4), for each 1% increase in the air pollution index, the net inflow of labor mobility will
drop by 47.6%, significant at a 1% confidence level. Using a sample of 285 cities in China,
Zhang (2019) [50] suggested that the number of employed workers will be reduced 33.45%
with the SO2 emissions increasing 1%, and our results further confirm the negative impact
of air pollution on labor mobility. Using the comprehensive calculated air pollution, not
a single pollutant, as the air pollution index, the negative impact in our article is larger
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than others. In column (2), the coefficient of the interaction term between air pollution
and health shocks is significantly negative at the 5% confidence level. This implies that
the net inflow of labor mobility will be reduced by the interaction of air pollution and
health shocks, and the endogenous problem underestimates the negative impact shown in
column (5). In column (5), when controlling other conditions, for each 1% increase in the
interaction item of air pollution and health shocks, the net labor inflow of labor mobility
will drop by 15.7%, significant at the 1% confidence level. In column (3), the coefficient of
the health shock index of air pollution is significantly negative at the 5% confidence level,
indicating that the net inflow of labor mobility will be decreased 24.9%, with a 1% increase
in the health shock index of air pollution. In column (6), a dynamic system GMM model
is adopted that confirms the negative impact of the health shock index of air pollution
on the net inflow of labor mobility. Therefore, we can see that the health shocks of air
pollution are a significant hindrance to the net inflow of labor mobility, and confirm the
related hypothesis in H1.

Table 2. The baseline main results of OLS and GMM models.

Var.
(1) (2) (3) (4) (5) (6)

OLS(FE) OLS(RE) OLS(FE) GMM GMM GMM

L.l 0.338 ** 0.379 ** 0.287 **
(2.23) (2.46) (2.25)

pol −0.308 ** −0.100 −0.476 *** −0.207
(−2.50) (−0.92) (−3.13) (−1.49)

d −0.358* −0.165
(−1.75) (−0.76)

pol∗d −0.172 ** −0.157 ***
(−2.19) (−2.87)

h −0.249 ** −0.429 ***
(−2.58) (−4.67)

lngp 1.415 ** 0.446 1.148 ** 0.334 * 0.309 0.496 ***
(2.46) (1.60) (2.10) (1.87) (1.15) (2.95)

iemport 3.811 *** 1.539 *** 2.844 *** 1.068 ** 1.166 ** 0.938 **
(4.36) (3.36) (3.81) (2.46) (2.02) (2.31)

lnpere 4.529 ** 3.714 *** 3.486 ** 0.546 0.752 1.016
(2.72) (2.97) (2.27) (0.66) (0.95) (1.11)

lnthr 0.193 0.982 0.038 0.496 0.549 0.973 *
(0.22) (1.16) (0.04) (1.21) (1.09) (1.80)

lnrain −0.253 −0.377 *** −0.297 −0.275 *** −0.281 ** −0.289 **
(−0.92) (−2.62) (−1.09) (−2.58) (−2.12) (−2.53)

perroad 0.134 * 0.000 0.132 * −0.013 −0.016 −0.020
(1.98) (0.00) (2.00) (−0.85) (−1.00) (−0.96)

Constant −14.601 ** −11.485 *** −11.040 * −2.270 −3.023 −5.413 **
(−2.43) (−2.86) (−2.04) (−0.80) (−1.19) (−2.06)

Time effect Y Y Y Y Y Y
Observations 270 270 270 240 240 240
Number of
provinces 30 30 30 30 30 30

R2 0.172 0.5574 0.183
F/Wald 3.490 548.56 2.847 115.33 386.24 137.56
AR(1) 0.047 0.041 0.042
AR(2) 0.133 0.147 0.176

Hansen 0.996 1.000 0.987
Note: *, **, *** refers to significance at the level of 10%, 5% and 1%, respectively. The number in parentheses
is t value. The Wald values in the GMM model are shown by F/Wald, and the others shown by F values. The
same below.

4.3. The Mediation Effect Results

Based on Equations (3) to (5), the mechanism effect results are shown in Table 3. The
variable pol has a significant negative impact on the net inflow of labor mobility at the 5%
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confidence level in column (7). In column (8), the coefficient of the air pollution index is
significantly positive at the 10% confidence level, indicating that there is a negative impact
of the air pollution index on health shocks, and health shocks will be increased 16.5%
with an air pollution index increase of 1%. The coefficient of health shocks is significantly
negative at the 1% confidence level in column (9). However, the coefficient of the air
pollution index is not significant in column (9), which means that it exerted a full mediation
effect. Therefore, it can be concluded that the impact of air pollution on the labor inflow is
all caused by health shocks, and that rectifying health shocks is also an important factor
influencing the decrease in the labor supply and migrating individuals with different health
levels under different air pollution conditions.

Table 3. The estimation results of the mediation effect.

Var.
(7) (8) (9)

Labor Mobility Health Shocks Labor Mobility

pol −0.308 ** 0.165 * −0.139
(−2.50) (1.97) (−1.11)

d −0.546 ***
(−3.16)

lngp 1.415 ** 0.872 *
(2.46) (1.87)

iemport 3.811 *** −2.052 *** 1.956 **
(4.36) (−2.92) (2.34)

lnpere 4.529 ** −2.472 −1.836
(2.72) (−1.50) (−1.43)

lnthr 0.193 −0.436
(0.22) (−0.77)

lnrain −0.253 −0.157
(−0.92) (−0.76)

perroad 0.134 * 0.081
(1.98) (1.66)

lnpergdp −2.406 *
(−1.78)

lntemper 0.155
(0.32)

lntec −1.236 ***
(−3.52)

Constant −14.601 ** 32.794 ** 4.974
(−2.43) (2.52) (1.24)

Number of observations 270 270 270
Adjusted R2 0.172 0.492 0.234

F 3.490 *** 9.484 *** 4.991 ***
Individual effect Y Y Y

Time effect Y Y N
Note: *, **, *** refers to significance at the level of 10%, 5% and 1%, respectively. The number in parentheses
is t value. The Wald values in the GMM model are shown by F/Wald, and the others shown by F values. The
same below.

In order to further ensure the reliability of mediating effect results, the Sobel test
is used in this paper. In accordance with Sobel statistics [51], the Sobel values and the
p values were directly calculated using the coefficients of each major effect, and the Sobel
95% confidence interval was [1.616, 1.738], with a significant value of −1.67 < −0.97 at
the 5% confidence level, confirming the mediating effect. As mentioned above, the health
shocks of air pollution restrict the net inflow of labor mobility, and the hypothesis H1 has
been verified.

4.4. The Robustness Test

Based on the current study, we adopt two main ways to test the robustness of the
results above, and Table 4 shows the result. Firstly, we use one lagging term based on the
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main explanatory variables, and the results are displayed in column (10) to column (13).
We can see that the coefficients of the variables pol*d and h are significantly negative at
the 10% (or less) confidence level, and confirm the stability of the results above. Secondly,
according to the idea of hedonic price, the housing price can measure the labor inflow in one
region [52]. However, the housing price does not reflect the real market demand in China
influenced by the housing market bubble. Therefore, Xi and Liang (2015) [53] used the idea
of choosing a housing sales area as a proxy variable to analyze the effect of environmental
migration. Meanwhile, to weaken the scale effect of the provincial population and the
influence of natural growth, again referring to Zhang and Wang (2020) [3], we use the
natural logarithm of the commodity housing sales area per (lniv6) as the proxy variable of
the labor mobility index, and the results are shown in column (14) to column (17). We can
find that most coefficients of the variables h, pol and d are significantly negative at the 10%
(or less) confidence level, indicating that the conclusion above is robust.

Table 4. The robustness test results of the baseline model.

Var.
(10) (11) (12) (13) (14) (15) (16) (17)

Test Model of Lag Term Test Model of Tool Variable (lniv6)

OLS(RE) GMM OLS(FE) GMM OLS(FE) GMM OLS(RE) GMM

L.l 0.160 0.218
(1.24) (1.39)

L.lniv6 0.679 *** 0.705 ***
(6.03) (5.63)

L.pol −0.147 −0.109
(−0.83) (−0.79)

L.d −0.454 * −0.295 *
(−1.80) (−1.66)

L.(pol∗d) −0.278 ** −0.338 ***
(−2.06) (−3.28)

L.h −0.428 * −0.378 **
(−2.02) (−2.00)

pol 0.038 −0.129 *
(0.84) (−1.74)

d −0.163 *** −0.069
(−3.22) (−1.36)

pol∗d −0.051 * 0.052 **
(−1.79) (2.32)

h −0.083 *** −0.146 ***
(−2.72) (−2.69)

Control variables Y Y Y Y Y Y Y Y
Time effect Y Y Y Y Y Y Y Y

Observations 240 240 240 240 270 240 270 240
Number of daima 30 30 30 30 30 30 30 30

r2_a 0.5272 0.204 0.509 0.3546
F/Wald 509.95 167.75 3.066 68.80 38.98 382.38 141.13 297.09
AR(1) 0.045 0.048 0.002 0.001
AR(2) 0.192 0.090 0.062 0.367

Hansen 0.441 0.160 0.999 0.891

Note: *, **, *** refers to significance at the level of 10%, 5% and 1%, respectively.

In addition, we use the lagged term of the air pollution index and the health shock
index to test the medication effect, and Table 5 shows the results. In Table 5, we can see
that the impact of air pollution on the net inflow of labor mobility is mainly caused by
the mediating effect of health shocks. Thus, the reliability of the mediating effect above is
rectified (MacKinnon et al. (1995) [54] set 0.97 as the boundary value at the 5% significance
level for testing distribution).

4.5. Results of Regional Conditions

Furthermore, from the regional perspective, we analyze the impact of the health shocks
of air pollution (h) on the index of labor mobility (l). Since the Seventh Five-Year Plan,
China has been strategically divided into four economic development zones in the east,
center, west and northeast. Now, these have been redivided into five major economic belts
of “two horizontal and three vertical.” In order to find the regional differentiates of the
samples, we choose the eastern, central and western economic belts and the Yangtze River
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economic belt as the heterogenous conditions. Scholars believe that the difference in air
pollution on the Huai River between the north and south is large, and the health-damaging
effects are also accordingly different [6,11]. Therefore, it is necessary to analyze the regional
differentiates according to the boundary of the Huai River. The results are shown in Table 6.

Table 5. The robustness test results of the mediation model.

Var.
(18) (19) (20)

Labor Mobility Health Shocks 1 Labor Mobility

L.pol −0.363 * −0.226
(−1.77) (−1.36)

pol 0.165 *
(1.97)

L.d −0.684 ***
(−3.91)

Adjust the R2 0.157 0.492 0.276
F 3.774 9.484 6.690

Individual fixation effect Y Y Y
Time fixation effect Y Y Y
Control variables Y Y Y

Note: *, *** refers to significance at the level of 10% and 1%, respectively. 1 According to the mediation model in
Equation (2), the pollution index and the health-shocks index should both be regressed at the same time with a
lag, but there are still one-to-one correspondences in the same period. Therefore, the actual operation does not use
a lag period.

Table 6. Estimated results of heterogeneous conditions.

Var.

(21) (22) (23) (24) (25) (26)

The Eastern
Region

The Central
Area

The Western
Region

Yangtze River
Economic Belt

North of
Huai River

South of
Huai River

h −0.331 ** 0.072 0.055 −0.346 *** −0.318 * −0.218
(−2.61) (0.54) (0.59) (−5.43) (−1.89) (−1.33)

R-squared 0.718 0.363
Control variables Y Y Y Y Y Y

Individual fixed effect Y N N Y N N
Time fixed effect Y Y N N N N

Observations 99 72 99 99 135 135

Note: *, **, *** refers to significance at the level of 10%, 5% and 1%, respectively.

The health shocks of air pollution in the east have significantly hindered the index
of labor mobility. When other conditions remain unchanged, for every unit of the health
shocks composite index of air pollution, the net inflow rate of labor mobility drops sig-
nificantly by 33.1%, while the impact in the central and western regions is not significant.
This result indicates that the labor force in the eastern region has fled, facing severe health
shocks from air pollution. According to the sample, compared with 2007, in 2015, the net
inflow rate of labor mobility in the eastern region declined by 86.35%, while that in the
central and western regions increased by 85.24% and 196.44%, correspondently.

The impact of the health shocks of air pollution on labor mobility in the Yangtze River
economic belt is significantly negative. When other conditions remain unchanged, for each
unit increase in the health shocks of air pollution, the net inflow rate of labor mobility
drops significantly by 34.6%. This is in line with the fact that there were 12,158 chemical
enterprises above the designated size in the Yangtze River economic belt in 2016, accounting
for 46% of those in China, with 41% heavy industry among them, forming a “chemical
industry surrounding the river” with high pollution emissions. This result implies that in
the process of promoting high-quality development, the negative impact of health shocks
from air pollution on labor mobility cannot be ignored in the Yangtze River economic belt.
Indeed, the rectification of chemical enterprises in the Yangtze River economic belt also
took place after 2015, and this effectively avoided the exogenous effects of labor “flight.”
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The impact of the health shocks of air pollution on labor mobility in the northern
part of the Huai River is significantly negative, while not being significant in the southern
part. When other conditions remain unchanged, for each unit increase in the health shocks
of air pollution, the net inflow rate of labor mobility in the northern Huai River drops
significantly by 31.8 %. Because the heating supply has increased more than air pollution
only in the northern part of the Huai River, the impact of health shocks of air pollution
on labor mobility in north is accordingly obvious [6]. Therefore, the hypothesis H2 has
been verified.

4.6. The Threshold Effect Results

According to the current study, the health shocks caused by air pollution changed
greatly after 2010 [39]. We chose 2010 as the time threshold variable, to confirm the impact
of the health shock of air pollution on the Lewis inflection point theory. We also chose
the health shocks of air pollution as a threshold variable to explore the level of the health
shocks of air pollution’s influence on labor mobility, and the results are shown in Table 6.
In Table 6, whether time or the health shocks of air pollution are the threshold variable, the
null hypothesis cannot be accepted without a threshold in the single threshold situation,
and the alternative hypothesis test with two or three thresholds fails, indicating that there
is one threshold. Tables 7 and 8 show the estimated results with a single threshold variable,
and Table 9 shows the impact effect estimation of threshold points.

Table 7. Indicators of driving forces of urban resilience.

Time Threshold Test RSS MSE Fstat Prob Crit10 Crit5 Crit1

Single *** 94.515 0.362 34.140 0.000 10.361 12.291 17.772
Double 94.052 0.360 1.280 0.713 7.364 11.480 18.015
Triple 93.761 0.359 0.810 0.673 3.383 4.187 6.473

The threshold test of
air pollution-health

shocks
RSS MSE Fstat Prob Crit10 Crit5 Crit1

Single ** 101.840 0.390 12.910 0.037 9.811 11.732 16.100
Double 99.492 0.381 6.160 0.360 9.479 11.367 14.554
Triple 90.635 0.347 25.510 0.100 25.442 37.189 60.642

Note: **, *** refers to significance at the level of 5% and 1%, respectively.

Table 8. The estimation of single threshold point.

Th-1 Threshold Lower Upper

Time threshold 2010 2009 2011
The threshold of air pollution-health shocks 1.9873 1.9577 2.001

Table 9. The impact effect estimation of threshold points.

Var.
(27) (28)

Time Threshold The Threshold of Air Pollution-Health Shocks

0b._cat#c.h 0.051 −0.523 ***
(0.54) (−3.25)

1._cat#c.h −0.366 *** −0.389 ***
(−4.92) (−3.90)

Control
variables Y Y

F 11.51 7.281
R-squared 0.284 0.201

Observations 270 270
Note: *** refers to significance at the level of 1%, respectively.
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In Table 8, the time threshold value is 2010 at the 5% confidence level. In column (27),
the coefficient of the time threshold before 2010 is not significant, and the coefficient of the
time threshold after 2010 is significantly negative at the 1% confidence level, indicating that
the negative effect of the health shocks of air pollution on labor mobility is not significantly
obvious before 2010, and the negative effect is obvious after 2010. This result shows that
the health shocks of air pollution in China have intensified since 2010.

In Table 8, the threshold value of the health shocks of air pollution is 1.9873 at the 5%
confidence level. In column (28), the coefficient of the variable h is −0.523 and −0.389 at
the 1% confidence level, respectively. This indicates that the health shocks composite index
of air pollution has one threshold effect on the net inflow of labor mobility, and the impact
will decrease when the health shocks of air pollution cross the threshold value. In order to
explore this interesting phenomenon, Figure 7 shows the sample distribution of real income
level under the two risk types of the health shocks of air pollution (there are two reasons to
choose the variable of real income. First, since the reform and opening up, one of the main
purposes of labor mobility between urban and rural areas in China is to increase family
income, and improve family economic conditions. Second, the persistence of severe air
pollution in China has been accompanied with extensive economic growth over a long
period, and this growth can be reflected in real income factors. Therefore, we chose the
real income as the representative factor of the gravity effect for analysis.). The average per
capita real income level in type one and two regions is 6.656 and 6.339, respectively, and
the percentage of the value is more than 7.106 (the threshold value of 7.106 is obtained
by the clustering per capita real income (gp) according to the K-means). The proportion
obtained by contingency table analysis is 31.2% and 31.1%, and the standard deviation
value is 1.860 and 2.106, respectively, among them. We can find that the average per capita
real income, and its percentage, with a value of more than 7.106 in type two is larger than
in type one, while the standard deviation value corresponding to type two is less than type
one, indicating that the stable and higher real income plays a strong attracting role on the
net inflow of labor mobility when the health shocks of air pollution crosses the threshold
value, and the attracting effect partially offsets the repulsion effect of the health shocks of
air pollution on the inflow of labor mobility.

Figure 7. The sample distribution of the real income level under the two risk types of the health
shocks of air pollution. Note: Level 1 represents the health shocks of the air pollution risk <1.9873,
and level 2 represents ≥1.9873.

In addition, Figure 8 shows the LR statistics value trend estimated for the threshold
variable. We can find that the LR values in 4(a) and 4(b) are less than the critical value 7.35 at
the 5% confidence level (the dashed line), further confirming the validity of the threshold
effect (due to space limitations, other threshold LR test results are omitted). Therefore,
hypothesis H3 has been verified, and labor mobility in China is currently simultaneously
affected by income and the health shocks of air pollution.
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Figure 8. The LR statistics value trend estimated for the threshold variable.

5. Discussion

This article used the principal component entropy weighted method to calculate the
air pollution composite index and health shock index. Most studies have chosen the AQI
or the PM2.5, alternative variables of air pollution, to analyze the impact of air pollution
on labor mobility [5,6], but one pollutant, such as in the PM2.5, cannot fully represent
the total air pollution, and the calculation process of the AQI index does not eliminate
the correlation between different pollutants. The principal component entropy weighted
method can identify the most important information of air pollution and health shocks,
and avoid the defect of the AQI index and the single air pollutant, to make the conclusion
more reliable.

Based on the air pollution composite index and the health shock index above, this
article analyzes the impact of air pollution on labor mobility, and the results show that
labor mobility is affected by the health shocks of air pollution. Similar results were found
by Cropper (1981) [55] and Sun et al. (2019) [39]. However, most studies focused on the
impact factors such as the housing price or environmental regulation [56,57] and ignored
the impact of health shocks. Adopting the mediation effect model, our results further imply
that the impact of air pollution on labor mobility is all caused by health shocks, and health
shock is a very important factor of air pollution’s impact on labor mobility at the macro
level. We can explain these results from two angles: firstly, although individuals have the
motivation to invest in their health and human capital, they will display mobility behavior
to avoid air pollution, and show more as a moderating effect to avoid health shock [58].
Secondly, when one region faces a serious health shock caused by environmental pollution,
it will firstly exclude migrant labor in a poor health condition, and eventually extract the
migrant population in a good health condition, resulting in the health level of the migrated
population being higher than that of the locals, as described in the Latino health paradox.
This phenomenon is similar to the health paradox of Latino immigrants with a health
self-screening mechanism [59].

Using the threshold model, our results further show that the health shocks of air
pollution on labor mobility across provinces became more significant after 2010, and we
confirm the view that China’s Lewis turning point was 2010 [60]). However, compared
with most current views [61], our results more strongly emphasize health shocks in China’s
Lewis turning process and its avoidance effect, and argue that the health shocks of air
pollution are also an important reason for the decline of labor mobility supply across
provinces. It has an obvious difference with the impact of different wages caused by the
urban–rural dual structure. Indeed, the impact of the health shocks of air pollution on labor
mobility will increase the labor’s burden of medical expenses, and decrease the labor’s
expected income and life expectancy [62]. In addition, when the labor anticipates that there
may be a large health shock in one region with severe environmental pollution, the labor
will reduce its mobility intention, and the regional labor inflow rate will decline.
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Finally, based on the push–pull theory, we conclude that the attraction effect of regional
stability and high real income will partially offset the repulsion effect of the health shocks
of air pollution on labor mobility, when the health shock index of air pollution exceeds
the threshold value of 1.9873, similar to the view of Li et al. (2020) [63]. However, most
studies focus only on the negative impact of air pollution on labor mobility. Environmental
pollution has null jointness. It is not only a byproduct of production, but also an important
input of production [64], especially in developing countries or regions, and the regional
economy can quickly achieve extensive growth with a corresponding improvement in
pollution levels.

Compared with the empirical conclusions of previous studies, we found similar
conclusions, with some differences. We confirm the negative impact of air pollution on
labor mobility that Chen et al. found (2017) [5,6]. However, we find the impact of air
pollution on labor mobility is all caused by health shocks, and this result is obviously
different from most studies, such as that of Kahn and Mansur (2013) [56]. In addition, we
find the threshold effect of time and health shocks of air pollution, and confirm China’s
Lewis turning point was 2010, in a manner similar to Kwan et al. (2018) [60]. However, our
study has several limitations. Firstly, the study period ranged from 2008 to 2015. For policy
effect interference and data limitation, we did not extend the data to 2020 or 2021, and the
statistical bias may underestimate the negative impact of air pollution on labor mobility.
Second, the air pollution index and health shock index were calculated by the principal
component entropy weight method, and do not consider the weight valued by related
experts. This might have resulted in the underestimation of the mediation effect of health
shocks. Thirdly, this article did not use the geographical method to display the spatial labor
mobility and spatiotemporal impact of air pollution on labor mobility. Therefore, we may
have to empirically analyze these in a further study.

6. Conclusions and Policy Implications

6.1. Conclusions

This paper anchors the perspective of health shocks, and discusses the relationship
between air pollution, health shocks and labor mobility based on China’s macro panel
samples. The main conclusions are as follows:

1. Air pollution can have a negative impact on the net inflow of labor mobility, air
pollution will reduce the net inflow of labor mobility, the net inflow of labor mobility
will be reduced by the coaction with air pollution and health shocks and the net inflow
rate of labor mobility will decrease between 24.9% and 44.7% with each unit increase
in the health shocks of air pollution. The robustness tests confirm the reliability of
these conclusions;

2. The impact of air pollution on labor mobility is entirely caused by health shocks;
health shocks are also an important factor influencing the decrease in labor mobility
supply across provinces and the different health levels of the migrating individuals
with respect to different air pollution;

3. The health shocks of air pollution have a single time threshold effect on labor mobility,
and the health shocks of air pollution in China have intensified since 2010. This
result confirms China’s Lewis turning point was 2010, and health shocks play an
important role in China’s Lewis turning process and the avoidance effect, similar to
the phenomenon of the Latino immigrants’ health paradox;

4. When the index of health shocks from air pollution exceeds the threshold value of
1.9873, the attraction effect of regional stability and higher real income will partially
offset the repulsion effect of the health shocks of air pollution on labor mobility.

6.2. Policy Implications

Based on the conclusions above, the policy implications are as follows:

1. Increase the investment in air pollution control to reduce the risk of the health shocks
caused by air pollution. Although tackling pollution will decrease the economic
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growth rate, the higher the health shocks of air pollution, the more they will hamper
labor mobility. Therefore, a reasonable increase in investment in air pollution control
can reduce the risk of health shocks, stabilize the labor supply and promote high-
quality development.

2. Continuously increase the related public expenditure for labor mobility and health
protection. This should provide more public expenditure on the floating population,
especially. It should highlight the priority development of people’s health and pay
special attention to environmental health education and training for the floating
population. Additionally, improve the public expenditure on medicine and education,
to improve the labor’s environmental and health awareness, and establish a health
shock defense and guarantee mechanism for the floating population to facilitate the
rational labor mobility.

3. Implement and strengthen the evaluation of attracting factors, and establish a mech-
anism to guide labor mobility and work assessment. These results show that the
attracting factors, such as stable and higher real income, can partially offset the nega-
tive impact of the health shocks of air pollution on labor mobility, and it is necessary
for local government to establish an income improving scheme, and especially to
control the stability of the housing price and enlarge the supply of the public rental
housing to attract more people with a higher education level.
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Abstract: The land development by human beings has changed from the initial small-scale and
low-level transformation to the comprehensive utilization of large-scale and high-intensity implemen-
tations. The contradiction between production-living-ecology space (PLES) has become increasingly
prominent while drawing land dividends. As one of the important birthplaces of Chinese civilization
and the ecological barrier in the northern region, the rapid urbanization and industrialization of the
Yellow River Basin (YRB) make the ecological environment very fragile, and the imbalance of land and
space development is extremely serious. Therefore, according to the multifunctional characteristics of
land use, this paper establishes a classification system of production space (PS), living space (LS) and
ecology space (ES), and discusses the spatiotemporal evolution and conflict distribution characteris-
tics of the PLES with the help of the transfer matrix and spatial conflict index (SCI). The results are as
follows. In 1990–2020, agricultural production space (APS), grassland ecology space (GES) and other
ecology space (OES) yielded the largest proportion of PLES in the YRB. However, compared with
1990, the area of these spatial types decreased in 2020, while the urban living space (ULS) expanded
rapidly. The distribution pattern of PLES was generally consistent, and the transformation between
PLES in Ningxia, central Inner Mongolia, Loess Plateau and downstream areas was relatively intense.
The conflict index of PLES showed an upward trend, but it was generally in a controllable range. The
stable and controllable areas were concentrated in the upstream of the urban agglomeration, and the
midstream and downstream were basic out of control and seriously out of control, respectively.

Keywords: production-living-ecology; spatial transformation characteristics; spatial conflicts;
urban agglomeration

1. Introduction

Territorial space is the carrier of socioeconomic development, as well as the support
of human survival and development, and the evolution of its pattern and function is
the result of the continuous interaction between humans and land [1,2]. The imbalance
between the supply and demand of land resources is increasingly fierce with the con-
struction of modernization, and limited land resources are reallocated quantitatively and
spatially in the game among various interests. This dynamic process is known as land
use transformation, which reveals the transformation of land use patterns corresponding
to the stage of economic and social development in a certain period driven by various
internal and external factors [3,4]. However, a healthy land use system has not only
structural integrity, but also functional continuity and additivity [5]. Since the beginning
of the new century, China’s rapid population urbanization and land urbanization process
have accelerated the demand for land resources [6–8], and urban and rural construction
land has continuously encroached on agricultural and ecological land, causing increasing

IJERPH 2022, 19, 1458. https://doi.org/10.3390/ijerph19031458 https://www.mdpi.com/journal/ijerph173



IJERPH 2022, 19, 1458

land use conflicts in space. In essence, land use conflict is the competition for resource
elements in time and space among land-using subjects [9], which is manifested as the
uncoordinated development of the human-land relationship. Once the conflict level
is intensified or out of control, it will lead to a series of problems such as the waste of
spatial resources, destruction of ecosystem, weakening of the stability of the landscape
pattern and imbalance of social development [10–15].

Since the beginning of the new era, China has attached great importance to land
planning to address a series of negative problems caused by the overexploitation of land
resources. The report of the 18th National Congress put forward the overall construction
goal of “Intensive and efficient in the production space, livable and moderate in the living
space, beautiful in the ecological space”, and made optimizing the spatial development
pattern of the country the first step in the construction of ecological civilization. In 2017,
the National Land Planning Outline was released to make specific arrangements for
regional development, the construction of the main functional areas and development
goals, and in the report of the 19th National Congress, it was further proposed to carry
out the delineation of three control lines, namely the “ecological protection red line,
permanent basic agricultural land and urban development boundary”.

The YRB is a typical region of rapid economic and social transmutation [16–18];
has the PLES spatial pattern in the YRB changed significantly in recent decades? Will
the spatial conflict index increase with socioeconomic development? Therefore, the
YRB is used as the research object of PLES transformation characteristics and conflict
measurement mainly based on the following considerations: (1) Important strategic
positioning: The Outline of the Plan for Ecological Protection and High-Quality Devel-
opment of the YRB regards this region as an important benchmark for the management
of large rivers, an important benchmark for ecological safety, an important test area for
high-quality development, and an important carrying area for the preservation, inheri-
tance and promotion of Chinese culture. Research on the spatial pattern of PLES in this
region is conducive to practicing the concept of ecological civilization construction and
building a new pattern of land space development. (2) The unique geographical location:
The YRB straddles three major steps in China, with a variety of terrain and landforms
crisscrossing the basin and a weak resources and environment carrying capacity. The
study of the spatiotemporal patterns and conflict levels of the PLES is conducive to
the implementation of refined management, and to solving the outstanding problems
of land grabbing for economic and social development in the YRB. (3) The intricate
economic and social environment: After decades of reform and opening up, the level of
urbanization and industrialization has improved significantly. However, problems such
as uncoordinated urban and rural development, unbalanced regional development, the
contradiction between economic growth and ecological protection, etc. are more serious.
In addition, the ecological environment is fragile, and water resources are extremely
scarce. The interaction and coupling system of land relationships demonstrates strong
incoordination. Research on the conflict of PLES in this region is helpful to understand
the current situation of land use conflict, optimize land use function and improve land
use quality.

The structure of this paper is as follows: Section 2 is a literature review on the study
of PLES; Section 3 is a presentation of data and methods; Section 4 is an analysis of the
evolution, patterns and conflicts of PLES; and Section 5 is a conclusion and suggestions.
Abbreviations attached at the end of this paper (Table A1). The research framework is
shown in Figure 1.
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Figure 1. Research framework. Source: The authors.

2. Literature Review

In the 1980s, western countries launched a number of spatial planning research pro-
grams. By establishing evaluation models and using GIS and other methods, the suitability
and mode of land spatial development were evaluated from the perspective of environ-
mental protection [19]. As research progresses, the multifunctionality of land use is further
subdivided into economic, social and ecological functions [20–22]. The study of PLES origi-
nated from agriculture in the Taiwan Province, which was originally aimed at balancing
agricultural production and protecting the ecological landscape, but later evolved into the
study of dividing the whole national space into production, living and ecology space. At
present, from the perspective of land use, ecosystem and landscape value, research on PLES
mainly focuses on identification and classification, the analysis of spatiotemporal evolution
characteristics and influencing factors, spatial optimization and spatial conflict.

2.1. Identification and Classification of the PLES

The quantitative identification of the PLES is mainly based on the measurement of
spatial quantity or quality, and the common measurement methods include land use
type consolidation and the comprehensive index evaluation. On the one hand, from the
existing research results, the method of land use consolidation is the most widely used,
and it is based on the functions carried by each land use type to identify the pattern
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characteristics of the PLES intuitively and quickly [23,24]. However, scholars differ in their
understanding of land-bearing functions, which are mainly divided into single spatial
division and composite spatial division. Among them, scholars who hold a single spatial
view believe that each land use type only considers its dominant function, and the division
results in three spatial categories including production, living and ecology space, with no
overlapping areas between the spaces [9,13,25]. Some scholars also believe that land can
carry multiple functions at the same time, in addition to the single function of production,
living and ecological, but also, has three spatial types of composite functions [26], for
example, cultivated lands have both production and ecological functions, so the land is
divided into production-ecological, living-production, etc., which is a composite spatial
division. On the other hand, the method of the evaluation and measurement of the
index system is mainly based on the economic, social and environmental factors related to
production, living and ecological, and the construction of a comprehensive evaluation index
system, such as the general evaluation index [27], coupling and coordination evaluation
index [28], spatial suitability evaluation index [29] and resource and environmental carrying
capacity evaluation index [30], etc., to evaluate the PLES. In summary, the division of
composite space is complicated, and some plots are difficult to merge into a certain type
due to their multiple functions at the same time. Evaluation indexes selected by the index
system method are mostly biased towards social and economic indicators, which is difficult
to reflect the change and coupling coordination of the PLES truly.

2.2. The Spatial and Temporal Evolution of the PLES

Most studies on the spatiotemporal evolution of the PLES have been conducted with
the help of the ArcGIS platform and combined with econometric models for quantitative
analysis. In the literature, most of the existing studies analyzed the spatial evolution
characteristics of PLES in terms of quantity, speed and direction of change, as well as
pattern, equilibrium and patch change [27,31–33] based on the theoretical connotation and
established the classification system of the PLES, through the land use dynamics, transfer
matrix, Gini coefficient and landscape pattern analysis. The scale of the study is divided
into national, regional, urban agglomeration, provincial, municipal and county areas. Since
the natural environment and socioeconomic conditions of different regions differ greatly,
the factors influencing the PLES are also different.

2.3. Study on the Conflict of the PLES

The study of “conflict” originated from sociology, and refers to the psychological or
behavior contradictions caused by the incompatibility or opposition of different actors in
goals [34–36]. With the increasing contradiction between economic and social development
and resource and environmental protection, conflict analysis was introduced into land
use and ecological protection, and the concepts of land conflict, land use conflict and
space conflict were also put forwards. Among them, spatial conflict originates from the
scarcity of spatial resources and spillover of spatial functions, and is a phenomenon of
distribution opposition resulting from the competition of spatial resources in the process
of man-land relationships [37,38]. Studies on spatial conflicts mainly focus on potential
conflict identification, conflict level measurement, analysis of influencing factors, disclosure
of evolutionary processes and coordinated governance [26,39–41]. The methods adopted
include interview investigation methods [42], multicriteria decision analysis methods [43],
pressure-state-response models [35] and adaptability evaluations [44]. Most studies believe
that spatial conflict is the result of multiple factors [9,14]. In the early stage when human
disturbance intensity is low, natural factors play a major role, while with the increase in
population and the acceleration of urbanization and industrialization, human activities
gradually play a leading role in shaping the landscape.

In summary, many scholars adopt a variety of methods to carry out research on
territorial space or PLES, with diverse research perspectives and rich research results.
However, due to the interdisciplinary nature and diversified research standpoint, a unified
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research route has yet to be formed. Prominent problems such as the contradiction between
humans and land caused by the continuous improvement of the utilization intensity of
space resources have become increasingly prominent. Research on the spatial conflict of the
basin combined with land use conflict and PLES is still rare. The contributions of this paper
mainly focus on the following aspects: First, land use conflicts and PLES are combined to
reclassify land use types and construct the PLES classification system. Second, taking the
YRB as the research object, the spatiotemporal evolution of production, living and ecology
space is described, and a conflict model is established to analyze the regional differences in
spatial conflicts. Finally, this study provides a scientific basis and decision-making reference
for the coordinated and healthy development of PLES, and provides a theoretical basis,
technical support and typical case analysis for the management and regulation of land use
spatial conflicts in the basin.

3. Methods and Data

3.1. Research Area

The Yellow River is located at 31◦31′–43◦31′ N, 89◦19′–119◦39′ E, starting from the
Bayan Har Mountains on the Qinghai-Tibet Plateau and flowing eastward through nine
provinces (regions): Qinghai, Sichuan, Gansu, Ningxia, Inner Mongolia, Shaanxi, Shanxi,
Henan and Shandong (Figure 2). The total length of the Yellow River is 5464 km, and the
total area of the basin is approximately 795,000 km2 (including an influx area of 42,000 km2).
The Yellow River runs across the three strategic regions of East, Central and West China,
and is a giant ecological corridor connecting the four geomorphic units of the Qinghai-Tibet
Plateau, Inner Mongolia Plateau, Loess Plateau and North China Plain. The overall terrain
of the basin is high in the west and low in the east. The average altitude of the western
source region is over 4000 m, with numerous mountains and large topographic fluctuations.
The elevation of the central region is 1000–2000 m; the geological structure is broken; and
the soil texture is loose. Most of the eastern elevation does not exceed 50 m, and is mainly
formed by the Yellow River sediment alluvial plain.

Figure 2. Administrative division of the Yellow River Basin (a) and elevation (b). Source: Developed
by authors.

The YRB is a complex area of China’s “economy-society-environment” system. By the
end of 2018, the total population of the YRB was 420 million, accounting for about 30% of
the total population of China, and the regional GDP was 23.9 trillion yuan, accounting for
more than a quarter of China. As the foundation and lifeblood of the development of north-
ern China, it formed an obvious ladder development pattern of backwards upstream, rising
midstream and developed downstream. In industrial and agricultural production, coal,
oil, natural gas and mineral resources are abundant. Resource-based cities relying on the
exploitation and processing of energy resources account for 47% of the total number of cities
in the basin, and are important energy, chemical, raw materials and basic industrial bases.
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Agricultural and animal husbandry production also plays a pivotal role in the national
economic pattern. The corresponding human living space is mainly concentrated in some
river valleys in the upstream and plain areas in the midstream and downstream. Driven
by natural environmental constraints and economic factors, the population distribution is
dense in the middle and east, and sparse in the west. The ecological environment of the
YRB is very fragile; the ecological functions of natural grasslands in the upper reaches are
severely degraded; the middle reaches are faced with severe soil erosion problems; and
urban life, industry and agriculture cause pollution to water resources. In recent decades,
due to the rapid development of urbanization and industrialization, coupled with the com-
plex geographical and climatic characteristics, the competition between production, living
and ecology space has become an important factor restricting the sustainable development
of this region.

3.2. Research Methods
3.2.1. Construction of the PLES Classification System

PLES is the reflection of humans’ diversified demands for various products and
services in daily work and life. It is the result of the interaction of different spatial environ-
ments and spatial scale elements, and is manifested in different utilization structures and
ways in land use [2]. With the continuous deepening of research on PLES, many scholars
divide land use into ecology space, production-ecology space, ecology-production space
and living-production space from the perspective of the dominant and secondary functions
of land use [9,25]. On the basis of exploring the connotation of PLES theory, some scholars
established a spatial classification and evaluation system of PLES based on land use classifi-
cation according to the national standard of land use classification [45]. Generally, a certain
type of land space may have multiple functions at the same time. For example, cultivated
land can not only be used for grain production, but also plays an important ecological role,
but we usually think of arable land use primarily for food production. This paper draws
lessons from the existing ideas and schemes of PLES spatial classification. According to the
subjective intention of land use subjects and the dominant function of a certain type of land
use, three spatial types of production, living and ecological are adopted to cover different
land use patterns. The conflict and coordination among different land use patterns and the
classification system are shown in Figure 3 and Table 1.

Figure 3. Conflict and coordination of PLES. Source: The authors.
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Table 1. Classification system of PLES.

First-Level Classification Second-Level Classification Third-Level Classification

Production space Agricultural production space Paddy field, Dry land
Industrial production space Industrial, mining and transportation construction land

Living space Urban living space Urban land
Rural living space Rural residential area

Ecology space

Forestland ecology space Forestland, shrubbery forest, Sparse woodland, Other woodlands
Grassland ecology space High, Medium and Low coverage grassland

Water ecology space Canal, Lakes, Reservoir pit, Permanent glacier snow, tidal flat

Other ecology spaces Sand land, Gobi, Saline-alkali land, Everglade, Bare land, Bare rock
texture, Other

Source: The authors.

PS refers to the type of land use space that provides people with various products
and services. This space takes land as the carrier to serve the most basic survival needs
of human beings. It is the output of production and operation activities of the land use
system, providing economic sources for most human beings and achieving the long-term
goal of maintaining survival and development. [13]. Among them, dry land and paddy
field are the main places for farmers to produce grain by providing agricultural products
such as food and raw materials. Industrial, mining and transportation construction land
mainly provides industrial products such as goods and service production, which is the
main source of human mineral resources, and also includes transportation construction
land serving transportation. Therefore, the production space is subdivided into APS and
industrial production space (IPS).

LS refers to the type of land use space used by human beings for living, entertainment,
science, education, culture and health, and some special purposes. This space aims to
provide basic living conditions and security, and further meets the spiritual and cultural
needs of human beings, which is the ultimate goal of the land use system [12]. As the
current urban-rural dual structure is still relatively obvious, the living space is basically
concentrated in urban and rural residential areas. Therefore, the living space is further
subdivided into ULS and rural living space (RLS).

ES refers to the type of land use space that regulates the atmospheric environment,
protects biodiversity, maintains soil and provides ecological products. This space is the
foundation and support of production and living space, and is closely related to local natu-
ral resource endowment [9]. It can effectively promote regional sustainable development
and ecological balance, and maintain the ecological stability of the natural environment.
Therefore, the ecology space is further subdivided into forest ecology space (FES), grassland
ecology space (GES), water ecology space and other ecology space (OES).

The essence of PLES evolution is a complex process of land use change. Under the
influence of various driving factors such as the social economy and natural environment,
it is manifested in the competition of various stakeholders for land use structure and
form. In this dynamic process, PS guarantees various products and services produced and
developed by human beings; LS meets the purpose of human habitation and social needs;
and ES provides the basic material basis for human survival. Taking human beings as the
center, various spatial types form the basic relationship of conflict and coordination with
their unique functions. For example, ES meets people’s ecological needs and provides raw
materials for PS. However, if human activities in PS and LS exceed the ecological carrying
capacity, this will lead to environmental problems such as ecological pollution. Therefore,
the evolution of PLES is a complex dynamic process, and its driving factors are mainly
expressed in two aspects. In terms of social factors, the level of economic development,
policies and regulations, residents’ life, population, industrial development, transportation
and education all inevitably have an impact on the evolution of the PLES. Population factors,
for example, population growth, distribution, age structure, comprehensive quality and
migration will directly or indirectly promote the PLES evolution. In terms of natural factors,
topography and climate characteristics are the basic factors affecting the distribution and
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change of PLES, such as slope, elevation and soil. In addition, the conversion of cropland
to forest and grassland, land reclamation and deforestation can also affect the quantitative
change of PLES.

3.2.2. Land Use Transfer Matrix

The transformation of the PLES type and structure is realized by a land use transfer
matrix model. The transfer matrix is a two-dimensional matrix that lists the transfer area of
land use change according to the status quo of land cover in the same area and different
phases, which serves as the basis of structural analysis and change direction analysis. It can
not only reflect the area of each space type in a fixed region and at a fixed time statically,
but also describe the area transfer of each space type at the beginning of the period and the
area transfer of each space type at the end of the period [46,47]. This method is derived
from the quantitative description of the system state and state transition in system analysis,
and the formula is as follows:

Sij =

∣∣∣∣∣∣∣∣
S11 S12 · · · S1n
S21 S22 · · · S2n
· · · · · · · · · · · ·

Sn1 Sn2 · · · Snn

∣∣∣∣∣∣∣∣ (1)

where S is the land area; n is the total number of land types; and i and j are land use types at
the beginning and end of the study period, respectively. In this paper, ArcGIS10.2 software
is used to calculate the statistics of PLES space types in different periods, and then an Excel
pivot table is used to establish the PLES transfer matrix.

3.2.3. Spatial Conflict Index

Land use systems are complex, dynamic, and fragile, so spatial conflicts need to be
considered from the three aspects of system complexity, stability and fragility [26]. To
avoid excessive fragmentation of the spatial units in the study area, and taking into account
factors such as the research scope, data type, spatial resolution, and patch conditions, under
comprehensive testing and comparison, a 30 km × 30 km spatial grid was selected as the
evaluation unit. The spatial plates that do not cover the entire grid in the boundary of the
study area are calculated as a complete grid to calculate the landscape ecological index in
each spatial unit to evaluate the degree of spatial conflict quantitatively. The calculation of
SCI is [9]:

SCI = CI + FI − SI (2)

where SCI is the comprehensive index of spatial conflict, and CI, FI and SI are the spatial
complexity index, vulnerability index and stability index, respectively.

The PLES complexity index reflects the gradual increase in the scale and intensity of
land use due to rapid urbanization, and the continuous shaping of the surface morphology,
resulting in the fragmentation of patches and the intensification of contradictions in space
use. The area-weighted mean patch fractal dimension (AWMPFD) reflects the degree of
interference of the domain plate on the measured patch, and to a certain extent reflects the
impact of human activities on the spatial pattern. The higher the value is, the greater the
external pressure on the patch. The AWMPFD in the landscape ecological index is used
to characterize the spatial complexity index of PLES to measure the shape complexity of
spatial patches. The formula is:

AWMPFD =
m

∑
i=1

n

∑
j=1

[
2 ln
(
0.25Pij

)
ln
(
aij
) ( aij

A

)]
(3)

where Pij is the perimeter of the patch; aij is the area of the patch; A is the total area of
the space types in the landscape; i and j are the j-th spatial types in the i-th spatial unit;
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m is the total number of spatial evaluation units in the YRB; and n is the total number of
PLES types.

The PLES vulnerability index reflects the ability of space patches to withstand external
pressure. At different stages, various land use types have different responses to external
disturbances. The weaker the resistance is, the more vulnerable it is to external influences,
and the higher the level of spatial conflict. Therefore, from the perspective of landscape
ecology, using the vulnerability of various landscapes inside the space to calculate the PLES
vulnerability index, the formula is as follows:

FI = ∑n
i=1 Fi × ai

A
(4)

where n is the total number of space types; Fi is the vulnerability index of different space
types, referring to existing research results [9,26]. Values are assigned to each space type:
PS = 3, ES = 2, LS = 1; ai is the patch area; and A is the total area of the space type in
the landscape.

The PLES stability index refers to the phenomenon where the regional spatial pattern
fragments landscape patches under the interference of external pressure; the linear patches
are “fishing nets”, and the dot-shaped patches show an agglomeration state, with increased
density and separation, resulting in a decrease in the proportion of planar patches in the
spatial unit. The more fragmented and complex the spatial form, the worse the stability
within the spatial unit, the greater the spatial risk and the higher the intensity of spatial con-
flict. Therefore, the fragmentation degree of the landscape ecology is selected to represent
the spatial stability index, and the formula is as follows:

SI = 1 − PD PD =
ni
A

(5)

where SI represents the stability index of PLES. PD is patch density, and the larger the patch
density is, the higher the degree of spatial fragmentation and the lower the stability of its
spatial landscape; ni is the number of patches of the i-th space type in each space unit; A is
the total area of the space type in the landscape.

Using the moving window method in Fragstats 4.2 software to measure the spatial
conflict level of the PLES in the YRB, taking into account the characteristics of the research
scale, data type, data volume and spatial patch conditions, comparing different size window
units (including 1 km × 1 km, 4 km × 4 km, 7 km × 7 km, 10 km × 10 km) and referring to
related research, it is found that the 4 km × 4 km window can better express the spatial
conflict distribution characteristics. If the patch in the boundary area of the study area does
not cover the entire unit area, the calculation is performed based on a complete unit area to
calculate the index in each spatial unit mentioned above. Finally, the spatial conflict index
is standardized to (0,1). According to the inverted “U”-shaped spatial conflict trajectory
model, the space conflict index is divided into four categories: stable and controllable
(0, 0.5) and basically controllable (0.5, 0.7), basically out of control (0.7, 0.9) and seriously
out of control (0.9, 1).

3.3. Data

The PLES data of the YRB evolved from the land use type. These data come from the
Resource and Environmental Science and Data Center of the Chinese Academy of Sciences.
Among them, land use data include grid datasets of 1 km × 1 km in 1990, 2000, 2010 and
2020. The data are based on Landsat 8 remote sensing images, generated by the human-
computer interaction visual interpretation and interpretation, including 6 primary types
and 25 secondary types of cultivated land, forestland, grassland, water, residential land
and unused land. Using ArcGIS 10.2 software, the land use types of the YRB were extracted
based on the administrative division vector file; the PLES was divided by reclassification
and other methods, and this software was used for mapping and data analysis.
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4. Results and Discussion

4.1. Analysis of Evolution Characteristics of PLES
4.1.1. Spatiotemporal Evolution Characteristics of PLES

With the help of ArcGIS 10.2 software, the area of the PLES of the YRB in 1990, 2000,
2010 and 2020 was extracted, and the changes in the spatial area of each category were
calculated. The results are shown in Table 2. From 1990 to 2020, the PLES of the YRB
was dominated by APS, FES, GES and OES. From 1990 to 2000, the overall ES showed a
decreasing trend, with a decrease of 0.37%. The decrease in GES and OES was the most
obvious. The expansion of PS and LS was 0.87% and 6.75%, respectively. Compared with
other spaces, APS and ULS increased greatly. From 2000 to 2010, PS and ES decreased
to varying degrees, among which APS and OES decreased significantly. In contrast, the
LS expanded rapidly, with an increase of 16.25%, and the ULS expanded more rapidly
than the RLS. From 2010 to 2020, with the continuous advancement of urbanization and
industrialization, LS continued to expand, with an increase of 10.64%, and the IPS in the
PS has an obvious increasing trend, while the ES continued to decrease, and the rate of
decrease is 0.33%; thus, the reduction in GES and OES is the most obvious.

Table 2. The area and changes in the PLES of the YRB from 1990 to 2020 (km2).

Year
PS LS ES

APS IPS ULS RLS FES GES WES OES

1990 475,388 3926 7356 43,377 209,919 1,043,018 56,220 710,624
2000 479,304 4166 9544 44,613 209,381 1,035,888 57,123 709,888
2010 469,323 5440 16,226 46,734 211,935 1,039,876 58,748 701,656
2020 461,927 12,768 19,826 49,835 212,412 1,035,644 62,179 695,437

Change between 1990 and 2000 3916 240 2188 1236 −538 −7130 903 −736
Change between 2000 and 2010 −9981 1274 6682 2121 2554 3988 1625 −8232
Change between 2010 and 2020 −7396 7328 3600 3101 477 −4232 3431 −6219
Change between 1990 and 2020 −13,461 8842 12,470 6458 2493 −7374 5959 −15,187

Source: The authors.

Overall, during the study period, the APS, GES and OES showed a shrinking trend,
and the other four types of land use space had different degrees of expansion. Among
them, ULS has the fastest growth rate, and the rest are IPS, RLS, WES and FES. The reason
is that since the reform and opening up, the rich land and natural resources of the YRB
gradually entered a stage of rapid development, coupled with its large population, rapid
advancement of economic, social and cultural undertakings, rural surplus labor flows to
cities and towns, urban land and transportation, and industrial and mining land rapidly
increased, leading to the expansion of the ULS and IPS [48]. In addition, the increase in
the population of rural Mesozoic families led to an increase in the demand for residential
land. Coupled with the relaxation of rural land management and control, the phenomenon
of “building new and not dismantling old” appeared in rural residential land, which in
turn promoted the expansion of rural living space [49]. The increase in FES and WES was
mainly due to the implementation of policies such as returning farmland to forests and
ecological restoration. In contrast, while the economy and society are highly developed, a
series of unreasonable economic behaviors, such as excessive grazing, reclamation and the
mining of mineral resources continue to encroach on agricultural land and ecological land.
Coupled with the extremely fragile ecological environment of the YRB and the impact of
climate change [50], the GES and OES are gradually reduced.

Based on the above analysis of temporal evolution characteristics, the spatial pattern
characteristics of PLES in the YRB are further analyzed, as shown in Figure 4. From 1990 to
2020, the distribution pattern of PLES was basically consistent, and there was no significant
indigenous change. The main characteristics are as follows: (1) The PS is dominated by
APS, which is concentrated in traditional main grain producing areas such as Henan and
Shandong downstream of the Yellow River. In addition, the Guanzhong Plain, Hetao

182



IJERPH 2022, 19, 1458

Plain and Ningxia Plain are important agricultural production bases. The main reason is
that these areas are suitable for agricultural production due to their superior human and
natural environment, and strict farmland protection policies play a better role in protecting
traditional agricultural areas. (2) The distribution of LS corresponds to the location of
agricultural and industrial production space. The density of LS in the downstream area
was significantly greater than that in the upstream and midstream areas, while the ULS
showed a significant expansion trend, and the patch area increased significantly. The
reason is that the vast midstream and upstream are mainly continental or plateau climates,
with little precipitation and rugged terrain. The flat terrain of the downstream alluvial
plain is more suitable for human habitation, and the excellent natural conditions breed
the vast agricultural production areas. Due to the low traditional agricultural production
technology, a large number of labors gather here to form dense rural settlements. In recent
years, although the level of agricultural mechanization was greatly improved, and the
demand for agricultural labor declined, due to the huge population base, rural settlements
are still the main agricultural population. (3) The ecological spatial distributions are greater
in the west and lower in the east. Among them, the FES is mainly distributed in southern
Henan, Qinling Mountains and Taihang Mountains; the GES is widely distributed in arid
and semiarid areas such as Qinghai, Gansu and eastern Inner Mongolia. Restricted by
topography and climate differences, the WES and OES are mostly concentrated upstream
of the Yellow River.

Figure 4. Spatial pattern characteristics of PLES in the YRB from 1990 to 2020: 1990 (a), 2000 (b),
2010 (c) and 2020 (d). Source: Developed by authors.

4.1.2. The Structural Transformation Characteristics of PLES

To explore the internal transformation characteristics of the PLES in the YRB, based
on the distribution map of the PLES in Figure 3, the spatial analysis function in ArcGIS is
used to superimpose the distribution maps of the PLES in different periods to obtain the
transfer model of PLES in the study area from 1990 to 2020 to clarify the direction and
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quantity of the conversion of land use types (Tables 3 and 4). From 1990 to 2020, except
for the reduction in APS, GES and OES, the structural space of other land types increased.
Compared with the base period area, the IPS and UPS increased by a large margin, by
8828 km2 and 12,439 km2, respectively, during the period, and the growth rates were
225.22% and 169.52%. In internal conversion, from the perspective of roll-in structure, in
terms of PS, APS is mainly converted from RLS and GES, and IPS is mainly converted
from APS and GES; in terms of LS, both ULS and RLS are mainly converted from APS; in
terms of ES, FES is mainly converted from APS and GES, and GES is mainly converted
from APS and OES. The WES is mainly converted from APS, GES and OES, and OES
is mainly converted from GES. From the perspective of roll-out structure, in terms of
PS, APS is mainly transformed into ULS, RLS and GES, and IPS is most transferred to
OES. In terms of LS, the transformation of ULS to other types of space is not obvious,
and RLS is mainly turned to APS. In terms of ES, FES is mainly transformed into GES;
GES is transformed into APS and OES; and OES is mainly transformed into GES.

Table 3. The transition matrix of the spatial structure of the PLES from 1990 to 2020 (km2).

1990
2020

Roll-Out
APS IPS ULS RLS FES GES WES OES

APS - 4104 9509 10,647 3826 10,929 2432 1363 42,810
IPS 157 - 188 103 39 330 268 402 1487
ULS 238 14 - 214 22 70 6 5 569
RLS 4118 171 1944 - 57 208 69 40 6607
FES 2476 496 245 292 - 3286 205 305 7305
GES 16,653 3473 665 1400 5031 - 2821 17,407 47,450
WES 1998 434 300 139 116 832 - 1537 5356
OES 3704 1623 157 270 705 24,420 5367 - 36,246

Roll-in 29,344 10,315 13,008 13,065 9796 40,075 11,168 21,059 -

Source: The authors.

Table 4. Statistics on the changes and characteristics of the PLES utilization from 1990 to 2020.

Type

Area/km2

Roll-In Rate Roll-Out Rate
The Total
Variation

Exchange
Variation

Net Increase
Rate of Increase

and Decrease

APS 6.35% 9.01% 72,154 58,688 −13,466 −2.83%
IPS 80.88% 37.88% 11,802 2974 8828 225.22%
ULS 65.71% 7.74% 13,577 1138 12,439 169.52%
RLS 26.22% 15.23% 19,672 13,214 6458 14.89%
FES 4.61% 3.48% 17,101 14,610 2491 1.19%
GES 3.87% 4.55% 87,525 80,150 −7375 −0.71%
WES 18.01% 9.53% 16,524 10,712 5812 10.60%
OES 3.03% 5.10% 57,305 42,118 −15,187 −2.14%

Source: The authors.

Based on the above analysis, the spatial distribution of land conversion in different
periods is further discussed (Figure 5). Overall, the conversion areas of 1990–2000 and 2010–
2020 were lower than those of 2000–2010. Specifically, from 1990 to 2000, the conversion
of ES to PS was concentrated in central Inner Mongolia and Ningxia, and a small amount
of PS to ES was also concentrated in central Inner Mongolia. The Henan and Shandong
Province downstream of the YRB was dominated by PS to LS, and the distribution was
more dispersed. From 2000 to 2010, the distributions of PS to ES and LS were the most
extensive. Among them, PS to ES was distributed in the northwestern area of Shanxi,
central Inner Mongolia and the Loess Plateau, and ES and PS to LS were mainly in the
lower reaches of the YRB. At the same time, there was a small amount of ES to PS in the
Shandong Peninsula and the Hexi Corridor of Gansu. From 2010 to 2020, the PS and ES
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transferred to LS, and were widely distributed in the whole basin, while the PS transferred
to ES in the Shanxi Province and was the most prominent. In summary, from 1990 to 2020,
the change of PLES in the YRB was dominated by the transformation between ES and PS,
which was widely distributed upstream, midstream and downstream of the region. At the
same time, the downstream region shows obvious characteristics of mutual transformation
between PS and LS, and the transformation of ES and LS is sporadically distributed in
various regions.

Figure 5. Spatial pattern evolution map of PLES in the YRB from 1990 to 2020: 1990 (a), 2000 (b),
2010 (c) and 2020 (d). Source: Developed by authors.

4.2. Analysis of Conflict and Change of PLES
4.2.1. Time Evolution Characteristics

By calculating the spatial conflict index of four periods in the YRB, it is found that
the average values of the spatial conflict index in 1990, 2000, 2010 and 2020 are 0.41, 0.43,
0.53 and 0.57, respectively (Table 5). With the rapid development of industrialization and
urbanization, the intensity of spatial conflict in the YRB is on the rise, but still belongs
to the basic controllable level. The proportion of space conflicts at the controllable
level (stable controllable and basic controllable) remained between 74.17% and 81.70%,
accounting for more than half of the total space units in the study area, and played
an important role in controlling ecological risks and maintaining ecological security.
The proportion of space units at stable and controllable levels continued to decline,
falling by 17.23% in 2020 compared with 1990, while the proportion of space units at
basic controllable levels increased by 31.34% at the end of the period compared with
the beginning. The proportion of space units at the basic out of control conflict level
showed a rapid growth trend and the largest increase, which increased by 46.29% in 2020
compared with 1990. The proportion of space units at the seriously out of control conflict
level showed a wave-like rise, and decreased slightly from 1990 to 2000, but increased
rapidly from 2000 to 2020, with an increase of 33.04%. In addition, the gap in the number
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of spatial units between the controllable level and the out of control level tended to
narrow, and the gap between the basic controllable and basic out of control spatial units
expanded rapidly. From the perspective of change trends, stable and controllable, basic
controllable and basic out of control all showed linear changes, while the number of
seriously out of control space units first decreased and then increased. Thus, with the
gradual expansion of production and living space, out of control conflicts in some areas
tend to expand, and the control over these regions should be strengthened to achieve the
coordinated development of PLES in the YRB.

Table 5. Statistics of the PLES Conflict Index in the YRB from 1990 to 2020.

Level of Conflict
Number of Space Units Percentage (%)

1990 2000 2010 2020 1990 2000 2010 2020

Stable and Controllable 2112 2069 1866 1748 68.2 66.81 60.25 56.44
Basic Controllable 418 436 516 549 13.5 14.08 16.66 17.73

Basic Out of Control 445 480 577 651 14.37 15.5 18.63 21.02
Seriously Out of Control 122 112 138 149 3.94 3.62 4.46 4.81

Average 0.41 0.43 0.53 0.57 - - - -
Total 3097 3097 3097 3097 100 100 100 100

Source: The authors.

The spatial conflict index of each spatial unit was further calculated, and the spatial
distribution of the conflict index of PLES in the YRB from 1990 to 2020 was visualized by
using ArcGIS 10.2 software (Figure 6). In general, the distribution of spatial units with
different conflict levels from 1990 to 2020 is relatively fragmented, except that the basic
controllable types are concentrated; the basic controllable ones, the basic uncontrollable
ones and the severe uncontrollable ones are all fragmented. In addition, the changes
in spatial units with different conflict types during the study period show different
characteristics. Longitudinally, the change degree of spatial units of different conflict
levels was small before 2000, but the change after 2000 was characterized by fast speed
and a wide range. Laterally, the stable and controllable areas were mainly concentrated
upstream of the Yellow River, and the midstream and downstream were mainly out
of control or seriously out of control. Specifically, stable and controllable spatial units
are mainly distributed in the west and north of the YRB, and most are concentrated
in Qinghai, Gansu and Inner Mongolia. The number of stable and controllable spatial
units decreases significantly in the Hexi Corridor, southern Inner Mongolia, Shanxi and
WeiHe River Basin. Basic controllable areas are mainly distributed in the midstream of
the YRB, and the overall distribution of spatial units has a trend of transformation from
fragmentation to centralized contiguous, which is mainly due to the transformation of
stable controllable types to basic controllable, resulting in a basic controllable spatial
unit distribution to expand outward. The basic out of control space units are widely
distributed in the midstream and downstream parts of the Loess Plateau. With the
passage of time, the basic out of control space in the Loess Plateau rapidly expands,
while the basic out of control space in the downstream is stable and mainly distributed
in the periphery of the seriously out of control space. The seriously out of control spatial
units were scattered in the midstream and downstream of the YRB. The seriously out of
control spatial units in the HeTao Plain changed to the basic out of control level from 2000
to 2020, and the seriously out of control spatial units in southern Henan and northern
Shandong continued to spread, indicating that the PLES conflict downstream of the
Yellow River increased.

186



IJERPH 2022, 19, 1458

Figure 6. Changes in the PLES conflict index from 1990 to 2020: 1990 (a), 2000 (b), 2010 (c) and 2020
(d). Source: Developed by authors.

4.2.2. Conflict Differentiation Characteristics of PLES

The spatial conflict levels of the three spatial types in the YRB were calculated and
statistically analyzed (Figure 7), and the results showed that there were differences in
the composition of spatial conflict levels among different spatial types, and the level of
out of control gradually increased, but all of them remained at the controllable level. The
spatial conflict of PS is mainly controllable, accounting for more than 55%. The basic
controllable conflict unit decreases year by year, while the stable controllable and basic
out of control conflict unit increases year by year, and the serious out of control conflict
unit shows a rising trend of fluctuation. PS is mainly concentrated in the midstream
and downstream parts of the YRB. These areas have a high level of social and economic
development, intensity of human development and construction activities, and the rapid
development of urbanization and industrialization has led to prominent contradictions
between people and land, increasing external pressure on space and increasing the
intensity of space conflicts. The variation range of LS is similar to that of PS, and the
spatial conflict is still controlled. The stable and controllable conflict units gradually
decreased, with the largest decrease of 29.6% from 2000 to 2010. The basic controllable,
basic out of control and serious out of control units increased by 29.3%, 42.4% and 22.5%,
respectively. Compared with PS and LS, the variation range of conflict units in ES was
smaller. Although stable controllable conflict units showed a slow downwards trend,
controllable units remained above 70%. Basic controllable and basic out of control units
showed a slight upwards trend, while seriously out of control units had the smallest
variation range.
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Figure 7. Spatial conflict levels of different spatial types in the YRB from 1990 to 2020: PS (a), LS (b),
ES (c). Source: The authors.

5. Conclusions and Suggestions

5.1. Conclusions

(1) From 1990 to 2020, PS and LS expanded by 0.87% and 6.75%, respectively, while ES
decreased by 0.37%. In terms of spatial distribution, the APS of PS is concentrated
in the traditional agricultural production area downstream, while the APS of the
midstream and upstream is scattered. The distribution of LS corresponds to the
agricultural and industrial production space. The density of LS in the downstream is
significantly higher than that in the midstream and upstream, while the distribution
of ecology space is more in the west and less in the east.

(2) APS, GES and OES decreased, and the rest of the space types showed a trend of
expansion. IPS and ULS expanded rapidly. In terms of transition and transition struc-
ture, each space type has different transformation directions, but the transformation
between ES and PS is the main transformation direction. In the downstream area, the
transformation between PS and LS is mainly reflected in the mutual transformation of
PS and LS, and the transformation distribution of ES and LS is scattered.

(3) From 1990 to 2020, the intensity of conflicts in PLES gradually increased, but it was
still controllable. Stable and basic controllable space units accounted for more than
70%, and basic and seriously out of control space units gradually increased. In terms
of space, the basic controllable space units are mainly distributed in the upstream
region and relatively concentrated, while in the downstream region, they are mainly
basic out of control and seriously out of control, and their distribution is relatively
fragmented. Specifically, the variation range of conflict units in PS and LS is the same,
while the variation range of conflict units in ES is smaller.
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5.2. Suggestions

Based on the PLES perspective, this paper constructed a land use classification system
in the YRB, and revealed the evolution characteristics and conflict index of PLES from 1990
to 2020. Strengthening spatial governance and improving land use efficiency is a complex
system project that is affected by natural and human factors in various regions. Therefore,
it is necessary to promote the scientific demarcation of the boundary of PLES in the YRB,
strengthen the control and supervision of the boundary of various spatial types and divide
the boundary of production, living and ecological spaces scientifically and reasonably
according to the resource and environmental carrying capacity, spatial conflict level, spatial
development suitability and social and economic development status of each region.

(1) Although most of the upstream areas are in a stable and controllable state, as China’s
Water Tower and ecological spatial agglomeration area, ecological protection should
be considered in the first place; the relationship between the production, living and
ecological environment should be correctly handled, promote the construction of
water conservation capacity, strengthen regional desertification control and strictly
implement the principle of ecological access. The construction of nature reserves
should promote ecological restoration, adhere to local conditions, comprehensively
utilize engineering measures and biological measures to manage the ecosystem, con-
trol the ecology space at different levels and scales, delimit the rigid core elements
and elastic space of ecological protection, reduce the frequency of human social and
economic activities and alleviate the contradiction between human activities in the
ecology space and the ecological environment.

(2) The midstream region should be committed to the spatial governance of soil erosion.
On the one hand, it is important to protect forestland, grassland and unused land,
enhance the soil and water conservation capacity, prevent the fragmentation of ecology
space caused by urbanization and industrialization and take into account the economic
and ecological benefits of land use. On the other hand, ecological restoration should be
actively promoted to improve the management efficiency in the middle reaches. For
irrigated agricultural areas, excessive consumption of water resources in agriculture
and industry should be prevented; the proportion of ecological water should be
increased; the intensity of land development should be strictly controlled; industries
related to ecological environment protection should be developed; and the coupling
and coordination level of PLES should be improved.

(3) The downstream region, as the region with the most serious conflict, is densely
populated and has high industrial and agricultural production intensity. First, it is
necessary to improve the quality of the population while reasonably controlling the
size of the population, with land efficient and intensive use as the development goal,
optimize the industrial layout, focus on cultivating new industrial systems, strictly
control the disorderly expansion of urban and rural construction land, improve the
utilization efficiency of existing construction land and alleviate the contradiction
between industrial and agricultural production and ecological protection to create
a green ecological corridor in the lower reaches of the Yellow River. Second, for the
vast agricultural production space, the level of agricultural mechanization should
be improved, protect high-quality cultivated land resources, improve land output
income and reduce dependence on land resources. Finally, the concept of green
development was combined with technical means, using the theory and technology
of sponge cities, green buildings and ecological materials to promote the construction
of urban ecological civilizations and strengthen the positive impact of land invisible
forms on the ecological environment.

Author Contributions: Conceptualization, Y.C. and X.W.; data curation, X.S.; formal analysis, X.S.
and X.W.; funding acquisition, Y.C.; methodology, X.S. and X.W.; software, X.S.; supervision, X.W.
and Y.C.; writing—original draft, X.S.; writing—review and editing, X.W. and Y.C. All authors have
read and agreed to the published version of the manuscript.

189



IJERPH 2022, 19, 1458

Funding: This work was supported by grants from the Support Plan for Scientific and Technological
Innovation Talents in Henan Institutions of Higher Learning (humanities and social sciences) (2018-cx-
012); Training Plan for Key Young Teachers in Henan Institutions of Higher Learning (2018GGJS094);
Good Scholar in Philosophy and Social Sciences in Henan Institutions of Higher Learning (2019-YXXZ-
20); and Philosophy and Social Science Innovation Team Building Program of Henan Universities
(2021-CXTD-12,2022-CXTD-05). Philosophy and Social Science planning project of Henan Province
(2021BJJ112).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available in the Resource
and Environmental Science Data Center of the Chinese Academy of Sciences.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Appendix A

Table A1. Abbreviation table.

Full Name Abbreviation Full Name Abbreviation

Production-living-ecology space PLES Rural living space RLS
Yellow River Basin YRB Forestland ecology space FES
production space PS Grassland ecology space GES

living space LS Water ecology space WES
ecology space ES Other ecology spaces OES

Agricultural production space APS Spatial conflict index SCI
Industrial production space IPS area-weighted mean patch fractal dimension AWMPFD

Urban living space ULS patch density PD

Source: The authors.
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Abstract: Analyzing the relationship between economic development and carbon emissions is con-
ducive to better energy saving and emission reduction. This study is based on the panel data of
China’s carbon emissions, from 2009 to 2019, and quantitative analysis of the relationship between car-
bon emissions and economic development through the Tapio decoupling model and the Logarithmic
Mean Divisia Index (LMDI) decomposition model. The results show that: First, carbon emission and
economic development are increasing year by year, and the development trend of economic growth
rate and carbon emission growth rate presents the characteristics of consistency and stage. Second,
China’s carbon emissions and economic development are basically in a weak decoupling state, and
carbon emissions and economic development are positively correlated. Third, there are significant
differences in decoupling indices among the four regions, mainly in that the central region is better
than the eastern region, the eastern region is better than the northeast region, the northeast region is
better than the western region, and the development of provinces in the region is unbalanced. Fourth,
from the perspective of driving factors, the elasticity of population size and economic intensity can
restrain the decoupling of carbon emissions, while the elasticity of energy intensity and carbon
intensity have a positive effect. Finally, according to the results of empirical analysis, this paper
focuses on promoting China’s emission reduction and energy sustainable development from the
aspects of developing low-carbon and zero carbon technology, supporting new energy industries and
promoting the construction of a carbon emission trading market.

Keywords: carbon emissions; Tapio decoupling; LMDI model; provincial level; low-carbon economy

1. Introduction

In recent years, global warming has led to increasingly frequent extreme weather,
which seriously threatens human survival and development. For example, in July 2021,
the extreme rainstorm in Henan Province caused 302 people to lose their lives and a
direct economic loss of CNY 53.2 billion. Therefore, global warming caused by carbon
dioxide emissions has become a topic of increasing concern [1]. As early as the First
World Climate Conference held in Geneva in 1979, the issue of global climate warming
was raised for the first time. People realized that the global climate change caused by
carbon emissions in the industrial era has already threatened human development; thus,
measures must be taken to reduce carbon emissions. At present, as the world’s largest
energy consumer [2], China ranks first in the world in terms of carbon emissions and faces
tremendous pressure to reduce emissions. At the same time, as an active participant in
emission reduction, the development of a low-carbon economy has always been of great
concern for the Chinese government. Based on the basic national conditions and the status
quo of social development, the Chinese government has been active in promoting its carbon
neutral action plan, and has made certain achievements in reducing the intensity of carbon
emissions [3], but the carbon emission growth rate remains fast as a result of rapid economic
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growth. From 2009 to 2019, China’s gross domestic product (GDP) increased by 2.6 times,
and its carbon emissions increased by 1.5 times. In order to increase emission reduction
efforts, the Chinese government announced that it would realize the peak carbon dioxide
emissions by 2030 and carbon neutrality by 2060. Since carbon dioxide emissions are mainly
produced in the process of economic development, this paper believes that we should first
clarify the relationship between economic development and carbon emissions in order to
achieve carbon neutralization more efficiently. Only by clarifying the relationship between
them can we take targeted policy to achieve carbon neutrality at a faster speed.

Therefore, this study takes China as an example, which is divided into four regions:
eastern, northeast, central and western. From the perspective of decoupling analysis, it
makes an empirical analysis of the relationship between economic development and carbon
emissions in four regions of China. Combined with the LMDI driving factor decomposition
model, it studies which factors play the main role in decoupling carbon emissions, and on
this basis, it takes targeted measures to provide intellectual support for further promotion of
the sustainable development of China’s green economy. As the largest developing country
in the world, the analysis of the relationship between China’s economic development and
carbon emissions can provide some inspiration for other countries in the world to better
reduce carbon emissions.

The arrangement of this paper is as follows: It first sorts out the related research results
of economic development and carbon emissions. Afterwards, it introduces the research
methods and data sources of this paper. Next, it displays and discusses the specific research
results. Finally, it mainly puts forward the research findings and corresponding policy
recommendations and summarizes the shortcomings of this paper.

2. Literature Review

2.1. Relationship between Carbon Emission and Economic Development

Scholars have performed considerable research on the relationship between carbon
emissions and economic development [4]. According to the literature review, it was found
that the existing literature mainly focuses on the application of research methods and
commonly uses research methods including the Granger causality test analysis, EKC hy-
pothesis and decoupling model. First, Granger causality is used to analyze the correlation
between two variables; it can play a certain role in economic forecasting. For example,
Kofi et al. (2017) found that there was a long-term one-way causal relationship between
energy consumption and economic growth in China using the Granger causality analysis
and proposed that China should transform its trade growth mode [5]. Melike et al. (2019)
studied Granger causality between carbon dioxide emissions and economic growth in
China and the United States and found that there was a one-way causal relationship be-
tween carbon emissions and economic growth in China, but it has not been the case in the
United States. The results showed that different regions should adopt different policy rec-
ommendations [6]. Second, by analyzing the relationship between economic development
and carbon emissions, scholars use the Environmental Kuznets Curve (EKC) as an analyti-
cal perspective [7]. EKC reveals that there is an inverted U-shaped relationship between
the environment and the economy, which is a powerful tool for studying environmental
problems and economic development. For example, Abdul et al. (2018) selected BRICS
countries as research objects and analyzed the relationship between financial development,
globalization, economic growth, energy consumption, urbanization and carbon emissions
of BRICS countries based on the existence of the EKC hypothesis and supported the EKC
hypothesis in BRICS countries [8]. Subsequently, the academic circle has conducted many
studies on whether the hypothesis of an inverted U-shaped curve is correct. Awaworyi
et al. (2018) analyzed the curves of the relationship between environmental pollution and
economic development of 20 Organization for Economic Cooperation and Development
(OECD) countries through the panel data estimator, and found that only nine countries
were in line with the EKC hypothesis. Moreover, there appeared multiple shapes of the
relationship curve such as an inverted U, an inverted N and N-shape, but no single shape
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was applicable to all regions [9]. Pan et al. (2017), based on the data of India and China
from 1971 to 2012, discussed the cointegration relationship among carbon emissions and
economic activities and tested the EKC hypothesis, thus discovering that the relationship
between economic growth and carbon emissions was N-shaped, which deviated from the
EKC hypothesis [10]. Finally, in order to clarify the state between economic development
and carbon emissions in different regions at different times, academic circles generally
use decoupling model for empirical analysis [11]. To analyze the relationship between
the European Union (EU) and Finland road traffic flow, carbon dioxide emissions, and
GDP from 1970 to 2001, Petri Tapio (2005) introduced decoupling elasticity into decoupling
research for the first time, and further subdivided the concepts of decoupling, coupling
and negative decoupling, so as to set eight decoupling indicators according to the ratio
of carbon emission change to economic development change. The study showed that the
relationship between carbon dioxide produced by transportation and GDP was weakly de-
coupled [12]. Karmellos et al. (2021), based on decoupling theory, analyzed the decoupling
state between carbon emissions generated by electricity and economic growth in the EU
and discovered that most countries were in a strong decoupling state from 2013 to 2018 [13].
Smbi et al. (2021) used the gravity model, LMDI model and Tapio decoupling model to
study the decoupling state between economic development and carbon emissions in Africa,
and the results showed that many countries in Africa showed obvious negative decou-
pling and weak decoupling [14]. Xin et al. (2021) used the two-dimensional decoupling
model to explore the dynamic decoupling relationship between economic development
and carbon emissions in Gansu Province from 2000 to 2017. The results showed that the
two-dimensional decoupling state of Gansu Province was low-level weak decoupling [15].

2.2. Decomposition of Carbon Emission Drivers

In terms of analyzing the decomposition of carbon emission driving factors, scholars
have carried out many studies, and the current research methods include the structural
decomposition model and exponential decomposition model [16]. The structural decom-
position model is used to analyze the change in dependent variables by the change of
independent variables. Wang et al. (2017) decomposed the carbon emissions of Guang-
dong Province based on the structural decomposition model and found that economic and
population growth had positive effects on carbon emissions, and the intensity of carbon
emissions was the main factor in restraining carbon emissions [17]. Vries et al. (2017)
used the structural decomposition model to analyze the decoupling between carbon emis-
sions and economic growth in developed and emerging economies, and decomposed the
driving factors into global supply chain participation, consumption and technology [18].
Ninpanit et al. (2019) carried out the structural decomposition analysis (SDA) to study
the factors that led to the change in carbon emissions in Thailand, and found that the
increase in per capita consumption in Thailand and abroad had obvious influences on the
growth of carbon emissions, but the improvement of energy efficiency was not enough to
reduce emissions [19].The exponential decomposition model is a method of decomposing
the change of the independent variable into the change of the dependent variable [20].
Román et al. (2018) constructed the Index Decomposition Analysis–Logarithmic Mean
Divisia Index (IDA-LMDI) model to analyze the driving factors of carbon emissions in
Colombia, and pointed out that income and population are the main driving factors affect-
ing carbon emissions [21]. Yang et al. (2021) used the exponential decomposition model to
analyze the driving factors of carbon emissions based on the carbon emission panel data
of 78 regions and found that the production efficiency and energy-saving technology had
positive effects on reducing global carbon emissions, while the growth of per capita GDP
and population growth had inhibitory effects on global carbon emissions [22]. Liu et al.
(2021) proposed that seven factors had driving effects on carbon emissions based on the
decoupling relationship between carbon emissions and economic growth in China’s trans-
portation industry [23], and technical effects were the main factors in restraining carbon
emissions. To sum up, scholars have conducted in-depth discussions on the research of
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carbon emission drivers, but most of them are confined to a certain sub-sector, such as
transportation, non-ferrous metal industry, and the agriculture and industrial sectors, or
are limited to a certain province or region. Little research has been performed on China’s
overall carbon emission drivers, and to ensure that the results are reliable and have no
residuals [24], this paper mainly uses the LMDI model to analyze China’s carbon emission
drivers.

The research results of these studies are beneficial to reduce carbon emissions, but
they still have shortcomings. First, most scholars’ analyses of decoupling between carbon
emissions and economic development is limited to grade assessment, without analyzing
the deep causes of decoupling. Second, the literature analyzing the driving factors of
carbon emissions focuses only on a certain industry or region, and there is a lack of research
on the driving factors of carbon emissions in China as a whole. Therefore, in order to
fill the above research gap, based on the carbon emission panel data of 30 provinces in
China, this paper decided to study the decoupling status of economic development and
carbon emissions using the Tapio decoupling model and constructs of the LMDI model to
explore the driving factors that affect the decoupling of carbon emission, so as to analyze
the underlying reasons of China’s current decoupling state, with a view to providing policy
inspirations for China to realize peak carbon dioxide emissions and carbon neutrality.

3. Research Methods and Data Sources

3.1. Research Methods
3.1.1. Carbon Emission Measurement

Since the China Energy Statistics Yearbook does not have official data on carbon
emissions of Chinese provinces, this study refers to the carbon emission coefficient method
of energy consumption described by the United Nations Intergovernmental Panel on
Climate Change (IPCC) and draws on the research results of Fan et al. (2019) to choose
eight carbon sources such as coal, coke, kerosene and natural gas to calculate carbon
emissions in combination with the carbon emission coefficient of each energy source [25].
The specific formula is as follows:

C =
8

∑
j=1

Ej × αj × ξ j (1)

where C represents carbon emission, Ej represents the physical consumption of the j-th
energy, αj represents the coefficient of standard coal, and ξj represents the carbon emission
coefficient.

3.1.2. Tapio Decoupling Model

“Decoupling” refers to the trend that the relationship between economic development
and environmental pollution is constantly separated. This concept was gradually extended
from agricultural policy research to environmental field by OECD. In this study, “decou-
pling” is used to describe the gradual reduction of carbon emissions with economic growth.
Currently, widely used decoupling models mainly include the Organization for Economic
Co-operation and Development (OECD) decoupling index method and Tapio decoupling
index method. Compared with the OECD decoupling model, the Tapio decoupling index
method can better reflect the decoupling state between economic development and carbon
emissions without considering the limitation of base period [26]. Therefore, this study
uses the Tapio decoupling model to measure China’s decoupling elasticity, and the specific
formula is as follows:

β =
ΔC/C

ΔGDP/GDP
(2)

where β represents the decoupling index, C and GDP represent the base period values of
carbon emissions and GDP, respectively, while �C and �GDP represent the difference be-

196



IJERPH 2022, 19, 2893

tween current period and base period of carbon emissions and GDP. The Tapio decoupling
model is specifically divided into eight decoupling states, as shown in Figure 1.

Figure 1. Decoupling state division.

3.1.3. LMDI Driving Factor Decomposition Model of Carbon Emission

The factor decomposition method includes the structure decomposition method and
exponential decomposition method. The exponential decomposition method has the
advantages of no residual error and strong applicability and can enhance the reliability
of the results [27]; thus, the LMDI exponential decomposition method is adopted in this
paper. Drawing on the basic principle of Kaya identity, the formula for carbon emission
can be expressed as:

C = P × G
P
× E

G
× C

E
= p × g × e × s (3)

where P represents the population, G represents the gross domestic product, E represents
the energy consumption, C represents the carbon emissions, p represents population size, g
represents per capita GDP, e represents energy intensity and s represents carbon emission
intensity. According to LMDI addition decomposition, the carbon emission change ΔC in
the target year relative to the base year can be decomposed into:

ΔC = ΔCt − ΔCo = ΔCp + ΔCg + ΔCe + ΔCs (4)

where �Cp represents population effect, �Cg represents economic intensity effect, �Ce
represents energy intensity effect and �Cs represents carbon intensity effect. Among them:

ΔCp = ∑ W × ln
Ct

p
Co

p

ΔCg = ∑ W × ln
Ct

g
Co

g

ΔCe = ∑ W × ln Ct
e

Co
e

ΔCs = ∑ W × ln Ct
s

Co
s

W = (Ct−Co)
ln(Ct/Co)

(5)

By combining Equations (2) and (4), it can be concluded that:

β = ΔC × GDP
C×ΔGDP = (ΔCp + ΔCg + ΔCe + ΔCs)× GDP

C×ΔGDP =
ΔCp×GDP
C×ΔGDP

+
ΔCg×GDP
C×ΔGDP + ΔCe×GDP

C×ΔGDP + ΔCs×GDP
C×ΔGDP = fp + fg + fe + fs

(6)
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where fp represents the decoupling index of population, fg represents the decoupling
index of economic intensity, fe represents the decoupling index of energy intensity and fs
represents the decoupling index of carbon intensity.

3.2. Data Sources

This paper selects the national data from 2009 to 2019 for the empirical analysis.
Economic growth is expressed by gross domestic product (GDP). GDP data and population
data come from the China Statistical Yearbook (2010–2020), and energy consumption data
come from the China Energy Statistical Yearbook (2010–2020). There are eight types of
energies in statistics, which are uniformly converted into ten thousand tons of standard coal.
Based on the availability of data, this paper takes 30 provinces, cities and municipalities in
China as the research object, not including Tibet, Hong Kong, Macao and Taiwan.

4. Results

4.1. Characteristics of Economic Development and Carbon Emissions

According to Equation (1), this study can calculate China’s annual carbon emissions
from 2009 to 2019. The specific calculation results are shown in Figure 2. In order to better
understand the differences in carbon emissions among Chinese provinces, the specific
calculation results are shown in Figure 3.

Figure 2. Carbon emissions and economic growth trend (2009–2019).

Figure 3. Total carbon emissions and per capita carbon emissions of province.
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On the whole, from 2009 to 2019, China’s carbon emissions and economic development
level increased year by year. This shows that in China, the largest energy consumer,
a large amount of energy consumption not only brings rapid economic development,
but also leads to an increase in carbon emissions [28]. It can be seen that the level of
economic development is closely related to the growth rate of carbon emissions. However,
Figure 2 also shows that the growth trend of carbon emission has tended to level off in
the past decade under the rapid growth of the economy, showing that China’s low-carbon
development has achieved some results in recent years. According to the situation of
carbon emissions in Figure 2, it can be divided into two stages: the first stage from 2009 to
2012 and the second stage from 2012 to 2019. In the first stage, carbon emissions increased
rapidly, while in the second stage, carbon emissions tended to flatten out. The reason
for the rapid growth in the first stage may be that the Chinese government strengthened
energy consumption after the world financial crisis in 2008 in order to promote economic
recovery. The reason for the slowing of carbon emissions in the second phase is that the
eighteenth national congress of the Chinese government in 2012 put forward a strategic
decision to vigorously promote the construction of ecological civilization. As the basis of
the Overall Plan for Development in Five Areas, the building of an eco-civilization has
become the focus of the Chinese government. Following the concept of “lucid waters
and lush mountains are invaluable assets”, China has made great improvement in cutting
carbon emissions by implementing effective policies [29].

In order to better understand the characteristics of China’s carbon emissions, China’s
30 provinces are divided into eastern, northeastern, central and western regions (see
Figure 3). The average carbon emissions of eastern China were higher than the northeast,
central and western regions, and the economic development level of the eastern region
was also higher than the other three regions, indicating that there is a positive correla-
tion between economic development and carbon emissions. According to the provincial
data, Hebei, Shandong and Jiangsu provinces have the highest carbon emissions, and the
economic development level of these three provinces ranks the top ten in China. Among
these three provinces, Jiangsu’s carbon emissions are relatively low, but the economic
development level is the highest. The main reason is that Jiangsu province is committed
to improving energy efficiency and developing emerging industries such as information
technology to promote economic development [30], while Shandong and Hebei provinces
rely on heavy industry to develop their economy [30], and infrastructure construction is im-
perfect, industrial energy consumption is large, and the introduction rate of energy-saving
technology is low. Therefore, it is urgent that the two provinces increase the policy support.
Among them, Beijing, Hainan and Qinghai provinces have the lowest carbon emissions.
The main reason is that the population sizes in these three provinces are much smaller than
that of other regions. Moreover, Beijing ranks first in terms of the economic development
level among these three provinces. As the political center of China, Beijing responds quickly
to the green and low-carbon policy and has a great advantage in transportation [31]. It has
adopted many effective measures to cut emissions and speed up the transformation and
upgrading of the economy. From Figure 3, there are differences between the results of per
capita carbon emissions and total carbon emissions in each province. The per capita carbon
emissions in Liaoning, Shanxi, Inner Mongolia and Ningxia provinces are much higher
than those in Hebei, Shandong and Jiangsu provinces, where the total carbon emissions
are relatively high. The reason is that the regional carbon emissions are affected by the
population [32]. To sum up, China’s carbon emissions not only exist as regional imbalances,
but also, the provinces within the region have significant differences due to reasons such as
population size and economic development level [33].

It can be seen from Figure 4 that from 2009 to 2019, China’s economic growth rate
was higher than the growth rate of carbon emissions, and the economic growth rate was
consistent with the growth rate of the carbon emissions. Since 2012, the growth rate of
carbon emissions has been below 5% (see Figure 4). It can be seen that the concept of green
and low carbon has played a certain role in restraining carbon emissions, and the Chinese
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government has also made great efforts to reduce carbon emissions [34]. From 2011 to
2013 and from 2014 to 2015, the growth rate of carbon emissions decreased significantly,
showing that the Chinese government complied with the theme of scientific development
and the main line of accelerating the transformation of economic development mode
in the 12th Five-Year Plan to effectively solve the problems between the economy and
environment [35]. The results also show that the vigorous progress made in the 12th Five-
Year Plan has become an important turning point on China’s emission reduction road [36],
laying a foundation for the slowdown of carbon emissions growth and the improvement of
economic development efficiency.

Figure 4. General trend chart of carbon emission growth rate and economic growth rate (2009–2019).

4.2. Decoupling Analysis of China’s Economic Growth and Carbon Emissions

The above section analyzes the overall characteristics of carbon emissions in different
regions of China and has a systematic understanding of carbon emissions and economic
development in different regions of China. Next, this paper uses the Tapio decoupling
model, namely Equation (2), to analyze the decoupling between China’s economic growth
and carbon emissions from 2009 to 2019, and the results are shown in Table 1.

Generally speaking, from 2009 to 2019, China’s 30 provinces were basically in a weak
decoupling state, and carbon emissions were positively correlated with economic develop-
ment. During this period, the average growth rate of carbon emissions was 3.6%, while the
average growth rate of economic development level was 10.5%. As the economic growth
rate was higher than that of carbon emissions, carbon emissions and economic development
were in a weak decoupling state, which showed that China, as a big energy country, still
has a high dependence on energy consumption to developed economy. According to the
fluctuation of the decoupling index, it can be seen that China’s decoupling index gradually
decreased from 2009 to 2019, which was mainly due to the active measures taken by the
Chinese government to transform industrial structures [34], actively developing a green
and low-carbon circular development industrial system under the high attention of the
international environment to climate issues.

There are significant differences in China’s decoupling situation (see Table 1), which
mainly shows that the central region is better than the eastern region, the eastern region is
better than the northeast region, the northeast region is better than the western region, and
the decoupling elasticity of carbon emissions and economic development in the western
region was always lower than the average decoupling elasticity in China. The six central
provinces share similar conditions of economy and population, and their average decou-
pling index shows little diverseness. However, Shanxi Province has the highest decoupling
index, mainly because Shanxi, as an energy-based province and major coal producer, has
a slow rate of economic growth and a strong dependence on energy, and is still at the
exploration stage of energy transformation [37]. From 2017 to 2019, Henan Province was in
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a strong decoupling state. The reason is that the economic development level of Henan
has been in the forefront of the country and the industrial structure has continuously
been optimized, achieving economic growth while improving environmental benefits [38].
However, there are significant differences in the decoupling situation among the eastern
provinces, and the high difference in the decoupling index inhibits the average carbon
emission index in the eastern region. Among them, Beijing has been in a strong decoupling
type at all stages (see Table 1). The decoupling index between Tianjin and Shandong was
relatively high, because Shandong Province, as an industrial city, has large demand for
energy that has led to carbon emissions. It can be seen that there are significant internal
differences in the decoupling elasticity of carbon emissions in the eastern region. Northeast
China is rich in coal resources, with heavy industry as the pillar industry causing carbon
emissions [39]. Due to the relatively backward economic development in the western
region, the application of energy-saving technologies was relatively rare. Ningxia is the
most prominent example in this region, and the decoupling state is expansive coupling.
The reason for the expansive coupling may be that Ningxia is well positioned in the field
of new energy development with its the utilization rate of new energy taking the lead
nationwide [40]. The complete infrastructures in the energy industry and the good trend of
economic development have caused the rapid increase in carbon emissions.

Table 1. Decoupling between carbon emissions and economic growth.

Area Province
2009–2011 2011–2013 2013–2015 2015–2017 2017–2019

β Decoupling β Decoupling β Decoupling β Decoupling β Decoupling

Eastern China

Beijing −0.157 Strong −0.193 Strong −0.105 Strong −0.114 Strong −0.064 Strong
Tianjin 0.731 Weak 0.459 Weak 0.295 Weak 0.198 Weak 0.407 Weak
Hebei 0.513 Weak 0.36 Weak 0.231 Weak 0.149 Weak 0.264 Weak

Shandong 0.481 Weak 0.307 Weak 0.425 Weak 0.417 Weak 0.532 Weak
Jiangsu 0.666 Weak 0.471 Weak 0.38 Weak 0.297 Weak 0.248 Weak

Shanghai 0.466 Weak 0.398 Weak 0.166 Weak 0.128 Weak 0.081 Weak
Zhejiang 0.349 Weak 0.177 Weak 0.137 Weak 0.135 Weak 0.112 Weak

Fujian 0.639 Weak 0.304 Weak 0.355 Weak 0.241 Weak 0.257 Weak
Guangdong 0.594 Weak 0.314 Weak 0.231 Weak 0.231 Weak 0.19 Weak

Hainan 0.54 Weak 0.231 Weak 0.395 Weak 0.239 Weak 0.235 Weak
Mean 0.482 Weak 0.283 Weak 0.251 Weak 0.192 Weak 0.226 Weak

Northeast China

Liaoning 0.369 Weak 0.203 Weak 0.147 Weak 0.324 Weak 0.6 Weak
Jilin 0.609 Weak 0.264 Weak 0.13 Weak 0.095 Weak 0.125 Weak

Heilongjiang 0.338 Weak 0.199 Weak 0.192 Weak 0.201 Weak 0.224 Weak
Mean 0.439 Weak 0.222 Weak 0.157 Weak 0.207 Weak 0.317 Weak

Central China

Shanxi 0.349 Weak 0.371 Weak 0.392 Weak 0.421 Weak 0.573 Weak
Henan 0.502 Weak 0.157 Weak 0.127 Weak 0.04 Weak −0.032 Strong
Hubei 0.587 Weak 0.143 Weak 0.106 Weak 0.097 Weak 0.089 Weak
Hunan 0.369 Weak 0.152 Weak 0.13 Weak 0.136 Weak 0.074 Weak
Anhui 0.264 Weak 0.311 Weak 0.279 Weak 0.224 Weak 0.165 Weak
Jiangxi 0.525 Weak 0.429 Weak 0.394 Weak 0.325 Weak 0.279 Weak
Mean 0.433 Weak 0.26 Weak 0.238 Weak 0.207 Weak 0.191 Weak

Western China

Guangxi 1.058 Expansive 0.791 Weak 0.517 Weak 0.562 Weak 0.545 Weak
Chongqing 0.482 Weak 0.081 Weak 0.121 Weak 0.086 Weak 0.039 Weak

Sichuan 0.092 Weak 0.123 Weak 0.084 Weak 0.018 Weak 0.012 Weak
Guizhou 0.25 Weak 0.249 Weak 0.126 Weak 0.11 Weak 0.067 Weak
Yunnan 0.201 Weak 0.124 Weak −0.088 Weak −0.035 Weak 0.05 Weak
Shaanxi 0.565 Weak 0.585 Weak 0.532 Weak 0.426 Weak 0.381 Weak
Gansu 0.573 Weak 0.405 Weak 0.317 Weak 0.239 Weak 0.223 Weak

Qinghai 0.355 Weak 0.571 Weak 0.284 Weak 0.352 Weak 0.264 Weak
Inner Mongolia 0.782 Weak 0.537 Weak 0.512 Weak 0.791 Weak 1.197 Expansive

Ningxia 1.015 Expansive 0.893 Expansive 0.786 Weak 0.862 Expansive 1.007 Expansive
Xinjiang 0.597 Weak 0.742 Weak 0.79 Weak 0.757 Weak 0.637 Weak

Mean 0.498 Weak 0.425 Weak 0.332 Weak 0.347 Weak 0.368 Weak
Whole country Mean 0.49 Weak 0.339 Weak 0.28 Weak 0.265 Weak 0.293 Weak

Note: Strong represents strong decoupling, weak represents weak decoupling, expansive represents expansive
coupling.

4.3. Decomposition Analysis of Driving Factors of Carbon Emission in China

According to the LMDI-driven decomposition model, namely Equation (3), Equation (4),
Equation (5), and Equation (6), the elasticity of carbon emission driving factors in China’s
30 provinces from 2009 to 2019 was measured. It was divided into five stages: 2009–2011,
2011–2013, 2013–2015, 2015–2017, and 2017–2019. The results are shown in Table 2, and the
results of the contributions to the four driving factors are shown in Figure 5.
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Table 2. Elasticity of Carbon emission driving factors.

Area Province

Year

2009–
2011

2011–
2013

2013–
2015

2015–
2017

2017–
2019

2009–
2011

2011–
2013

2013–
2015

2015–
2017

2017–
2019

fp fg

Eastern
China

Beijing 0.404 0.278 0.227 0.150 0.101 0.434 0.449 0.454 0.440 0.424
Tianjin 0.230 0.236 0.225 0.184 0.321 0.722 0.614 0.543 0.517 0.519
Hebei 0.076 0.071 0.080 0.073 0.083 0.846 0.786 0.732 0.674 0.693

Shandong 0.056 0.048 0.053 0.059 0.071 0.874 0.801 0.793 0.756 0.786
Jiangsu 0.059 0.043 0.037 0.031 0.028 0.887 0.830 0.777 0.708 0.656

Shanghai 0.772 0.553 0.360 0.237 0.162 0.167 0.345 0.447 0.494 0.481
Zhejiang 0.140 0.098 0.082 0.076 0.078 0.757 0.718 0.680 0.626 0.559

Fujian 0.066 0.056 0.060 0.055 0.048 0.875 0.766 0.737 0.648 0.603
Guangdong 0.273 0.186 0.153 0.132 0.119 0.672 0.672 0.640 0.604 0.552

Hainan 0.032 0.042 0.053 0.049 0.050 0.881 0.740 0.747 0.648 0.605

Northeast
China

Liaoning 0.035 0.022 0.017 0.023 0.014 0.856 0.773 0.745 0.845 0.900
Jilin 0.008 0.006 0.005 −0.008 −0.031 0.926 0.806 0.743 0.725 0.841

Heilongjiang 0.005 0.004 −0.005 −0.012 −0.036 0.879 0.809 0.803 0.796 0.874

Central
China

Shanxi 0.098 0.090 0.104 0.085 0.086 0.777 0.760 0.749 0.735 0.770
Henan −0.030 −0.013 −0.001 0.006 0.009 0.956 0.821 0.754 0.653 0.549
Hubei 0.015 0.016 0.019 0.020 0.016 0.908 0.740 0.668 0.608 0.537
Hunan 0.063 0.052 0.051 0.047 0.040 0.820 0.711 0.654 0.613 0.545
Anhui −0.055 −0.021 0.002 0.014 0.017 0.915 0.828 0.761 0.677 0.570
Jiangxi 0.027 0.027 0.031 0.032 0.030 0.883 0.818 0.773 0.708 0.646

Western
China

Guangxi −0.109 −0.044 −0.014 0.006 0.017 1.119 0.989 0.861 0.843 0.806
Chongqing 0.044 0.041 0.041 0.040 0.036 0.857 0.687 0.635 0.558 0.481

Sichuan −0.035 −0.012 0.002 0.009 0.010 0.868 0.770 0.699 0.595 0.517
Guizhou −0.209 −0.086 −0.048 −0.027 −0.016 1.079 0.853 0.695 0.597 0.506
Yunnan 0.031 0.029 0.029 0.029 0.024 0.834 0.720 0.592 0.544 0.489
Shaanxi −0.017 −0.003 0.006 0.013 0.017 0.934 0.884 0.843 0.765 0.713
Gansu −0.064 −0.027 −0.015 −0.003 0.003 0.989 0.867 0.813 0.750 0.697

Qinghai 0.039 0.048 0.051 0.061 0.061 0.834 0.831 0.709 0.706 0.643
Inner

Mongolia 0.061 0.050 0.052 0.082 0.087 0.902 0.839 0.821 0.873 0.959

Ningxia 0.050 0.068 0.081 0.089 0.104 0.952 0.903 0.853 0.862 0.898
Xinjiang 0.048 0.065 0.107 0.122 0.114 0.873 0.863 0.828 0.791 0.732

Area Province fe fs

Eastern
China

Beijing −0.941 −0.860 −0.713 −0.639 −0.537 −0.055 −0.061 −0.072 −0.067 −0.051
Tianjin −0.207 −0.388 −0.455 −0.481 −0.387 −0.013 −0.003 −0.017 −0.022 −0.045
Hebei −0.411 −0.495 −0.572 −0.591 −0.505 0.002 −0.003 −0.009 −0.008 −0.007

Shandong −0.424 −0.528 −0.405 −0.375 −0.314 −0.025 −0.013 −0.017 −0.024 −0.011
Jiangsu −0.283 −0.398 −0.428 −0.434 −0.429 0.003 −0.003 −0.006 −0.009 −0.008

Shanghai −0.465 −0.484 −0.617 −0.578 −0.546 −0.008 −0.015 −0.024 −0.025 −0.016
Zhejiang −0.535 −0.623 −0.608 −0.551 −0.512 −0.014 −0.015 −0.018 −0.016 −0.013

Fujian −0.276 −0.495 −0.428 −0.451 −0.388 −0.026 −0.024 −0.013 −0.011 −0.006
Guangdong −0.389 −0.566 −0.572 −0.509 −0.484 0.039 0.022 0.009 0.004 0.002

Hainan −0.341 −0.532 −0.402 −0.453 −0.419 −0.032 −0.019 −0.002 −0.005 −0.001

Northeast
China

Liaoning −0.508 −0.580 −0.604 −0.525 −0.300 −0.014 −0.012 −0.010 −0.018 −0.014
Jilin −0.327 −0.546 −0.616 −0.615 −0.675 0.002 −0.001 −0.003 −0.007 −0.009

Heilongjiang −0.539 −0.619 −0.603 −0.585 −0.614 −0.007 0.005 −0.002 0.002 0.001

Central
China

Shanxi −0.525 −0.473 −0.453 −0.391 −0.278 −0.001 −0.006 −0.009 −0.008 −0.005
Henan −0.419 −0.633 −0.615 −0.605 −0.573 −0.005 −0.019 −0.011 −0.014 −0.016
Hubei −0.364 −0.613 −0.575 −0.524 −0.456 0.028 0.000 −0.005 −0.005 −0.007
Hunan −0.502 −0.600 −0.560 −0.511 −0.495 −0.011 −0.012 −0.015 −0.014 −0.015
Anhui −0.581 −0.482 −0.470 −0.453 −0.411 −0.014 −0.014 −0.014 −0.014 −0.011
Jiangxi −0.370 −0.394 −0.391 −0.399 −0.382 −0.015 −0.022 −0.019 −0.017 −0.015

Western
China

Guangxi 0.038 −0.171 −0.330 −0.286 −0.282 0.009 0.016 0.000 0.000 0.003
Chongqing −0.408 −0.619 −0.531 −0.491 −0.456 −0.011 −0.028 −0.024 −0.020 −0.021

Sichuan −0.722 −0.621 −0.597 −0.563 −0.494 −0.020 −0.014 −0.020 −0.023 −0.021
Guizhou −0.616 −0.513 −0.511 −0.451 −0.412 −0.004 −0.005 −0.009 −0.009 −0.011
Yunnan −0.643 −0.617 −0.690 −0.593 −0.452 −0.020 −0.008 −0.018 −0.015 −0.010
Shaanxi −0.358 −0.308 −0.326 −0.356 −0.351 0.006 0.011 0.008 0.004 0.002
Gansu −0.351 −0.423 −0.467 −0.493 −0.467 0.000 −0.013 −0.013 −0.015 −0.011

Qinghai −0.502 −0.303 −0.460 −0.394 −0.418 −0.016 −0.004 −0.015 −0.020 −0.022
Inner

Mongolia −0.184 −0.362 −0.372 −0.175 0.135 0.004 0.010 0.010 0.012 0.016

Ningxia 0.010 −0.083 −0.151 −0.092 0.001 0.003 0.004 0.003 0.003 0.004
Xinjiang −0.332 −0.188 −0.142 −0.160 −0.214 0.007 0.002 −0.003 0.004 0.005
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Figure 5. Contribution of various influencing factors of carbon emissions (2009–2019): (a) eastern
China; (b) northeastern China; (c) inner China; (d) western China.

It can be analyzed from Table 2 that the elasticity of population size and elasticity of
economic intensity are basically positive, and these two factors have an inhibition effect on
the decoupling state of carbon emissions in various regions of China, and on the whole,
the elasticity of economic intensity has the highest value; that is, the elasticity of economic
development is the most important inhibition factor for the decoupling of carbon emissions
and plays a dominant role in the increase in carbon emissions. It can be seen that various
regions of China need to accelerate the transformation of economic development mode.
Among the driving factors, energy intensity elasticity and carbon intensity elasticity are
negative as a whole, which play major roles in promoting the decoupling of carbon emis-
sions. Among them, carbon intensity elasticity has little influence on the decoupling of
carbon emissions, and energy intensity elasticity is the main driving force for restraining
carbon emissions. It can be seen that all regions in China need to improve the utilization
rate of energy, expand the scope of introducing energy-saving technologies and exert the
important influence of energy intensity on the decoupling of carbon emissions. The elastic-
ity of economic intensity of 30 provinces has gradually decreased, and the inhibitory effect
on carbon emission decoupling has also decreased. In summary, the Chinese government
has made some progress in changing the mode of economic development, which has effec-
tively alleviated the economy’s excessive dependence on energy. Energy intensity elasticity
is increasingly important, and the Chinese government also provided great support in
improving energy efficiency.

From the contribution of driving factors, the economic intensity of the four regions as
a whole contributes greatly to the increase in carbon emissions, while the energy intensity
contributes to the reduction of carbon emissions, and the contribution of economic intensity
was higher than the contribution of incremental carbon emissions. The contribution has
risen year by year, which shows that the economy still has a strong dependence on energy.
As it is shown in Figure 5, the population size in the eastern region also plays a role in
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promoting carbon emissions, while the population size in the other three places has no
significant influence. The reason may be that the eastern region has a high level of economic
development and large population mobility, forming in a certain population size [41]. The
increase in carbon emissions in northeast China shows a trend of first rising and then falling
and generally shows a slow upward trend, while an increase in carbon emissions in the
other three regions shows an increasing trend year by year. Comparing the contribution
values of the four regions’ economic intensity, the research can find that the eastern region
is better than the central region, central region is better than the western region, and the
western region is better than the northeast region. To sum up, the energy intensity factors
can promote the emission reduction, and there are significant regional differences in the
contribution values of the influencing factors of carbon emissions in the four regions.

5. Conclusions and Discussion

This paper estimates the carbon emissions of 30 provinces in China from 2009 to 2019,
applying the Tapio decoupling model to analyze the decoupling state of economic devel-
opment and carbon emissions and the LDMI model to discuss the driving factors behind
carbon emissions. Based on China’s provincial panel data, we can draw the following
conclusions: First, from the perspective of the characteristics of economic development
and carbon emissions, both carbon emissions and GDP are increasing year by year, and
the economic growth rate is relatively fast and the growth trend of carbon emissions is
relatively flat, which is consistent with the policy goal of low-carbon economic develop-
ment. Second, China’s carbon emissions and economic development are basically in a weak
decoupling state, and the decoupling index shows a downward trend, from 0.49 to 0.293,
which indicates that China’s low-carbon economy has achieved certain results, but overall,
there is still much room for improvement in China’s emission reduction. Third, there are
significant differences in the decoupling state between carbon emissions and economic
development in different regions of China, and the development of provinces in the region
is unbalanced. It mainly shows that the central region is better than the eastern region, the
eastern region is better than the northeast region, and the northeast region is better than the
western region, and only Beijing Province and Henan Province among the 30 provinces and
cities have entered a strong decoupling state. Fourth, the elasticity of economic intensity
and the elasticity of population size inhibit the decoupling of China’s carbon emissions,
while the elasticity of energy intensity and the elasticity of carbon intensity promote it. At
the same time, the role of energy intensity in inhibiting carbon emissions is significantly
enhanced. Wang and others also found that energy intensity is an important factor in
promoting the decoupling process [42], which indicates that China needs to make efforts to
improve energy efficiency.

Based on the above research conclusions, in order to promote the construction of
China’s low-carbon economic development system, the following suggestions are put
forward:

(1) Accelerate the development of energy-saving technologies and improve energy uti-
lization [43]. From the panel data of 30 provinces in China, it is concluded that the
energy intensity has a positive effect on the decoupling of carbon emissions. Therefore,
the Chinese government should pay attention to the application of green technologies
to improve energy efficiency [44].

(2) Adjust measures to local conditions and strengthen regional cooperation. In actively
exploring the new path of low-carbon development, we should promote the economi-
cally developed areas to reach peak carbon dioxide emissions first, and at the same
time strengthen regional cooperation [45]. The economically underdeveloped areas
should learn from the experience of carbon reduction and promote the sustainable
development of energy.

(3) Promote the optimization and upgrading of industrial structure and support the new
energy industry. China focuses on the secondary industry, and it is more feasible to
develop clean energy than to reduce coal consumption. In recent years, new energy

204



IJERPH 2022, 19, 2893

sources such as solar energy and wind energy have been widely used. The Chinese
government can optimize the industrial structure by expanding the proportion of
clean energy [46].

(4) Promote the building of the carbon emission trading market. Carbon emission trading
market is a powerful tool to reduce carbon emissions by market mechanism and a
platform for green and low-carbon economic development. The trading market can
effectively reduce the carbon-emission cost, establish a voluntary emission reduction
mechanism, and actively promote the regional carbon emission reduction responsi-
bility. Conversely, it is necessary to strengthen the institutional construction of the
carbon emission trading market, improve the legal support for the trading market,
ensure the standardized operation of the trading market, and promote the strong
decoupling between China’s economic development and carbon emissions.

The conclusions drawn from the panel data of China’s economic development and car-
bon emissions from 2009 to 2019 can provide a reference for China’s low-carbon economic
development, but there are still some shortcomings that need to be further improved. First,
this study is based on the panel data of 30 provinces only and pays little attention to the
characteristics of carbon emissions in different regions within each province; therefore it
is limited by the lack of more detailed data, which provide a direction for future research.
Second, the driving factors of carbon emissions are diverse and complex, and only four
factors are considered in this study. In the future, the research should be further deepened,
and other important factors, such as industrial structure and economic structure, should be
selected to further improve the research.
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Abstract: Public rental housing (PRH) for low-income families has been shown in several studies to
be associated with poor health status and obesity. However, the causes of this health disparity are
controversial, and the associations and pathways between PRH and obesogenic behaviors remain
unknown. Using cross-sectional survey data of 1977 adults living in Hong Kong (aged or over 18)
together with multi-source GIS-based environmental data, we examined the associations between
PRH and obesogenic behaviors and the extent to which those associations can be explained by
neighborhood food and physical environment. The unhealthy food environment, which relates with
infrequent fruit and vegetables consumption, was calculated based on the relative density of fast
food restaurants and convenience stores to grocery stores. The physical activity environment, which
relates to physical inactivity and prolonged sitting, was assessed in terms of density of sports facilities
and street greenery, separately. Regressions and mediation analyses show that PRH was negatively
associated with physical inactivity directly and also indirectly via higher sports facilities density;
however, PRH was positively associated with unhealthy diet largely directly and positively associated
with prolonged sitting indirectly via less street greenery. We advanced the international literature
of PRH health impact assessment and its environmental health pathways by providing evidence
from the least housing-affordable city in the world. The findings provide planning implications
in formulating a healthier PRH community for these low-income PRH households and mitigating
health disparities induced by housing type.

Keywords: physical inactivity; prolonged sitting; unhealthy diet; sports facilities; street greenery

1. Introduction

Public rental housing (PRH), one of the most effective housing solutions for low-
income families, has been employed in many countries around the world to improve
living conditions of those needy families. Goal 11 of the United Nation’s 2030 Agenda for
Sustainable Development reflects the significance of inclusive and healthy cities: “making
cities inclusive, safe, resilient and sustainable” [1]. Rapid urbanization exerts enormous
pressure on housing, due to shortages of land resources and an expanding population.
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People with low socio-economic status (SES) tend to live in terrible environments. They
are more vulnerable to negative health impacts from their living environments [2,3]. The
increasing number of slum dwellers in cities and metropolitan areas, especially in Eastern
and Southeastern Asia, has led local governments to take actions such as PRH to safeguard
the basic human right of adequate housing. The research on the health impacts of PRH is
of particular importance in the context of rapid urbanization, especially in Asia.

There is a systematic review of a total of 14 articles, including 4 prospective studies,
8 cross-sectional studies, and 2 retrospective cohort studies on the relationship between
staying in PRH in Singapore and health status [4]. Staying in PRH was found to be
associated with all-cause mortality in Singapore and increases hospital utilization [4,5].
Similar to the findings in the United States, whereby the low-income housing policy and
poor health has been linked for more than a century [6]. Although residing in PRH appears
to be a risk marker of poorer health, the causes of health disparity are controversial. The
argument is over if residents entered PRH already ill or if PRH may cause the poor health
of its resident [7]. A mixed-methods study in Atlanta, USA, found that the majority of PRH
residents entered PRH already ill, and the long tenure in PRH was not associated with an
increased poor health after entry into PRH [7]. However, another study using a nationally
representative survey in the large cities in the USA found that PRH residency increases
obesity and worsens mothers’ overall health status by minimizing the selection effect with
controls and instrumental variables [6]. The mixed results suggest the urgent need for more
research to find out the pathways from residing in PRH to related health outcomes.

From the perspective of the paradigm of traditional housing health research, both
interior housing condition and external neighborhood environment could affect residents’
health [8]. If PRH residence leads to poor health outcomes, the pathways could be related
with poor housing and neighborhood environment in PRH. However, a related study, which
leveraged a natural experiment created by PRH redevelopment in Los Angeles, found
that there was no significant change in weight-related outcomes during the two years of
baseline after the improvements to housing and the built and social environments in PRH
communities [9]. Yet, weight-related outcomes, such as body mass index, are relatively
long-term health consequences and need to be observed over time. In addition, they are
complex, with multiple possible pathways, including both eating and physical activity.
The short-term influences include health-related behaviors, attitudes, and health-seeking
behaviors [10].

Therefore, more studies are needed to assess the short-term health impact of PRH
residence, such as obesogenic behaviors, to help understand the pathways of the health
disparities induced by housing type. Surprisingly, such research is scarce. A natural
experimental study aimed to assess whether enhancing the physical and social environment
could reduce obesity among PRH residents via improving diet and physical activity or
not [11]. From baseline to one-year follow-up, they found that the intervention participants
significantly changed their eating and activity behaviors, while control participants reported
no significant change in any studied variables [12]. However, the associations and pathways
linking PRH residence to obesogenic behaviors still need to be further explored.

In Hong Kong, PRH is the primary housing solution to achieve the vision of helping
all households gain access to adequate and affordable housing based on the Long Term
Housing Strategy (2014), and it was introduced in 1954, after the Shek Kip Mei fire [13].
Approximately 2.13 million persons (29.1%) live in PRH according to the Hong Kong
By-census (2016), and the average waiting time for PRH was 4.7 years in 2016 [14]. PRH is
not for sale and provides a safety net for low-income families with the eligibility criteria of
income and assets. Some studies explored associations between residential environment
and health among Hong Kong’s PRH residents [15,16]. However, whether there were
disparities in the residential environment and health behaviors among PRH and non-PRH
residence remains unknown in Hong Kong, as Hong Kong has a different PRH governance
from Western cites or other Asian areas such as Singapore. Studies on the associations and
environmental pathways between PRH residence and health-related outcomes are very
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meaningful in one of the least housing-affordable cities in the world. Meanwhile, obesity
has become a global problem, spreading rapidly across Asia in the setting of urbanization.
In Hong Kong, about 30% of adults are obese and 20% are overweight [17].

To fill the above gaps, this paper examined the associations and pathways linking
PRH residence to obesogenic behaviors via food and physical activity environment among
adults in a Hong Kong context. We used GIS-based environmental variables together with
a representative cross-sectional survey data among Hong Kong adults from 2014 to 2015.
Two aspects were analyzed with regression and mediation models: (1) associations of PRH
with food and physical activity environment and (2) the direct and indirect associations
from PRH to obesogenic behaviors via corresponding food and physical activity environ-
mental exposures. This study aims to not only verify the association among PRH, food,
and physical activity environments and obesogenic behaviors but also to highlight the
importance of neighborhood environments in mitigating health disparities induced by
housing type. The findings in this study advanced the international literature of PRH health
impact assessment and its environmental health pathways in the context of a representative
world city, which provided governance implications for healthy PRH communities.

2. Theoretical Foundation and Hypothesis Development

Generally, we assumed that PRH residence is associated with obesogenic behaviors
via residential environment (summarized in Figure 1) with three detailed hypotheses in a
Hong Kong context: (1) PRH residence → unhealthy food environment → infrequent fruits
and vegetables (FV) eating; (2) PRH residence → less sports facility density → less physical
inactivity; (3) PRH residence → less street greenery → prolonged sitting. These hypotheses
include two parts: (1) PRH residence → neighborhood environmental exposures and
(2) neighborhood environmental exposures → health behavior outcomes.

Figure 1. Conceptual framework of direct and indirect pathways through which public rental housing
programs influence obesogenic behaviors.

The latter (neighborhood environmental exposures → health behavior outcomes)
could be derived from extensive literature on built environmental health [18–21], consistent
with the classical Bronfenbrenner’s socio-ecological model, which made environmental-
level health interventions popular [22]. Specific to obesity-related environmental interven-
tion research, the improvement of food and physical activity environments has been proven
to contribute to healthier eating and physical activity behaviors by a large number of
studies [23–25]. Sports facility density was found to be related to physical activity behavior,
and greenery correlated with sedentary behavior [26,27]. The local retail food environment
was also found to be related with dietary behaviors in Hong Kong by one of our former
studies [28]. Therefore, the food and physical activity environment in terms of the relative
density of fast-food restaurants and convenience stores compared to grocery stores, sports
facility density, and street greenery were included in this study [26,28].
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Next, we state the theoretical foundation and the logical inference of the former part
(PRH residence → neighborhood environmental exposures) and the related hypotheses
(PRH residence → unhealthy food environment/higher sports facility density/less street
greenery) in the context of Hong Kong. Many studies have explored the environmental
determinants of residential satisfaction with PRH in many cities [29–31]. However, studies
on systematic disparities of residential environment in PRH and non-PRH are limited
despite the stereotype of PRH being associated with poor living conditions. In Hong Kong,
one study reveals that people living in public and private housing have significantly dif-
ferent built environments such as population density, the percentage of people living and
working in the same district, PRH density, and a gravity-based accessibility [32]. Another
study also found a significant difference in the satisfaction levels of the living environment,
environmental quality, security, and urban renewal among residents from different housing
types in Hong Kong [33]. These results follow the concept of “housing classes” developed
by Rex and Moore (1967) that proposes different housing types are characterized by dif-
ferent physical and social settings [33,34]. PRH and non-PRH often distribute different
places with their own neighborhood characteristics. Additionally, from the perspective
of governance disparities, PRH in Hong Kong, as well as facilities and services in PRH
communities, were provided and managed by the Hong Kong Housing Authority under
the Hong Kong Government, while those in private housing were provided by private
companies. Therefore, in this study, we assumed that PRH communities had different
neighborhood food and physical activity environments than non-PRH communities. Specif-
ically, PRH was assumed to be related to poor food and physical environments in terms
of a higher relative density of fast-food restaurants and convenience stores compared to
grocery stores, less sports facility density, and less street greenery.

3. Materials and Methods

3.1. Study Area

This study was conducted in Hong Kong, a special administrative region of the
People’s Republic of China. As one of the most densely populated areas in the world,
Hong Kong covers approximately 1080 square kilometers of land and had a population of
7,336,585 people at the end of June 2016, with 7,116,829 usual residents and 219,756 mobile
residents [14]. Hong Kong is one of the cities with the highest inequality in the world, with
an income Gini coefficient of 0.524 in 2016, and 1 in 5 people lived below the poverty line in
2017 [14]. Approximately 2.13 million persons (29.1%) lived in PRH, 1.16 million persons
(15.8%) lived in subsidized home ownership housing, and 3.9 million persons (53.2%) lived
in private permanent housing with a median monthly mortgage payment of HKD 10,500
(Hong Kong Dollar) [14].

The housing problem is worsened due to a lack of housing land, and Hong Kong
has been ranked the least housing-affordable city in the world for a decade since 2011
by an international housing organization, Demographia [35]. An insufficient supply of
land also leads to inadequate sites for community facilities. Even after planning for land
supply, Hong Kong will still face a land shortage of at least 1200 hectares by 2046 [36]. In
2014, the Government of Hong Kong Special Administrative Region adopted a supply-led
housing strategy with a commitment to continuously increase the housing supply, which
strengthens the role of public housing and keeps an interchangeable ratio between PRH
and subsidized sale flats. As a part of its long-term housing strategy, it adopted a 60:40
public–private split for new housing from 2015–2016 to 2024–2025, with 280,000 public
housing units (200,000 PRH and 80,000 subsidized sale flats). In 2018, it revised the public–
private split to 70:30 for the next 10-year period due to the strong social demand of public
housing [37].

3.2. Data Collection

We used a representative sample of 1977 Hong Kong adults (aged or over 18) derived
from a two-stage stratified sampling design by geographical area and housing type. Survey
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data of the 1977 adults were part of the first wave of the Strategic Public Research (SPPR)
project, “Trends and Implications of Poverty and Social Disadvantages in Hong Kong: A
Multi-disciplinary and Longitudinal Study” (for methodology details, see references) [38,39].
This was conducted by the Department of Social Work, the Chinese University of Hong Kong.
The Survey and Behavioral Research Ethics Committee of the Chinese University of Hong
Kong reviewed and approved of the study procedures and materials. The detailed verbal and
written information on the study was given to participants. Because of the statistical treatment
of data, personal data arising from the study are kept in strictly confidential ways. This
sample has detailed information on the latitude and longitude of the respondents’ homes,
and the cross-sectional survey data were acquired via face-to-face interviews conducted
between May 2014 and July 2015. In this study, the following variables were collected:
individual variables, such as housing type, sociodemographic variables, and variables of
health behaviors, and perceived environmental variables.

Multi-source objective environmental data were also collected in this paper. To mea-
sure the local retail food environment, data on different food outlets were collected from
Hong Kong’s Food and Environmental Hygiene Department [28]. To measure physical
activity environment, data on sports facilities were collected from Hong Kong’s Leisure and
Cultural Service Department. Data on street greenery were collected from Google Street
View Images, using an object-based images classification algorithm. All objective environ-
mental measures in this paper were constructed within a buffer around each respondent’s
residence, using the Geographic Information System (GIS).

3.3. Independent Variable

The independent variable is PRH residence. Housing type of PRH was coded as 1
while housing type of non-PRH including subsidized sale flats and private housing was
coded as 0.

3.4. Mediating Variables

Three measures of environmental exposures (Retail Food Environment Index (RFEI),
sports facility density, and street view greenness (SVG)) were used as potential mediators.
ArcGIS 10.4.1 was used to construct objective environmental measures. The objective
environmental measures were standardized with a mean of 0 and a standard deviation
of 1. We defined each respondent’s neighborhood as the area within a 1 km of Euclidean
circular buffer from their home, which was considered as a walkable distance. RFEI was
adopted from our previous study to characterize the unhealthy food environment [28]. It
was calculated based on the relative density of fast-food restaurants and convenience stores
to grocery stores. A higher RFEI indicates an unhealthier food environment.

For characterizing physical activity environment, we used sports facility density
and SVG. Data on sports facilities were collected from the Leisure and Cultural Service
Department, Hong Kong (https://www.lcsd.gov.hk (accessed on 12 December 2021). Sports
facilities were defined as sports center, recreation grounds, water sports centers, swimming
pools, or sports grounds [26]. We did not use individually listed sports facilities because
they are provided by relevant place. The addresses of the public sports facilities were
geocoded to obtain the latitude and longitude using Google Maps application programming
interface (API). The density of public sports facilities was calculated in ArcGIS 10.4.1 using
the Buffer and the Count Points in Polygon analysis tools.

Street greenery was characterized by SVG-derived street view images using an object-
based images classification algorithm. For measuring SVG, we requested a series of images
using the Google Street View application programming interface. Referring to the method
used in previous studies, the sampling points along the road network were at 100-m
intervals, and images were taken in 6 main directions (i.e., 0◦, 60◦, 120◦, 180◦, 240◦, and
300◦) [40,41]. The images were downloaded at each sampling point to cover the full
horizontal field of view. To reduce computational time and to consider the actual needs of
this study, we only used sampling points that fell within the respondent’s neighborhood
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(i.e., a 1-km Euclidean distance around their home). We obtained 48,250 street-view images
in total. We used the object-based image classification algorithm pymeanshift to classify
greenery in the images [40]. We calculated the average percentage of greenery in street-view
images in six horizontal directions at the sample site and averaged greenness within the
neighborhood to represent the SVG of each respondent. We used modified Python scripts
based on an open source python library (https://github.com/mittrees/Treepedia_Public
(accessed on 24 May 2020).

3.5. Dependent Variables

Three variables of obesogenic behaviors, including infrequent FV eating, physical
inactivity, and prolonged sitting, were constructed as outcomes. Infrequent FV eating was
defined as not having fruit or vegetables every day. FV consumption frequency data of
respondents were collected in the cross-sectional survey. Respondents were asked “How
many days a week do you usually have: (1) fruits and (2) vegetables”. Response options
were continuous number from 1 to 7 (days). For analysis here, we dichotomized the
outcome: infrequent FV eating (<7 days/week) and frequent FV eating (=7 days/week)
since daily FV consumption is recommended by WHO.

Physical inactivity was defined as lack of vigorous physical activities such as heavy
lifting, digging, aerobics, or fast bicycling for at least 10 min at a time during the last week
and lack of moderate physical activities such as carrying light loads, bicycling at a regular
pace, or doubles tennis during the last week (do not include walking). Prolonged sitting
was defined as over six hours of sitting on a weekday. Physical inactivity and prolonged
sitting were assessed by the International Physical Activity Questionnaire short form
(IPAQ short) [39]. They were dummy variables based on the responses to the following
questions: “During the past week, did you do vigorous physical activities such as heavy
lifting, digging, aerobics, or fast bicycling for at least 10 min at a time? and did you do
moderate physical activities, not including walking, such as carrying light loads, bicycling
at a regular pace, or playing doubles tennis?”, and “During the past week, did you spend
longer than 6 h sitting on a weekday?”. Affirmative responses were coded as 1.

3.6. Covariates

Socio-demographic variables and perceived environmental variables extracted from
the cross-sectional survey data were covariates, including age, gender, marital status, sub-
jective poverty (“Do you think you are poor now”), and monthly income (equivalized
household income; this study used an equivalence scale which divided household in-
come by square root of household size) [38], educational attainment, birthplace, having
under-school-aged children, being a Hong Kong permanent resident, area problems, and
accommodation problems.

Area problems and accommodation problems were used to characterize the perceived
community and housing environment. To measure perceived community environment,
residents were asked 12 items in relation to the question “Do you think that any of the things
are a problem in this area?”: poor street lighting or broken pavement; noise (e.g., traffic,
businesses); air pollution; lack of open public spaces; risk from traffic for pedestrians and
cyclists; illegal parking; people being drunk or rowdy in the street/park; criminal activity;
problems with communal areas (e.g., rubbish in corridors); rats or insects; and others
(please specify). To measure perceived housing environment, residents were asked 12 items
following the question “Do you have any of these problems with your accommodation?”:
shortage of space; lack of privacy (within the household or between neighbors); too dark;
not enough light; too hot in summer/too cold in winter; damp walls, ceilings, floors,
etc.; poor ventilation; rats or insects; light pollution (too bright in the evening); and others
(please specify). The number of area problems and the number of accommodation problems
were summed for respondents.
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3.7. Statistical Analyses

This study investigates the associations among PRH, food and physical activity en-
vironments, and obesogenic behaviors among adults in Hong Kong. As the objective
environmental variables are continuous variables (Z-score) and the outcomes of interest
are binary variables, we used the maximum likelihood method to estimate the parameters
of our regression models. In addition, logistic regression was used since it is a useful
analysis method for classification problems, and it often models a binary outcome or other
two possible discrete outcomes. The statistical analyses were conducted using Mplus
Version 8.3 (1998–2017 Muthen & Muthen). The statistical tests were two-tailed, with a
significance level of 0.05. Unstandardized regression coefficients (B), standard errors (SE),
95% confidence intervals (CIs), and probability (P) were obtained.

First, to test the associations of PRH with food and physical environment, we regressed
RFEI, sports facility density, and SVG on PRH, controlling for socio-demographic and
perceived environment covariates.

Second, to test direct and indirect effects from PRH to obesogenic behaviors via food
and physical environment, mediation analyses were conducted with several regressions
based on the conceptual framework we developed in Figure 1. Three pathways were tested
separately: (1) PRH residence → RFEI → infrequent FV eating; (2) PRH residence → sports
facility density → physical inactivity; and (3) PRH residence → SVG → prolonged sitting.
All the mediation models were adjusted for significant socio-demographic and perceived
neighborhood and housing environmental covariates. The Hosmer and Lemeshow test
(p) was used to test the fitting degree of the models. If p > 0.05, the fit of the model is
good. The direct and indirect effects via corresponding food and physical environments
were calculated. The proportion of the effect that is mediated was calculated as indirect
effect/(direct effect + indirect effect) and presented as a percentage. The Sobel test was
applied to test whether the indirect effect was significant.

4. Results

4.1. Decriptive Statistics

Table 1 shows the sample characteristics. Over half (57.1%) of the sample lived in PRH.
This sample included 477 (24.1%) young adults (aged 18–39), 804 (40.7%) middle-aged
persons (aged 40–59), and 696 (35.2%) older persons (aged 60 or over). Over half of the 1977
adults (51.6%) were not born in Hong Kong, but 95.1% of the 1977 adults had permanent
Hong Kong residence. Over half (58.9%) of the participants were female, 24.1% were in
subjective poverty, and 26.7% had equivalized household monthly income under HKD
3500. Among the respondents, 85.4% had not attended university, 38.2% were unmarried,
and 91.7% did not have under-school-aged children.
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Table 1. Characteristics of participants (n = 1977).

Sample (n = 1977)

Independent variable: RRH residence n (%)
Code = 1 1129 (57.1)
Code = 0 848 (42.9)

Mediating variables: food and physical activity
environment Mean (SD)

RFEI 0 (1)
Sports Facility Density 0 (1)

SVG 0 (1)

Dependent variables: obesogenic behaviors %
Infrequent FV eating 36.1%

Physical Inactivity 36.8%
Prolonged Sitting 43.1%

Covariates n (%)
Gender (n (%))

Female 1164 (58.9)
Male 813 (41.1)

Age (n (%))
18–39 477 (24.1)
40–59 804 (40.7)
60+ 696 (35.2)

Monthly income (n (%))
Not low income 1449 (73.3)

Low income (<HK$ 3500) 528 (26.7)
Self-reported poverty b (n (%))

No 1500 (75.9)
Yes 477 (24.1)

Educational attainment (n (%))
Higher education 289 (14.6)

Education attainment under college 1688 (85.4)
Marital status (n (%))

Non-single 1221 (61.8)
Single 756 (38.2)

Birthplace (n (%))
Non-Hong Kong 1020 (51.6)

Hong Kong 957 (48.4)
Having under-school-aged children (n (%))

Yes 165 (8.3)
No 1812 (91.7)

Hong Kong permanent residence (n (%))
Yes 1881 (95.1)
No 96 (4.9)

Area Problems (Mean (SD)) 0.87 (1.277)
Accommodation Problems (Mean (SD)) 1.30 (1.748)

Note: PRH = public rental housing; RFEI = Retail Food Environment Index; SVG = street-view greenness;
FV = fruit and vegetable. Housing type of PRH was coded as 1 while housing type of non-PRH including
subsidized sale flats and private housing was coded as 0.

Table 2 shows descriptive statistics of the objective environmental characteristics and
obesogenic behaviors among adults with PRH and non-PRH residence. PRH residence
had higher averages of sports facility density, but higher RFEI and less SVG than non-PRH
residence, indicating better sports environment and unhealthier food environment and
worse street greenery environment in PRH communities.

216



IJERPH 2022, 19, 2960

Table 2. Descriptive statistics of environmental exposures and obesogenic behaviors among adults
with PRH and non-PRH residence.

PRH
n = 1129

Non-PRH
n = 848

Environmental Exposures Mean (SD) Mean (SD)

RFEI 0.123 (1.091) −0.163 (0.836)
Sports Facilities Density 0.135 (1.022) −0.180 (0.941)

SVG −0.073 (0.981) 0.097 (1.017)

Obesogenic behaviors Positive Rate (%)

Infrequent FV eating 40.1% 30.8%
Physical inactivity 32.9% 42.1%
Prolonged sitting 43.3% 42.9%

Note: PRH = public rental housing; RFEI = Retail Food Environment Index; SVG = street-view greenness.
Bold number indicating significant different distributions with non-parametric test (p < 0.05). Positive rate was
calculated by the proportion of affirmative response.

Non-parametric tests among PRH and non-PRH residences for environmental ex-
posures and obesogenic behaviors were conducted to compare their distributions. Bold
numbers indicate significantly different distributions with the non-parametric test (p < 0.05).
The food and physical activity environment of PRH residence is significantly different from
non-PRH residence. The obesogenic behaviors of infrequent FV eating and physical inactiv-
ity among residents in PRH are significantly different from those in non-PRH. Specifically,
residents in PRH had significantly higher rates of infrequent FV eating and lower rates of
physical inactivity than those in non-PRH.

4.2. Results of Regressions

Table 3 shows the associations of PRH residence with food, sports, and greenery
environments. PRH residence was significantly associated with RFEI, sports facility density,
and SVG, indicating that people living in PRH had very different food and physical activity
environments from those living in non-PRH. Specifically, PRH residence was positively
associated with RFEI and sports facility density and negatively associated with SVG,
suggesting that PRH residence provided a better sports environment, but an unhealthier
food environment and less greenery than non-PRH residence.

Table 3. Regression model results of RPH residence on food, sports, and greenery environment.

Independent Variable: PRH Residence B (S.E.)

Dependent variable: RFEI 0.268 (0.048) ***
Dependent variable: Sports facility density 0.314 (0.047) ***

Dependent variable: SVG −0.161 (0.048) ***
Notes: *** p < 0.001; PRH = public rental housing; RFEI = Retail Food Environment Index; SVG = street-view
greenness. Models adjusted for significant socio-demographic and perceived environmental covariates.

4.3. Results of Mediation Models

Table 4 shows the results of mediation models, which estimate the direct and indi-
rect effects from PRH residence to obesogenic behaviors via food and physical activity
environment, controlling for socio-demographic and perceived environmental variables.
For the direct associations from PRH to obesogenic behaviors, PRH residence showed
significantly negative association with physical inactivity but significantly positive asso-
ciation with infrequent FV consumption among adults in Hong Kong. For the indirect
associations via food and physical activity environments, PRH residence showed a positive
indirect association with infrequent FV eating via RFEI, a negative indirect association with
physical inactivity, and a positive indirect association with prolonged sitting. The findings
suggested that PRH residence was negatively associated with physical inactivity directly,
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as well as indirectly, via better sports environment. However, PRH residence was positively
associated with unhealthy diet largely directly and positively associated with prolonged
sitting indirectly via worse greenery environments.

Table 4. Mediation results of direct and indirect effect from PRH residence to obesogenic behaviors
via food environment and physical activity environment among adults in Hong Kong.

Independent Variable: PRH Direct Effect Indirect Effect
Hosmer and

Lemeshow Test
Mediation Proportion

B (S.E.) B (S.E.) (p) (%)

Direct effect on infrequent FV eating 0.432 (0.112) ***
Indirect effect via RFEI 0.030 (0.015) * > 0.05 6.49

Direct effect on physical inactivity −0.417 (0.124) ***
Indirect effect via sports facilities density −0.213 (0.040) *** > 0.05 33.81

Direct effect on prolonged sitting 0.038 (0.105)
Indirect effect via SVG 0.043 (0.016) ** > 0.05 53.09

Notes: * p < 0.05, ** p < 0.01, *** p < 0.001; PRH = public rental housing; RFEI = Retail Food Environment Index;
SVG = street-view greenness; FV = fruit and vegetables. The proportion of the effect that is mediated (mediation
proportion) was calculated as indirect effect/(Direct effect + indirect effect), and presented as percentage. Media-
tion models were adjusted for significant socio-demographic and perceived environmental covariates. The Sobel
test was applied to test whether the indirect effect was significant. Hosmer and Lemeshow test (p) was used to
test the fitting degree of the models. If p > 0.05, the fit of the model is good.

5. Discussion

To the best of our knowledge, this is the first study to examine the associations between
PRH and obesogenic behaviors as well as the mediator role of food and physical activity
environment. It was conducted in the world’s least housing-affordable city with the data
from a representative sample of residents aged 18 or over. Overall, PRH residence was
positively associated with infrequent FV eating and negatively associated with physical
inactivity among adults in Hong Kong, and these associations were partially mediated by
worse neighborhood food environments and better sports environments, separately. The
empirical findings in the paper also provide local governments implications for creating
healthy residential environments for PRH residents and emphasizing the importance of
neighborhood environment in mitigating health disparities induced by housing type. Below,
we discuss and explain the results in more details.

Firstly, we found that residents in PRH had significantly higher rates of infrequent FV
eating and lower rates of physical inactivity than those in non-PRH. Residing in PRH was
not directly associated prolonged sitting. Our results also partly explain the mixed results
of previous literature on the association between PRH residence and obesity [9,12]. They
were possibly caused by the competition of the two forces, including eating and physical
activity behaviors. From the current evidence, it is difficult to extrapolate the association
between housing type and obesity in Hong Kong, since PRH residents showed unhealthier
eating behavior on the one hand and healthier physical activity behavior on the other
hand. The lower rate of physical inactivity in PRH residents could be a breakthrough in
improving the health of low-income households and alleviating health disparities.

Secondly, contrary to our preconceived assumption, PRH was positively associated
with higher sports facilities density. This result also explained the unexpected significantly
lower rate of physical inactivity in PRH residence in Hong Kong. Although the result was
surprising at first glance, it was a happy ending and could be explained by the logic behind
sports facility planning in Hong Kong. Different from the local retail food environment,
which was dominated by the capital market, public sports facilities were provided and
distributed by the government. The Planning Department’s Hong Kong Planning Standards
and Guidelines (2021) list three types of sports facilities including regional, district, and
local sports facilities [42]. Local sports facilities in PRH communities were provided by
the Housing Authority and were improved timely by “Estate Improvement Program”.
In addition, the Housing Authority especially provides sports facilities suitable for older
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persons in PRH due to the concentration of elderly persons in PRH communities caused
by the older-person-first PRH allocation policy. Furthermore, while other regional and
district sports facilities provided by the Leisure and Cultural Service Department were
planned based on population density, PRH in Hong Kong was proved to be associated
with higher population density [32]. Therefore, PRH residents have more accesses to
sports facilities which could be the reason leading to lower rate of physical inactivity than
non-PRH residents.

Thirdly, PRH was positively associated with unhealthier food environment and nega-
tively associated with street greenery indicating a worse food and greenery environment
in PRH, which partially explained the significantly higher rate of infrequent FV eating
and fully explained the non-significant but higher rate of prolonged sitting in PRH resi-
dents. These results also contribute the international review of PRH’s health impact and
are consistent with the previously reported inverse association between PRH residence
and poor health outcomes in developed Western societies and developed Asian countries
such as Singapore [4–6]. Additionally, our results provide the cross-sectional evidence
of environmental pathways linking PRH residence to potential health-related outcomes,
such as obesity and chronic disease. These results correspond with another study con-
ducted in Hong Kong, which indicated that positive associations between residing in PRH
and premature mortality risk could be attenuated or even reversed after controlling for
neighborhood characteristics [43]. Furthermore, we need to notice that only a small part of
the association between PRH and infrequent FV eating could be explained by unhealthier
GIS-based objective food environment. These results suggest that despite the objective food
environment, there were other unshown factors that mediate the association between PRH
residence and eating behaviors. A previous study summarized five dimensions of “food
access”, including availability, accessibility, affordability, accommodation, and acceptability
that affect residents’ eating behaviors [44]. Therefore, in addition to food accessibility, we
need to pay more attention to other dimensions of “food access”, especially affordability.
For example, the relative price of other foods to FV near the PRH residential areas could
make a difference in eating FV behavior.

The findings in this study advanced international review in several ways including
health impact assessment of PRH, environmental pathways linking PRH residence to health,
and the association between residential environment and health outcomes. In addition,
these findings contribute to the possible solutions of health disparities induced by housing
type by improving neighborhood environment in health disadvantaged communities.
Hong Kong has a rich experience in PRH governance. The PRH practice in Hong Kong
provides a reference for other cities with housing problems. This is first study in Hong Kong
linking PRH residence to health-related behaviors. More studies need to be conducted in
Hong Kong and compared with other cities for creating a healthy and inclusive residential
environment for low-income households.

This study also had several limitations. First, we were unable to establish a causal
association between PRH residence, neighborhood environment, and behaviors due to the
cross-sectional nature of the study. In addition, the mediation analysis we used comes
with several assumptions and considerations about causal mechanisms that might bias the
estimation of mediation effects when one or more assumptions are violated (e.g., exposure-
induced mediator–outcome confounding) [45,46]. In future studies, we could make use
of policy interventions to cleverly design experiments and use natural experiments to
explore the causal relationship of housing and health. Second, we did not consider the
subjective perceived factors of food and physical activity environments. Although we
included perceived environmental covariates in this paper, the variables were rude and do
not finely reflect the perceived food and physical activity environments. Further studies
could be conducted to compare the difference of objective food and physical activity
environment with perceived food and physical activity environment. Third, we need to
note that only the density of sports facilities was considered. Even though there were
more sports facilities positioned near PRH communities, the type of sports facilities could
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affect different sports behaviors. Lastly, the self-reported measures of behavior outcomes
could be another limitation. More studies should be conducted to assess behaviors more
comprehensively and objectively (e.g., accelerometry).

6. Conclusions

We found that residing in PRH was associated with higher rate of infrequent FV
eating and lower rate of physical inactivity in the context of Hong Kong. The associations
between residing in PRH and obesogenic behaviors were mediated by neighborhood food
and physical activity environments. More targeted interventional studies directed at PRH
communities need to be carried out to address the health inequalities induced by housing
type and understand the causal associations among PRH, neighborhood environment, and
health outcomes. These will aid policy makers in formulating better policies to improve
health for low-income residents living in PRH and mitigate their health disparities with
residents living private housing.
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Abstract: The Chinese government has implemented a medical system reform to improve the equity
of healthcare resources since 2009. We selected Shenzhen as our study area and evaluated the
accessibility and equity of the multi-tiered medical system in China using a novel multi-tiered two-
step floating catchment area (MT2SFCA) method. We proposed the benchmark and applied the
independent variables of travel time and facility attractiveness, along with a combination of the
two factors, as tolerances to determine the new logistic cumulative distribution decay functions.
Community health centers (CHCs) and hospitals were included while integrating their features.
Results revealed that the MT2SFCA method was able to determine the particular advantages of
CHCs and hospitals in the multi-tiered medical system. The CHCs offset the lower accessibility of
hospitals in suburban areas and hospitals balanced the regional inequity caused by the CHC. Travel
time is the main consideration of patients who have access to CHCs, whereas facility features are the
main considerations of patients who have access to hospitals. Notably, both CHCs and hospitals are
crucial for the whole multi-tiered medical system. Finally, we suggested modifications in different
travel modes, weights of contributing factors, and the validation of decay functions to improve the
MT2SFCA method.

Keywords: spatial accessibility; medical system; multi-tiered two-step floating catchment area
(MT2SFCA) method; equity; healthcare

1. Introduction

1.1. Spatial Equity and Accessibility to Health Services

In terms of accessing public facilities, spatial equity may be defined as the degree to
which facilities are distributed in an equal way, corresponding to the requirements of facili-
ties over different areas. It is a critical problem that must be considered by urban planners
and policymakers to determine the under-provisioned areas and then, make decisions to
allocate the public services more effectively [1]. People experiencing easily-accessed and
adequately-resourced facilities are generally reported to have higher happiness levels and
better health status [2–4]. Achieving equity in healthcare services is one of the fundamental
goals of Universal Health Coverage (UHC) [5]. The equity of access to healthcare facilities
has become one of the most crucial objectives of healthcare systems in many countries, with
the aim of achieving social equity by promoting the livelihood and health conditions of
people. In the development targets of the 14th Five-Year Plan, the Chinese government men-
tioned the equity of healthcare facilities, while highlighting the means of de-centralization
of healthcare facilities in city centers [6].
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Being the most popular factor used for evaluating the spatial equity of public service
facilities, accessibility reflects the demand–supply relations and spatial distributions of
facilities along road networks [7,8]. The 2SFCA method has become one of the most
popular methods to analyze the accessibility of various infrastructures. The basic model
of the 2SFCA method [9] originated from the dichotomous transformation of the gravity
model [10]. Subsequently, many advanced versions have been proposed to improve
the basic model. Luo and Qi [11] firstly proposed using several travel time zones with
various weights to denote the distance decay effects. Continuous gradual decay functions
were exploited in Gaussian-based 2SFCA (G2SFCA) [12] and Kernel density-based 2SFCA
(KD2SFCA) [13] methods. Wan et al. [14] proposed the three-step-floating catchment area
(3SFCA) method, which further explains the supply–demand relation by considering the
competitive effects from nearby facilities. Delamater [15] indicated that all the traditional
2SFCA and 3SFCA methods have the shortcoming of container-like systems; therefore,
he introduced the modified 2SFCA (M2SFCA) method, while considering the suboptimal
conditions of healthcare distributions. Luo and Whippo [16] applied dynamic catchment
sizes to balance the discrepant allocations of healthcare facilities in urban and rural areas.
Bauer and Groneberg [17] integrated the M2SFCA method with a logistic-based decay
function that replaced the impedance coefficients (using available distribution parameter)
so that the catchment sizes would vary independently, based on the distributions of facilities
within the catchment areas.

Except travel distance, accessibility is also suggested to consider other effects, such
as medical management, service quality, consumer income, and cultural factors. Penchan-
sky and Thomas [18] proposed a comprehensive definition of ‘access to healthcare’ that
described the fit between the patient and the healthcare system in a series of aspects, in-
cluding availability, accessibility, accommodation, affordability, and acceptability. Recently,
some studies have considered the characteristics of healthcare when evaluating the spatial
accessibility and equity of a health system to obtain results that are much closer to the
realistic situation. Luo [19] innovatively applied the Huff model to the 3SFCA method to
describe the two factors that affect the decisions of patients to select healthcare facilities,
which are the travel distance and the attractiveness of facility. Shin and Lee [20] utilized
the number of patient visits normalized by hospital capacity to substitute the travel time in
the distance decay function, to calculate the accessibility of emergency medical services in
South Korea.

Because the medical system is one of the most important livelihood projects of a coun-
try, during the urbanization in China, scholars have paid significant attention to the equity
and accessibility of healthcare facilities. Rong et al. [21] evaluated the accessibility of com-
prehensive hospitals in Zhengzhou, Henan Province, China, and observed that the medical
facilities demonstrated a concentric structure in the central area of the city. Lu et al. [22]
compared the accessibility before and after the referral reform of the hierarchical health sys-
tem of China, and deduced that the referral reform significantly improved the accessibility
of health services. Wang et al. [23] investigated the accessibility of community/township
health centers in Sichuan Province and revealed that the spatial disparity was associated
with population density and ethnic minority. Chen et al. [24] evaluated the accessibility
of secondary and tertiary hospitals in Shenzhen, based on the big data of taxi trajectory.
Similar to all other cities in China, the accessibility of hospitals in Shenzhen also illustrated
uneven distributions, and notably, the central area has better access to healthcare services.

1.2. Research Aims and Objectives

According to the literature, we were able to deduce that most studies only concentrated
on the accessibility of hospitals; these studies overlooked the benefits of primary healthcare
facilities such as community health stations and clinics. Moreover, in most cities in China,
the multi-tiered medical system only includes hospitals, among which the primary hospitals
are responsible for providing basic, preventive, and rehabilitation healthcare services to
the communities; however, there are only a few primary hospitals. For example, in the
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research focusing on the equity of healthcare resources in Beijing, Lu et al. [22] found that
the patients in two remote towns cannot reach any primary hospital within 30 min. Because
Shenzhen is a special zone and owing to the early and relatively successful implementation
of health system reform in the city, the multi-tiered medical system in Shenzhen has more
advantages compared to other cities. It now incorporates three-tier hospitals as well as
hundreds of community health centers (CHCs).

The aim of our study is to provide a reliable and viable method to analyze spatial
data to reveal possible inequity and inaccessibility of healthcare facilities in Shenzhen,
based on the numbers of real outpatient visits to healthcare facilities. In this study, we
investigated the accessibility and equity of the multi-tiered medical system in China after
the health system reform was implemented. First, we explained the multi-tiered medical
system in Shenzhen, China, including the system structure and relevant policies. Then,
we introduced the multi-tiered two-step floating catchment area (MT2SFCA) method to
determine the accessibility and equity of the multi-tiered medical system. We proposed the
independent variables of travel time and facilities attractiveness, along with a combination
of the two factors as the benchmark, Scenario 1 and Scenario 2 of tolerance to determine the
new logistic cumulative distribution decay function. Finally, we discussed the reasons that
affected people’s selection of healthcare facilities by comparing the two scenarios used with
the benchmark in MT2SFCA model. The results can then be used by policy makers and
scholars to address the limitations in accessible healthcare and thus, promote the equity
and accessibility of the multi-tiered medical system.

2. Multi-Tiered Medical System in China

To achieve the global goals of UHC, the strategy of Healthy China 2020 was proposed,
with the aim of providing basic healthcare coverage to all residents living in urban and
rural areas by the year 2020. A new round health system reform was launched in 2009 [25].
The objectives of this reform included improving the accessibility and equity of healthcare
services, providing well-rounded health services, and improving the medical insurance
system [26].

The healthcare system in China is a multi-tiered medical system having a two-way
patient referral mechanism, in which the healthcare facilities are categorized into three
tiers. The first-tier includes primary hospitals, CHCs, and clinics to provide healthcare
services for common diseases, disease prevention, and rehabilitation. In addition, CHCs
also provide services, such as vaccination, health promotion, family planning, medical
education, family doctor, home healthcare, and chronic diseases detection and treatment.
The second-tier and third-tier hospitals (also known as secondary hospitals and tertiary
hospitals) are regional/district hospitals and municipal hospitals, both of which provide
specialized and high-level healthcare services. In addition to these services, the tertiary
hospitals offer medical research and education.

The two-way patient referral mechanism aims to optimize the allocation of healthcare
resources. Patients are freely but encouraged to seek health services in primary healthcare
institutions, and then, they are referred to secondary and tertiary hospitals if needed. Other
than the referrals that may be generated from primary to secondary and tertiary healthcare
facilities, they can also be referred in the reverse direction, that is, the hospitals in higher
tiers can generate referrals to CHCs for subsequent treatments such as rehabilitation and
chronic diseases management at an affordable cost.

Shenzhen has experienced rapid urbanization for decades and has become one of
the most populated Tier 1 cities in China. Therefore, Shenzhen is ideal as a case study
for the analysis of urban problems in developing countries [27]. Because it is a new and
high-density city with rapid population growth, allocating healthcare resources properly is
a tough challenge in Shenzhen. Shenzhen government has moved forward on a healthcare
reform program by implementing various actions, including financial and policy supports,
and made some achievements. In 2018, the densities of hospital beds, physicians, nurses,
and health professionals achieved 3.65, 2.79, 3.09, and 8.82 per 1000 of the population,
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respectively, for long-term residents in Shenzhen [28]; more than 95% families can reach
the nearest healthcare facilities within 15 min [29].

The process of the outpatient service of the multi-tiered medical system in Shenzhen
is shown in Figure 1. The system consists of community health centers (CHCs) and
hospitals. Hospitals are ranked into three categories, which are primary, secondary, and
tertiary hospitals, according to their capacities and service qualities. Each category is
subdivided into A, B, and C levels with respect to its medical service level. The outpatient
services of local residents depend on the types of their medical insurances. Three ranks
of medical insurance can be selected for the residents in Shenzhen. The Tier 1 insurance
is the best, followed by Tier 2 and Tier 3. Better insurance also entails more monthly fees
and larger proportions of reimbursements while in use. During the outpatient services,
the patients with the Tier 1 insurance are free to choose any medical services including
CHCs and hospitals. To encourage people to visit CHCs, the government implemented
a policy that 30% of the patient’s expenses would be covered by the local government
when they visit CHC for the first-time outpatient service. The patients with Tier 2 and
Tier 3 medical insurances are first asked to visit CHCs for outpatient service and then,
the step-by-step referral process (from lower to higher ranked facilities) is followed if
needed. In addition, they are still free to choose healthcare facilities for serious illnesses.
If patients need subsequent or long-term rehabilitation, they may be transferred to the
lower-level facilities. Except for the policies implemented for the patients, some policies
are put forward to improve the competitiveness of the lower-tier facilities. The prices
of medicines and therapies in tertiary hospitals follow the referenced price-level of the
province. The prices of secondary and primary hospitals are set as 95 and 90% of the
reference prices, respectively. Notably, the prices of CHCs are set as low as 80% of the
reference prices. As stated before, after the Shenzhen government provided sufficient
support for primary-care infrastructure construction, personnel training, financial support,
and policy implementation, the acceptance of CHCs by local residents has grown. In 2018,
about 40% of first-time outpatient services were completed by CHCs for the whole city [30].

Figure 1. Introduction of multi-tiered medical system in Shenzhen, China.

3. Methods

3.1. Study Area and Data Sources

Shenzhen (22◦32′ N, 114◦30′ E) is located on the central coast of the southern Guang-
dong Province. As a special economic zone with fast-growing economy, it has become
one of the biggest cities in China. The long-term residents have exceeded 12 million [31].
Shenzhen comprises of 10 districts and 74 subdistricts (Figure 2a) that cover an area of
~2000 km2. Three districts, namely, Luohu, Futian, and Nanshan, are considered as the
central areas of the city.
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Figure 2. Introduction of research area and objects: (a) locations of healthcare facilities in Shenzhen;
(b) locations of neighborhoods in Shenzhen.

The multi-tiered medical system in Shenzhen consists of hospitals and CHCs. In
this study, all 84 general hospitals (including 6 Chinese general hospitals) and 692 CHCs
were applied to investigate the accessibility of the multi-tiered medical system through the
MT2SFCA method. The numbers of outpatient visits and physicians for each hospital and
CHC were obtained from the Statistics Bureau of the Shenzhen Municipality and the 2018
Annual Health Statistics of Shenzhen Municipality [28]. The locations of healthcare facilities
were extracted from Open Maps [32] using geocoding (Figure 2a). The catchment areas
of hospitals and CHCs were 30 min of driving and 30 min of walking, respectively [33].
According to the Shenzhen Traffic Performance Index System [34], the driving speeds
were determined by the average value in peak hours, which were 75 km/h for highways,
45 km/h for arterial roads, 30 km/h for city roads, and 20 km/h for local streets. The walk-
ing speed was set as 5 km/h. The road network was obtained from OpenStreetMap [35].
Information about 6328 neighborhoods (Figure 2b) was obtained from the public data of
the most popular real estate website [36] in China. The population was estimated using the
average values of 2017 and 2018, as reported by the Shenzhen Centre for Disease Control
and Prevention. The accessibility was calculated using ArcGIS 10.7 [37].

3.2. Calculating Accessibility of Multi-Tiered Medical System
3.2.1. Attractiveness of Health Facilities

The designed capacity of a hospital depends on the potential demand of surrounding
neighborhoods, which is reflected by the final size of the hospital, including the numbers
of beds, physicians, nurses, and health professionals. Generally, these numbers have strong
correlations with each other. For the general hospitals in Shenzhen, the coefficients of
determination (R2) of the linear relationships between the numbers of physicians and
nurses, numbers of physicians and health professionals, and numbers of physicians and
beds were 0.97, 0.99, and 0.80, respectively. The reason of the lower R2 of the correlations
between the numbers of physicians and beds is that the number of beds is also determined
by the specialties of the hospitals. Therefore, the number of physicians represents the
designed capacity of the hospital more accurately. Notably, the real demand of the hospital
is represented by the annual actual outpatient visits to the hospital. The attractiveness
of the hospital can be expressed by Equation (1), which is determined by the ratio of the
number of actual visits to the number of physicians in the hospital.

qij =
Vj

Sj
(1)

where j is the healthcare location, i is the population location, qij is the attractiveness of
health facility, Vj is the annual actual outpatient visits of the facility, and Sj is the number
of physicians of the facility.

By being divided by the number of physicians, the number of visits was normalized by
the hospital capacity, so that the attractiveness due to the hospital itself could be evaluated
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to portray the high quality of services and expert skills of health professionals. The
definitions of attractiveness were discussed in detail under two scenarios in Section 3.2.2.

3.2.2. Tolerance Decay Function

A tolerance decay function fi
(
wij
)

is proposed as a substitute for the distance decay
function applied in the 2SFCA method to consider both the attractiveness of the healthcare
facility and the distance between the supply and demand points. Therefore, before any
other analysis, we first determined the tolerance.

In this study, we analyzed and compared two scenarios of tolerance, as follows:

Scenario 1. Tolerance was regarded as being affected by the attractiveness (qij) of the health facility
including facility features and distance.

In this scenario, we assumed that the actual outpatient visits of health facilities were
affected by the distance and service quality [20]. Thus, the attractiveness (qij) included the
effects by both the facility itself and its distance. The tolerance of residents who visited the
healthcare facilities was calculated by Equation (2).

w1ij = Norm
(−qij

)
(2)

where w1ij is the tolerance of residents who visited the healthcare facilities under the
conditions of Scenario 1, and Norm

(−qij
)

is the normalization of −qij.

Scenario 2. The attractiveness (qij) of the health facility was considered to only represent the effects
of the facility features, such as service quality, physician level, and crowdedness.

The tolerance of the visitors was considered as the comprehensive assessment of
residents visiting a healthcare facility, which consisted of two factors, the distance between
the population and healthcare facility and the attractiveness of the healthcare facility. There
are several ways to conduct a comprehensive assessment of a criteria affected by several
factors, and multiplying or adding weighted factors are the most common methods [38,39].
Compared to multiplication weighted factor, addition weighted factors can obtain a dataset
having lower dispersion and smaller fluctuations. Therefore, the addition formula was
chosen to determine the tolerance of the patients visiting a healthcare facility (Equation (3)).
Notably, we assumed that the attractiveness of the facility and the distance of the facility
from the residents’ locations had equal influences on the tolerance.

w2ij = Norm
(
tij
)
+ Norm

(−qij
)

(3)

where w2ij is the tolerance of residents visiting health facilities in Scenario 2, tij is the travel
time from the population location to the supply service, Norm

(
tij
)

and Norm
(−qij

)
are the

normalizations of the datasets tij and −qij. They were normalized to [0,1] to eliminate the
influence of their numerical values.

The tolerance decay function fi
(
wij
)

was determined by the logistic cumulative dis-
tribution function (CDF) [Equation (4)], which is a downward sigmoid function (S-shape)
based on a logistic distribution method [17]. Because the CDF used the median and stan-
dard deviation (SD) of the tolerance dataset (wij), a uniquely shaped decay function, fi

(
wij
)
,

was obtained for every population location i.
Figure 3 illustrates an example of the changes in fi

(
wij
)

with various medians and SDs
of wij. We observed that the median shifted the function in horizontal direction, and the SD
changed the steepness. For a fixed SD, a larger median value resulted in stronger tolerance
for longer distances and lower attractiveness. For a fixed median, a smaller SD resulted in
a steeper curve, indicating that the residents were more sensitive to the tolerance factors.

fi
(
wij
)
=

1 + exp
(
− μπ

σ
√

3

)
1 + exp

(
(wij−μ)π

σ
√

3

) (4)
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where μ is the median of wij, and σ is the SD of wij.

 

Figure 3. Effects of median and standard deviation (SD) on tolerance decay function; x axis represents

the tolerance (wij) and y axis represents tolerance decay function fi

(
wij

)
.

3.2.3. Accessibility

The accessibility of healthcare facilities was determined based on the M2SFCA model [15],
which considers the supply–demand relations, along with suboptimal configurations, as
shown in Equation (5). In this accessibility equation, the traditional distance decay function
was substituted by the tolerance decay function, which considered the attractiveness and
distance of the health facilities. As discussed in Section 3.2.2, the tolerance decay function,
fi
(
wij
)
, varied for each catchment area. The suboptimal configuration was evaluated by

fG
(
wij
)
, which represented the general benchmark tolerance of patients who visited the

healthcare facilities, and it was calculated using all the tolerance values calculated for the
entire study area regardless of catchment area [Equation (6)].

Ai = ∑j∈{tij≤t0}
Sj fi

(
wij
)

fG
(
wij
)

∑i∈{tij≤t0} Pi fi
(
wij
) (5)

where Sj is the number of physicians of the facility, Pi is the population of the demand
location, fG

(
wij
)

is the global tolerance decay function, tij is the travel time between the
residents and the healthcare locations, t0 is the maximum travel time of the catchment area,
and Ai is the accessibility of the demand location.

fG
(
wij
)
=

1 + exp
(
− μGπ

σG
√

3

)
1 + exp

(
(wij−μG)π

σG
√

3

) (6)

where μG and σG are the medians and SDs of all the wij values calculated for the entire
study area regardless of catchment area; it is a constant value.

3.2.4. Accessibility of Multi-Tiered Health System

The multi-tiered health system consists of two main types of healthcare facilities,
i.e., hospitals and CHCs. To calculate the accessibility of the multi-tiered health system,
we proposed the MT2SFCA method to adapt to the system. The process of evaluating
accessibility is demonstrated in Figure 4. First, the respective accessibilities of CHCs and
hospitals were calculated separately, and then, the results were compared to the accessibility
of the multi-tiered health system (CHCs and hospitals).
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Figure 4. Flowchart explaining the process of calculating the accessibility of CHC, hospital, and the
multi-tiered medical system.

For each of the three healthcare configurations, the accessibilities are determined
in three ways by varying the tolerance decay function fi

(
wij
)
. First, we determined

the benchmark value of accessibility by using the travel time, tij, as the tolerance in
Equation (5), which is similar to the traditional 2SFCA method. Then, another two meth-
ods consider the attractiveness and travel time of healthcare as tolerance as indicated by
Equations (2) and (3) of Scenarios 1 and 2. It is important to note that the catchment areas of
CHC and hospital were different, which are determined by ‘30 min by walking’ and ‘30 min
by driving’. When we calculated the accessibility of the multi-tiered medical system, the
catchment areas of both the CHCs and hospitals were summed up for each neighborhood,
referring to the 2SFCA method with various catchment areas [14].

In terms of the multi-tiered medical system, the normalization of the parameters in
tolerance should be carried out after aggregating all the CHCs and hospitals together within
their catchment areas for each neighborhood. For Scenario 1, the tolerance was calculated
by the normalization of −qij for the combined dataset of the CHCs and hospitals, because
qij represented the attractiveness of the facility, while considering all the influencing factors.
For Scenario 2, the minus attractiveness, −qij, of healthcare facilities within each catchment
area was normalized for CHCs and hospitals respectively, and the travel time, tij, was
normalized for the combined dataset of the CHCs and hospitals. Then, the tolerance was
calculated by the sum of the normalized −qij and normalized tij as indicated by the yellow
dashed line in Figure 4. It is important to mention that the combined dataset of CHCs
and hospitals was used when the tij was normalized because travel time is one of the
main reasons for patients to prefer a healthcare facility, which is the core competitiveness
of CHCs. However, the respective datasets of CHCs and hospitals were used for the
normalization of −qij, because the attractiveness of the healthcare facilities in Scenario 2
mainly represented the characteristics of the healthcare facilities themselves. The CHCs
and hospitals have their own specialties and drawbacks. CHCs mainly deal with common
diseases and hospitals are skilled in treating specialized diseases. Generally, people spend
lesser time in CHCs than hospitals. Thus, it is not suitable to normalize the attractiveness
of CHC and hospital together.

3.2.5. Gini Index of Accessibility

Gini index is one of the most common measurements to evaluate social inequity [40].
In economics, Lorentz curves are plotted to obtain the Gini index, which presents the
cumulative percentage of total wealth against the cumulative of population (possessing the
wealth), beginning with the poorest recipient [41]. The equality line represents the situation
that each recipient has equal wealth. Gini index is calculated by the area between Lorentz
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curve and the line of absolute equality, being divided by the triangle area under the equality
line, which is independent of the measure unit. The Gini index value of 0 refers to the
perfect equality circumstances, in which the Lorentz curve and the straight line of absolute
equality are coincident. More unequal conditions are indicated by higher Gini index.

In recent years, Gini index has also been applied to evaluate the spatial equity of health
services. In this study, Gini index was used to evaluate the spatial equity of healthcare facil-
ities at the subdistrict level. The Gini index was calculated by the variables of accessibility.
The Lorentz curve was plotted using the cumulative percentage of accessibility against the
fraction of total population at the subdistrict level, which was arranged in ascending order
of accessibility. The Gini index was calculated using RStudio [42].

4. Results

For the ~11.7 million long-term residents living in 6328 neighborhoods in Shenzhen,
the average number of physicians per 1000 people were 2.76 and 0.38 for hospitals and
CHCs, respectively. The results of accessibility calculated using the MT2SFCA method
are illustrated in Figures 5–7 for the CHCs, hospitals, and the entire multi-tiered medical
system (including both CHC and hospital), respectively. In each figure, the subpart (a)
represents the benchmark value of accessibility. The subparts (b) and (c) of accessibility
were obtained for the Scenarios 1 (w1ij) and 2 (w2ij), respectively, using the MT2SFCA
method proposed in this study.

 

Figure 5. Accessibility of CHCs: (a) benchmark of accessibility; (b) accessibility calculated for
Scenario 1; (c) accessibility calculated for Scenario 2.

Figure 6. Accessibility of hospitals: (a) benchmark of accessibility; (b) accessibility calculated for
Scenario 1; (c) accessibility calculated for Scenario 2.

Figure 7. Accessibility of multi-tiered medical system: (a) benchmark of accessibility; (b) accessibility
calculated for Scenario 1; (c) accessibility calculated for Scenario 2.
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In terms of CHCs, the accessibility determined for Scenario 1 was obviously smaller
than the benchmark value, and the results of Scenario 2 were close to the benchmark, based
on the values of quantiles (Figure 5). In these three methods, the spatial distributions of the
values in sextiles were similar, and only smaller differences could be found. For example,
in Scenario 1, the areas of the highest and the lowest quantiles were smaller compared to
benchmark, e.g., in Longhua, Longgang, and Nanshan districts. The results showed that
the attractiveness and travel time affected the willingness of residents to visit the CHCs in
the same way, which implied that the main reason for people choosing CHCs was travel
time for both scenarios.

The accessibility of the hospitals calculated using three methods illustrated the ap-
parent discrepancies. The values of the quantiles of the benchmark were higher than
those obtained for Scenario 1, and similar for Scenario 2. The spatial distributions of the
accessibility values were also different for the three methods. For the benchmark result
shown in Figure 6a, the healthcare facilities in the central areas of Shenzhen had better
accessibility, that is, the districts of Nanshan, Futian, and Luohu, where the hospitals were
densely located. Notably, the distribution of higher accessibility followed the distribution
of tertiary hospitals. For the result of Scenario 1 [Figure 6b], the highest quantile of accessi-
bility expanded from the city center to the Longhua and Longgang districts. Compared
to the benchmark, the distribution of higher accessibility in Scenario 1 was similar to the
distributions of tertiary and primary hospitals. The distribution pattern of accessibility
obtained by Scenario 2 indicated similar results to the benchmark. It also implied that in
Scenario 1, the attractiveness of the hospitals due to other factors, such as hospital level and
service quality, was more important than the travel time when the residents preferred a
hospital, whereas in Scenario 2, the travel time indicated a more significant effect compared
to the attractiveness of the healthcare facility.

The accessibility of the multi-tiered medical system is demonstrated in Figure 7. The
results combined the respective results of the CHCs and hospitals given in previous sections.
The higher accessibilities were found not only in the central areas of the city in the Nanshan,
Futian, and Luohu districts as the results of hospitals, but also in suburban areas, such
as Baoan, Pingshan, and Dapeng districts, similar to the results of CHCs. In terms of the
quantile values and spatial distributions, compared to Scenario 1, the result of Scenario 2
was closer to the result of benchmark.

Figure 8 demonstrates how the results of Scenarios 1 and 2 deviated from that of the
benchmark. The positive and negative deviations indicated obvious spatial clusters. For
Scenario 1, in which we assumed that the healthcare attractiveness, including both travel
time and facility features, was calculated by normalized outpatient visits; the accessibility
declined mainly in the central areas of Shenzhen (Nanshan, Futian, and Luohu districts).
The increments of accessibility were located in suburban areas (Longhua, part of Longgang,
and part of Baoan districts). The negative deviations of accessibility occupied more than
half the area of the whole city. In terms of Scenario 2, the accessibility decreased mainly in
the city center, similar to Scenario 1 and also in some suburban areas, such as the Longhua
and Longgang districts. The positive deviations were found in the western and eastern
suburban areas.

The Gini indexes of subdistricts in Shenzhen were obtained based on the accessibility
of the CHCs, hospitals, and the entire multi-tiered medical system as demonstrated in
Figure 9. In general, the accessibility of the CHCs indicated obvious disparities, compared
with the accessibility of hospitals, especially in northern areas. The Gini indexes of most
subdistricts were 0.4 or higher. Owing to the larger service area, the residents living far
from the city center were able to reach the hospitals, and thus, their equity of hospital
accessibility provided better results. By considering both the CHCs and hospitals in the
multi-tiered medical system, we were able to deduce that the number of the subdistricts
that offered unequal health services was small. Only several remote regions indicated an
equity problem. Compared to the accessibility distributions, we were able to deduce that
the regions having higher accessibility (city center) generally experienced better equity.
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However, the more homogeneous distributions of accessibility resulted in lower values
of the Gini index, although the values of accessibility may not be high for the hospital
accessibility in northern areas, i.e., the Longhua and Longgang districts. The subdistricts
having both low and high values of accessibility indicated low equity, e.g., the subdistricts
in the Dapeng district.

Figure 8. Accessibility differences between: (a) Scenario 1 and the benchmark; (b) Scenario 2 and
the benchmark.

Figure 9. Gini indexes of CHCs, hospitals, and the entire multi-tiered medical system for subdistrict
in Shenzhen, China: (a) Benchmark of Gini index for CHC; (b) Gini index of CHC calculated
for Scenario 1; (c) Gini index of CHC calculated for Scenario 2; (d) Benchmark of Gini index for
hospital; (e) Gini index of hospital calculated for Scenario 1; (f) Gini index of hospital calculated for
Scenario 2; (g) Benchmark of Gini index for multi-tiered medical system; (h) Gini index of multi-tiered
medical system calculated for Scenario 1; (i) Gini index of multi-tiered medical system calculated
for Scenario 2.

The discrepancies in the Gini indexes calculated for the benchmark, Scenario 1, and
Scenario 2 are portrayed in Figure 10. Different from accessibility, the discrepancies did not
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show obvious spatial aggregations. The results of both the scenarios in most subdistricts
were lower than the benchmark results. The results of Scenario 2 indicated more subdistricts
having discrepancies higher than 0.1 or lower than −0.1, compared to Scenario 1. The
results implied that travel time was not the only factor that affected the people’s decisions
to visit a healthcare facility. Factors, such as facility features and financial conditions of
patients, affected the competitiveness of the facilities. Thus, the equity of the healthcare
accessibilities of Scenarios 1 and 2 offered better results than the benchmark, which only
considered travel time as a major influencing factor.

Figure 10. Differences between Gini indexes of: (a) Scenario 1 and benchmark; (b) Scenario 2 and
benchmark of the multi-tiered medical system.

5. Discussion

By considering the time and attractiveness, along with a combination of the two
factors, the MT2SFCA method described the supply–demand relations of medical resources
in multiple aspects. The results distinguished the main factor that affects the decisions of
patients to select different healthcare facilities. The accessibilities of the multi-tiered medical
system calculated under the Scenarios 1 and 2 are plotted against the benchmark value in
Figure 11. Similar to the spatial distribution, more than half the results were smaller than
the benchmark values in Scenario 1. In Scenario 2, the points were above or underneath
the 1:1 line, which indicated that travel time played a more predominant role in Scenario 2,
compared to Scenario 1.

Figure 11. Comparisons of benchmark with (a) Scenario 1 and (b) Scenario 2, plotted along with a
dashed 1:1 line for reference.

The density plots of the MT2SFCA results are illustrated in Figure 12. The results of
CHCs, hospitals, and the entire multi-tiered medical system presented unique distributions.
The accessibility indicated similar shapes for the benchmark f (t), Scenario 1 f (w1), and
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Scenario 2 f (w1), in terms of the CHCs. Scenario 1 portrayed the largest peak value,
followed by Scenario 2. Due to the lower number of physicians in the CHCs (compared to
the hospitals), the accessibility of CHCs was aggregated between 0 to 1. The density plot of
the hospital accessibility presented different distributions in Scenario 1 compared to those
for the benchmark and Scenario 2. The accessibility of Scenario 1 was mostly clustered
between 1 and 1.5, whereas it was mainly distributed around 2 and 2.5 for Scenario 2 and
the benchmark, respectively. The accessibility of the entire multi-tiered medical system
was the combination of the individual results of the CHCs and hospitals. Notably, the peak
values of the neighborhood numbers were lower than those of CHCs, but higher than those
of the hospitals. The results of Scenario 2 were consistent at the middle level, among all the
results of benchmark, Scenario 1, and Scenario 2 for each healthcare configuration.

Figure 12. Density plots of MTSFCA results for (a) CHCs, (b) hospitals, and (c) the multi-tiered
medical system in Shenzhen, China.

The results also highlighted the importance of primary healthcare facilities including
CHCs and primary hospitals. With the increment of referral rate, they played critical roles
in improving the accessibility and equity of the multi-tiered medical system, especially
for the suburban area. Similar results were also found in the study of Beijing [22]. Thus,
increasing the number of primary healthcare facilities was a main solution to solve the
inequity of medical services in China [23,43].

For the benchmark, Scenario 1, and Scenario 2, the distance between healthcare
facilities and patients was a critical factor that cannot be ignored when patients choose
facilities, especially for CHCs. A study focusing on the primary healthcare in Sweden
also found that distance is the most important factor in choosing a primary healthcare
provider [44]. The distance effect also applicable to online therapy. By investigating a third-
party online healthcare platform in China, Chen et al. found that the distance between
doctors and patients is negatively associated with online service utilization [45]. In addition,
distance has become more important due to the lockdown restrictions during COVID-19.
Palm et al. found that many residents in Toronto and Vancouver defer medical care because
the healthcare and pharmacy services are too far to reach by walking after stopping riding
public transit during COVID-19 [46].

Although the travel distance is important, results revealed that the facility features
were considered more when patients were going to choose hospitals. In research in Italy, it
was found that many patients are willing to travel far and wait longer for seeking better
healthcare services [47]. The better services hospitals offer, the more likely patients will
choose [48]. This circumstance also occurs not only in intra-city healthcare, but in cross-city
healthcare in China [49].

The accessibility and equity of the multi-tiered medical system consisting of CHCs and
hospitals in Shenzhen were investigated in this study. Several advantages of the MT2SFCA
method were highlighted. First, the MT2SFCA method was developed based on the
M2SFCA method, which settled the limitation of traditional E2SFCA and 3SFCA methods
by evaluating the overall effectiveness caused by any system change, i.e., increasing or
removing any supply location [15]. Second, the uniquely shaped tolerance decay function
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for each catchment area solved the distinct allocations of healthcare resources. Other than
the multiple attempts of applying various impedance coefficient when using Gaussian
function and inverse function as the distance decay function, the logistic cumulative
distribution function used in this study adjusted the curve shape by the distribution of
dataset values. Moreover, it considered the specific distributions of the travel time or
attractiveness of the CHCs and hospitals when evaluating the accessibility of the multi-
tiered medical system. In terms of the benchmark, the greater the median travel time to the
facilities within the catchment area, the more likely the patients were to travel further. If
the healthcare facility provided spatial aggregations, which resulted in smaller standard
deviations, the patients preferred to spend less time traveling to the healthcare facility.
The tolerance decay of the people who visited the healthcare facility in Scenarios 1 and
2 worked on the same principle to the tolerance decay for the benchmark, whereas the
measurements were replaced by the facility attractiveness and travel time. Finally, as an
improvement in the M2SFCA method, we replaced one of the decay functions fi

(
wij
)

with
the global decay function fG

(
wij
)

that represented the tolerance level of the whole research
area instead of only the catchment area. The global decay function balanced the effects of
the peak values for some catchment areas, because it was a fixed curve of all catchment
areas [17]. In this study, the selection of the global tolerance function was based on the
entire area of Shenzhen.

6. Limitations of the Study

The limitations of this study must be mentioned as well. Although this study did not
consider the variable travel time for urban and suburban areas, this simplification was still
explainable for Shenzhen. First, the 2000 km2 area was not big for a first-tier city, compared
to the area of 16,410 km2 of Beijing, 7430 km2 of Guangzhou, and 6340 km2 of Shanghai.
Most areas in Shenzhen were accessible via a one-hour drive. Second, the CHCs in Shenzhen
were accessible for most neighborhoods. Finally, the variable tolerance decay curves
determined by the CDFs within the same travel time were calculated while considering
the unequal distributions of healthcare facilities in the city. Thus, it is not necessary to
intentionally include that the people living in rural area may be go further for visiting
healthcare. However, variations in the travel time are still suggested to be considered in
further studies or for other cities. The benefits include balancing the healthcare allocation
in city center and suburban area, avoiding overestimate the accessibility, and being much
closer to reality, which have been referred by many pieces of literature [24,39,50]. In
Scenario 2, we assumed that the attractiveness and travel time had equal influences on the
tolerance function, but some of the results indicated that these two factors had different
effects under various situations. Further analyses are suggested to be carried out for the
MT2SFCA method with different weights of travel time and attractiveness.

The maximum catchment areas of CHCs and hospitals used in this study were 30 min
of walking and 30 min of driving. These values are decided according to the policy
and studies focusing on the planning of healthcare facilities in China [22,33]. We also
conducted a survey among local people in Shenzhen about ‘the farthest distance you
can tolerate to visit CHCs/hospitals’. However, they were simplified values that do not
consider the discrepancies among various population groups. Several studies found that
the health equity usually varies among different groups, especially for the vulnerable
groups [51,52]. Exploring the health equity of the multi-tiered medical system focusing on
different population groups are recommended in further works.

In this study, we considered two travel modes that aimed at two different healthcare
types. The effects of travel modes on accessibility have been proposed by several studies
and are debatable. In some studies, the demand or supply locations were scattered, and the
different travel modes significantly affected the accessibility of the healthcare facility [53,54].
For some developed areas, the accessibility calculated for multi-travel modes resulted in
similar results of those obtained for single travel mode [55]. However, various travel modes
are still encouraged to be considered in further studies.
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It is also important to mention that the healthcare facilities used in this study were
the facilities under the multi-tiered medical system, which included the private and public
hospitals/CHCs. Private clinics were not considered. The reasons are that the private clinics
cannot offer referral services, and the medical insurance is not available for most of them.
As a result, the patients choosing the private clinics are mainly the floating population who
are different from the long-term residents discussed in this study. However, the private
clinics still help improve the accessibility and equity. Further work can focus on the effects
of private clinics on current medical system and health equity.

There are other aspects that can be investigated in further works. Using the geographic
center of administrative region to present population location is a traditional way when
calculating accessibility and equity [20,23], whereas some studies proposed the effects of
commute on routes when people visiting facilities [56,57]. It is recommended to consider the
commuter-based locations in further work. The empirical validation of a certain function
for a certain setting are regarded as an effective way to determine the appropriate distance
decay function in traditional methods. Although the MT2SFCA method adapted the variety
of the value distributions within the catchment area, the validation of the logistic cumulative
distribution function used in MT2SFCA is still suggested by more empirical data.

7. Conclusions

In this study, we evaluated the accessibility and spatial equity of the multi-tiered
medical system in China after the referral reform was introduced. Our study area was
Shenzhen, China, and we proposed the MT2SFCA method, which was an improvement of
the traditional M2SFCA method by replacing the distance decay function by the tolerance
decay function using the formula of the logistic CDF. The CDF reshaped the function
curve to adapt the distribution of tolerance values within the catchment area for the
CHCs and hospitals in the multi-tiered medical system. When calculating the accessibility,
we also considered the numbers of real outpatient visits and proposed two scenarios of
tolerance to determine the effects of travel time and attractiveness when people select
healthcare facilities, and then compared to the benchmark value. Travel time was set as
the independent variable of decay function, which was referred to as the ‘benchmark’. In
Scenario 1, we assumed that the tolerance was only affected by the attractiveness of facilities,
and in Scenario 2, we assumed that the tolerance was influenced by both attractiveness
and travel time. The outpatient visits normalized by the facility capacity represented the
attractiveness of the facility.

By comparing the accessibility and spatial equity of the CHCs, hospitals, and the entire
multi-tiered medical system, we deduced that the multi-tiered medical system could gain
the advantages of both the CHCs and hospitals. The CHCs offset the lower accessibility of
hospitals in suburban areas, and simultaneously, improved the accessibility to healthcare
facilities. The hospitals balanced the inequity of accessibility caused by the CHCs. Thus,
the selection of CHCs by patients relied more on travel time, whereas the facility features
were more important when choosing hospitals. It was difficult to determine which factor
affected the multi-tiered medical system more than the other. However, compared to the
benchmark, both the scenarios portrayed lower accessibility in the central areas of the city,
which indicated that the actual supply–demand relations of healthcare resources were not
as optimistic as the results calculated using only the effects of travel time in the city center
(via convenient transportation). Similarly, people in rural areas experienced slightly better
accessibility to healthcare services, even though they had to travel longer distances.

The MT2SFCA method indicated remarkable results in evaluating the accessibility
of the medical system. Under this two-way patient referral multi-tiered medical system,
both the CHCs and hospitals were found to be crucial for the whole system. Only one
type of healthcare facility could not reflect the real distribution of healthcare resources.
Thus, when evaluating the accessibility and spatial equity of medical systems, various
types of healthcare facilities must be considered. In further studies, factors other than
travel time are recommended to be considered in the evaluation of healthcare equity and
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accessibility. Furthermore, commuter-based locations, various catchment sizes, different
modes, population groups, and weights of contributing factors can be used to improve the
MT2SFCA method. Further studies could move toward improving spatial accessibility and
equity of healthcare services by building new facilities and pathways.
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Abstract: In order to explore the spatiotemporal evolution of land use function and its driving
factors in China, taking both sides of the Hu Line as an example, we used Exploratory Spatial Data
Analysis and Geographically Weighted Regression methods to reveal dynamic evolution law, spatial
characteristics and influencing factors of the “Production-Living-Ecology” functions of 288 prefecture-
level cities on both sides of the Hu Line. The results show that: (1) In the temporal dimension, the
coordination of “Production-Living-Ecology” functions of land use in China has been improved, and
the Hu Line can be roughly used as the boundary of China’s territorial space use. (2) In the spatial
dimension, there is a significant positive spatial correlation between “Production-Living-Ecology”
functions of land use in China, and the coordination gap between “Production-Living-Ecology”
functions of land use on both sides of the Hu Line is gradually narrowing. (3) In terms of influencing
mechanism, the coordination of “Production-Living-Ecology” functions is mainly driven by internal
factors and is supplemented by external ones. The influence pattern of most driving factors is
consistent with the layout characteristics of “strong east and weak west” of the Hu Line.

Keywords: Hu Line of land; “production-living-ecology” coordination; spatial heterogeneity; ESDA-
GWR; China

1. Introduction

In 1935, Hu Huanyong initiated the baseline—“Hu Line” [1]—or revealing the dif-
ferences in China’s population distribution. In essence, the Hu Line reflects the high
spatial coupling between Chinese population and physical geography. It also highlights
the problem of uncoordinated regional development in China’s large-scale territorial space.
Hu Huanyong believes that differences in natural geographical environment, social and
historical conditions, and levels of economic development are the main reasons for the
disparity in development between the two sides of the baseline, which coincides with
the multi-functionality of land use. Based on diversified regional development goals and
development needs at different levels, and under the guidance of natural, social, economic
and other conditions, human beings reconstruct the original ecological space on the earth’s
surface, so that land use presents multi-functional characteristics such as life, production
and ecology [2,3]. However, due to the inherent scarcity of land resources and the equality
of opportunities for each function, conflicts between different functional spaces occur
frequently, which further aggravates the confusion of the spatial development pattern of
the country [4,5]. The main manifestation is that the development intensity of land space
with the Hu Line as the boundary has obvious development characteristics of “strength in
the east and weak in the west” [6]. As an important ecological function area, the northwest
half of the wall has extremely limited space for gathering people and industries. Compared
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with the southeast half of the wall, the coordination degree of multi-functional land use is
lower. Based on this, this paper proposes the following hypothesis:

Hypothesis 1. The functional coordination of the land on both sides of the Hu Line has the
characteristics of “high in the east and low in the west”.

In 2014, Chinese Premier Li Keqiang put forward the issue of “how to crack the Hu
Line” [7], reflecting the urgency to clarify the specific factors causing the large gap between
the two sides of the Hu Line and eliminate the actual development behind it. As a complete
system, land is based on the background of land resources, with human beings as the main
body and implementers; it has the characteristics of diversification of internal elements,
diversity of utilization processes, and complexity of interaction with society, economy,
and ecosystems. The internal subsystems also have synergistic and coherent effects [8].
Therefore, when researching the specific influencing factors of the functional coordination
of “Production-Living-Ecology” functions, not only should it be based on the perspective
of the whole system, but also the importance of the coordinated development of various
subsystems within the system should be considered. Therefore, this paper proposes the
following hypothesis:

Hypothesis 2. The functional coordination of land “Production-Living-Ecology” Functions is not
only affected by external factors, but also by the coordinated development of various subsystems.

Based on this, this paper scientifically measures the functional coordination and
spatial evolution law of the “Production-Living-Ecology” functions on both sides of the
Hu Line, deeply explores the driving factors that cause the difference in coordination, and
proposes targeted solutions, which will help alleviate the contradiction between the needs
of utilization of the current land, helps to break the “Hu Line” in the national land space.
The structure of this paper is as follows: Section 2 is a review of the relevant literature,
covering the specific content of the Hu Line and the “Production-Living-Ecology” functions
of land use; the third section introduces the research methods and the evaluation indicators
of the coordination of the “Production-Living-Ecology” functions on both sides of the Hu
Line. The fourth section analyzes the overall characteristics of the coordination of China’s
“Production-Living-Ecology” functions and the local characteristics of the southeastern half
and the northwestern half bounded by the Hu Line from the perspective of space and time,
focusing on the research on the two sides from the internal driving and external driving.
Finally, the reason for the spatial heterogeneity of the coordination of “Production-Living-
Ecology” functions is drawn, and based on this, countermeasures and suggestions are put
forward for breaking through the “Hu Line of Land”.

2. Literature Review

2.1. Hu Line

At this stage, the research on the Hu line mainly focuses on the extension of its
connotation and the exploration of breakthrough paths.

2.1.1. Proposed Hu Line

In 1935, Hu Huanyong first quantitatively described the uneven distribution of China’s
population and proposed the famous Aigun Heilongjiang–Tengchong Yunnan population
geographic dividing line [9], also known as the “Hu line” [10]. As a geographical boundary
of population, the comprehensive geographical basis behind the Hu Line is the suitability
and limitation of China’s human settlement environment [11]. Furthermore, China’s
ecological carrying capacity has a trend of increasing gradient along the vertical direction
of the Hu Line. It can be seen that the Hu Line symbolizes the transformation of China’s
ecological environment. As a “virtual boundary”, Hu line is not actually “land”. It is a
high-level summary of various geographical boundaries and a deep integration of various
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geographical mutations, so it is also regarded as a natural geographical boundary in
China [12]. In addition, the GDP, which reflects the economic development level of each
geographic region, is also highly coupled with the Hu Line. Therefore, the Hu Line is also
considered to be the economic geographic boundary of China [13].

2.1.2. Breaking through the Hu Line

The academic circle has come to two main viewpoints around “how to break through
the Hu Line”: First, there is the theory that the Hu Line cannot be broken through. From
the perspective of natural environment, due to the profound geographical background
on both sides of the Hu Line, it is difficult to get rid of the shackles of the environment
even if measures such as technological reform and industrial upgrading are implemented.
From the perspective of economic development, the difference in transportation costs
caused by geographical factors is difficult to eliminate. Therefore, the competitiveness
of commodity markets on both sides of the Hu Line is quite different, and this regional
economic distribution law is unbreakable [14]. From the perspective of social development,
China’s population distribution is highly stubborn, and the gap between the two sides
in basic public services, cultural and educational levels will also lead to the long-term
existence of the Hu Line. Second, the Hu Line can break through. According to Krugman’s
point of view, the second geographic nature is the driving force to overcome the first
geographic nature [15], and the development of transportation makes the population and
industry agglomerate, making the west open up. In addition, informatization is the third
geographic nature, which can promote trade development, knowledge spillovers, and
promote preferential development in certain regions [16,17]. The construction of the “One
Belt, One Road” has driven the development of the East-West linkage of the Eurasian
continent, so that the northwestern half of the country has been transformed from the end
of the previous opening to the east to the bridgehead opening to the west.

2.2. “Production-Living-Ecology” Function

At present, the research on the “production-living-ecology” function of land use mainly
focuses on three aspects: concept definition, classification system and evaluation research.

2.2.1. Origin and Definition of “Production-Living-Ecology” Function

The function of “production-living-ecology” is the extension and development of
the multi-functional concept of land use [18]. The multi-functional research on land use
originated from the European Union’s agricultural multi-functional research at the end
of the 20th century [19], In 1994, the concept of Agricultural Multifunctionality was first
used in Uruguay Round Agreement on Agriculture (URAA), and later, OECD defines it
as “besides the functionality of food production, agriculture also has the functions of envi-
ronmental protection, landscape functionality, rural employment, and food safety” [20,21].
Although academia has further expanded agricultural versatility into multi-functional land
use [22–24], with the formation and promotion of the concept of sustainable development,
the concept of land use multi-function emerges at the right moment. Sustainability Impact
Assessment: Tools for Environmental Social and Economic Effects of Multifunctional Land
Use in European Regions (SENSOR) project defines its concept as “human products and
services in the process of land use in a certain region” [25], thus deriving three functional
systems of society, economy and environment [26,27]. The “production-living-ecology”
function is the product of the coordination and coupling of the three major systems. It
further complements the multi-functional characteristics of land use and is regarded as a
comprehensive system composed of production, living and ecological functions [28,29].

2.2.2. Classification System of “Production-Living-Ecology” Function

Functional classification of “production-living-ecology” is a process of discovering,
representing, naming and classifying land functions [30]. It roughly includes three perspec-
tives: ecosystem function, landscape function and land use [31,32]. Specifically, ecosystem
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functions derive from the ecological framework [33], but a comprehensive ecosystem
service classification system has not been formed [34], and most scholars agree with the
17 ecosystem functions proposed by Costanza based on the summary of ecosystem [35].
Landscape functions evolve on the basis of landscape ecology and spatial planning [36,37].
The classification of landscape functions is very similar to that of ecosystem functions,
and de Groot forms the landscape functional classification framework after adding the
carrying function according to the original ecosystem functional classification system [38].
In addition, landscape functions are subdivided into three functions: production, ecology
and culture [39]. The functional division of the perspective of land use is mainly economic-
oriented, which is the product of the combination of land background elements with a
certain natural physical and chemical structure and the form of human utilization [40].
According to the mapping relationship between land use structure and function, land
use types are classified as “production, living (society) and ecology” [41]. However, this
classification method can only reflect the main function of land use and fails to fully show
the multi-functional characteristics of each piece of land.

2.2.3. Evaluation Research on “Production-Living-Ecology” Function

The research on the functional evaluation generally includes three parts: analysis
framework, evaluation method and influencing factors. From the perspective of analysis
framework, the conceptual framework of land use function developed by SENSOR project
for analyzing land sustainability incorporates key indicators such as economy, culture
and environment at the regional level [42], which greatly develops the multi-functional
evaluation method system of land use. Due to the consideration of regional differences, a
variety of evaluation frameworks emerge at the historic moment. The integrated analysis
framework and participatory framework [43] that integrate various models are gradually
becoming a trend. As the basis of evaluation research, the index system mainly covers
functional classification and hierarchical design. In terms of specific methods, the com-
prehensive index method is the most widely used evaluation method. In addition, spatial
analysis techniques or mathematical models are usually used to characterize the evolution
of land functions [44–46]. In terms of influencing factors, the transformation of land use
versatility is closely related to natural resource endowment, social and economic condi-
tions and policy factors, but regional policy is the key cause [47]. At the same time, the
influencing factors are also dynamic, which is manifested by the factors of environmental
resources becoming increasingly prominent [48].

2.3. Summarize

To sum up, the Hu line has greatly enriched its connotation, but its role in dividing
the spatial pattern of land use has been ignored. Moreover, most of the existing studies
have not emphasized the rational layout and long-term development of land use function
of land space. In terms of “Production-Living-Ecology” functions, the classification system
experienced a trend from simple to complex, from one to multiple, but did not form a
“universal” classification system. In terms of evaluation research, the trend of interdisci-
plinary analysis framework has emerged. Although the selection of indicators is relatively
comprehensive, there is a lack of multi-scale research. Most of the influencing factors are
qualitative explanations, and lack of analysis of regional differences. Compared with the
existing literature, the innovations and contributions of this paper are as follows: (1) At the
research scale, the spatial law of the coordination of “Production-Living-Ecology” functions
of cities on both sides of the Hu Line is explored from the prefecture-city level, which not
only extends the connotation of the Hu Line, but also breaks through the limitations of
previous studies on “Production-Living-Ecology” functions focusing on large-scale studies.
(2) In terms of research methods, the GWR model was adopted to seek ways to improve and
optimize the land use structure on both sides of the Hu Line, which to some extent made
up for the lack of discussion on the internal differences of different regions in previous
studies. (3) In terms of influencing factors, on the one hand, influencing factors are set on
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the basis of fully considering the difference between the two sides of the Hu Line. On the
other hand, the territorial space system is regarded as a complex dynamic giant system
with multiple factors interacting with each other, and internal and external influencing
factors are selected comprehensively. (4) Path exploration: Starting from territorial space
utilization and starting from “Production-Living-Ecology” functions, it provides a new
idea for the study of “how to break through Hu Line”.

3. Materials and Methods

3.1. Study Area

China has a vast territory, due to the huge difference in resource endowment between
the east and the west, resulting in a “strong east and weak west” distribution pattern in
population, economy and other aspects with the Hu Line as the boundary. As shown
in Figure 1, the population and economy west of the Hu Line only accounted for 7% of
the southeast half in 2010. Although the proportion rose to 7.3% and 7.6%, respectively,
in 2020, this pattern still had no substantial change in 2020. In recent years, with the
continuous promotion of the main function zoning and new urbanization development
strategy, the pattern of land use production, living and ecological function between urban
and rural areas has changed dramatically, the strengths and weaknesses of the “Production-
Living-Ecology” functions and the interlocking situations also have obvious regional
colors, showing different development states on both sides of the Hu Line. There are few
studies in the literature on the Hu Line in delineating the coordination characteristics of
the “Production-Living-Ecology” functions of land use. Based on the availability of data,
this paper selects a total of 288 prefecture-level cities on both sides of the Hu line as the
study sample, involving a total of 30 provinces and autonomous regions except Tibet and
three municipalities directly under the central government, Beijing, Shanghai and Tianjin,
which account for 88% of China’s total population and 91% of China’s GDP; therefore,
the results obtained using these cities have a wide range of practicality and play a role in
supporting the scientific exploration of the theory of the spatial layout of China’s land from
the perspective of Hu line.

  

Figure 1. Population size and economic level on both sides of the Hu Line.

3.2. Research Method
3.2.1. Coupling Coordination Analysis

Coupling coordination degree can comprehensively reflect the overall function of
environment and economy or the coordinated development level of comprehensive envi-
ronment and economy. Referring to the existing research [49,50], this paper constructs the
coupling and coordination model of production, living and ecological functions of land use
to quantitatively identify the coordinated development level of “production-living-ecology”
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function and realize multi-scale integrated evaluation and analysis. See Equations (1)–(3)
for calculation method:

C =

{
f1 × f2 × f3

( f1 + f2)× ( f1 + f3)× ( f2 + f3)

}1/3
(1)

T = α f1 + β f2 + γ f3 (2)

D =
√

C × T (3)

In the formula, C is the coupling degree; fi is the comprehensive evaluation function
of each function; T is the comprehensive evaluation value of “production-living-ecology”
function, reflecting the overall coordination effect; α, β, γ are undetermined weights. In
this paper, since the “production-living-ecology” function of land is equally important,
α = β = γ = 1/3; D is the coupling coordination degree, the greater the D value, the better
the coupling coordination. Among them, coupling degree refers to the degree of mutual
influence of land “production-living-ecology” functions; coupling coordination degree
reflects the level of harmony between the “production-living-ecology” functions in the land
use function system in the development process.

3.2.2. Spatial Pattern Analysis

Exploratory spatial data analysis (ESDA) is an ideal data-driven analysis method. The
essence of the model is to use a series of spatial data analysis methods and technologies,
with spatial relevance as the core, through the description and visualization of the spatial
phenomena, to find spatial agglomeration and spatial anomalies, thus revealing the spatial
interaction mechanism between research objects. ESDA is divided into global spatial
autocorrelation and local spatial autocorrelation. The global Moran’s I index is used to
describe the overall spatial characteristics of efficiency, so as to judge the spatial correlation
and difference characteristics; the local Gi* index is used to describe the local spatial
heterogeneity characteristics of efficiency, so as to judge the local spatial differentiation
laws. In this paper, global Moran’s I and local Gi* indexes are used to measure the spatial
pattern characteristics of “production-living-ecology” function coordination degree at the
city level in China.

Global Spatial Autocorrelation

The global Moran’s I index measures the general trend of spatial correlation of the
unit attribute values of adjacent or similar regions in the whole study area.

I =

n
∑

i=1

n
∑

j=1
Wij(Xi − X)(Xj − X)

S2
n
∑

i=1

n
∑

j=1
Wij

(4)

where: n is the number of research objects; Xi and Xj represent the observation values
of i and j regions, respectively; Wij is the spatial weight matrix (1 for spatial adjacency
and 0 for non-adjacency); S2 is the variance of observation values; and is the average of
observation values. At a given significance level, a positive Moran’s I value means that
the overall coordination degree of urban “production-living-ecology” function coupling
shows significant spatial agglomeration characteristics; if Moran’s I value is negative, it
means that the overall coordination degree of urban “production-living-ecology” function
coupling shows significant spatial differentiation.
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Hot Spot Analysis

It is used to analyze the hot and cold regions in different spatial regions, so as to
measure the autocorrelation characteristics of local space.

G∗
i =

n

∑
j=1

Wij
Xi

n
∑

j=1
Xj

(5)

where: Wij is the spatial weight matrix, the spatial adjacency is 1, and the non-adjacency
is 0. If it is significantly positive, it indicates that the value around i is relatively high, which
belongs to the hot spot area; otherwise, the value around i is relatively low, which belongs
to the cold spot area.

Driving Factor Analysis

Compared with the traditional OLS regression model, geographic weighted regression
(GWR) uses spatial relations to reflect the non-stationary characteristics of parameters in
different spatial locations, so that the relationship between research variables changes with
the change of spatial location. Therefore, it can be used to reflect the spatial heterogeneity of
the impact of different factors on the coordination of “production-living-ecology” function
of land use. The model structure is as follows:

yi = β0(ui, vi) + ∑
k

βk(ui, vi)xik + εi (6)

In Equation (6), yi is the dependent variable value at the geographic location (ui, vi),
(ui, vi) is the geocentric coordinate of the sample space unit, β0(ui, vi) is the constant value
at the geographic location (ui, vi), βk(ui, vi) is the value of function βk(u, v) at the location
of I, εi is the spatial random residual.

3.3. Index System Construction and Data Sources

The huge difference in natural geographical environment on both sides of the Hu Line
and the inherent multi-dimensional, complex and scarce attributes of land space directly
lead to the diversity of land functions on both sides. The 18th National Congress of the
Communist Party of China proposed that the development and utilization of land space
should be in line with “intensive and efficient production space, moderate livable space and
picturesque ecological space”. Therefore, on the basis of integrating the huge differences
in production, life and ecology on both sides of the Hu Line, this paper constructed
a three-dimensional index system (Table 1) of “production-living-ecology” from top to
bottom according to the “system-element-function” theory and the “production-living-
ecology” spatial optimal group theory [51]. First of all, the spatial distribution of population
represented by the Hu Line is highly consistent with the spatial distribution of productive
land resources, and the basic goal of production function is to achieve spatial concentration
of production and guarantee social and economic development. Based on the mode of
production and the level of economic development, agricultural production and non-
agricultural production represent the mode of production. The former relies on agricultural
land to obtain material products, while the latter relies on construction land to obtain
commodities and services, therefore, the corresponding indexes are selected. From the
perspective of the internal and external environment of economic development, indicators
such as per capita GDP and amount of foreign capital used are selected to represent.
Secondly, the Hu Line is also the demarcation line of human livability, and the basic goal of
life function is to promote the concentration of living space and improve the livability level
of cities. The improvement of living function cannot be separated from the people-oriented
development concept. Based on Maslow’s hierarchy of needs theory, the living standard,
material life and spiritual life respectively represent the physiological, safety and self-
actualization needs that people need to meet for survival. Living standards are reflected in
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the security of life, such as the need to ensure housing and travel. Material life is embodied
in material wealth, such as the level of employment and consumption. Spiritual life is
reflected in the provision of spiritual services, such as scientific and educational investment
and cultural service provision. Therefore, the corresponding indicators are selected. Finally,
the Hu Line symbolizes the transformation of China’s ecological environment, and the
basic goal of ecological function is to promote the integration of ecological space and
maintain human living conditions. Ecological function is the prerequisite for the realization
of production and living function and the natural base of land use [52]. The corresponding
indicators are selected based on ecological foundation, carrying capacity and governance
capacity. Based on the above analysis, this paper constructs an evaluation system of 27 basic
indicators with 9 criteria levels.

Table 1. Functional coordination evaluation index system of “production-living-ecology”.

Criteria Layer Elements Layer Basic Indicators

Production function

Agricultural production

Proportion of agricultural land

Proportion of agricultural output value

Per unit area yield of grain

Non-agricultural production

Proportion of construction land

Average gross industrial output value of land

Average industrial output value

Freight volume

Economic development

Per capita GDP

Amount of foreign capital used

Fixed asset investment per land

The industrial structure

Living function

Living standard
Proportion of residential land area

Density of road network

Material life
The employment rate

Per capita savings balance

Spiritual life

Proportion of science and education expenditure

Number of books in public libraries per 10,000 people

Number of college students per 10,000 persons

Ecological function

Ecological foundation
Green coverage rate of built-up area

Per capita green garden area

Ecological carrying

Average industrial wastewater discharge

Average industrial sulfur dioxide emissions

Average industrial smoke and dust emission

Ecological governance

Comprehensive utilization rate general solid waste

Sewage treatment rate

Harmless treatment rate of domestic garbage

4. Results

4.1. Analysis on the Coordinated Space-Time Pattern of “Production-Living-Ecology” Function
from the Perspective of Hu Line

This section includes two parts: characteristics of spatio-temporal changes of “production-
living-ecology” function coordination and spatial differentiation of driving factors.
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4.1.1. Characteristics of Spatio-Temporal Changes of “Production-Living-Ecology”
Functional Coordination

According to Equations (1)–(3), calculate the coordination degree of “Production-Living-
Ecology” function of 288 prefecture-level cities on both sides of the Hu Line from 2008 to
2017 (Table 2), and analyze the time variation trend of coordination degree of “Production-
Living-Ecology” function on both sides. Overall, the coordination of “Production-Living-
Ecology” function in China has improved as a whole, rising from 0.1207 in 2008 to 0.1364
in 2017, an increase of 13% in 10 years, but the growth rate is relatively slow. From the
point of view of the Hu line, the temporal variation characteristics of the coordination of
“Production-Living-Ecology” function on both sides are basically synchronous. According
to the data, the coordination of “Production-Living-Ecology” function on both sides of
the Hu Line is characterized by “high in the east and low in the west”. Although the
coordination difference between the two sides fluctuated, decreasing from 0.0154 in 2008 to
0.026 in 2017, in general, the coordination of “Production-Living-Ecology” function in the
southeast half of the wall has a certain advantage compared with the northwest half. This is
consistent with the basic situation of regional economic development. As the southeast half
of China, which is economically developed, the first round of industrialization oriented by
market economy has come to an end, while the new round of industrialization based on
the principle of “industrial agglomeration, centralized layout and intensive land use” is
booming. In contrast, the northwest half of China is in a transitional stage from the early
stage of industrialization to the middle stage and needs to rely on a large amount of land
input to promote the rapid development of industrialization, resulting in a relatively weak
coordination of land use functions.

Table 2. Functional coordination of “production-living-ecology” in China from 2008 to 2017.

2008 2011 2014 2017

Total 0.1223 0.1732 0.1320 0.1366
The Southeastern 0.1069 0.1701 0.1385 0.1341

The Northwest 0.1207 0.1729 0.1327 0.1364

ArcGIS10.0 software (Enveronmental Systems Research Institute (ESRI), RedLands,
CA, USA) was used to generate the spatial distribution pattern map (Figure 2) to analyze
the spatial changes of the coordination of Production-living-Ecology function of land use
in China. The results are as follows:

(1) Low-level coordination area. In 2017, this type of area accounted for 44.8%, an increase
of 10.8% compared with 2008, showing a significant change. Most of them appear
in the west of the Hu Line and the three major forest areas, mostly in a continuous
situation. Except for a few provincial capitals and municipalities, they are all at a low
level. Among them, the western region accounted for 60.2% in 2008 and decreased to
48.1% in 2017. In contrast, in the east, a large number of cities have seen a significant
deterioration in the functional coordination of “production-living-ecology”, and the
proportion of low-level coordination areas has increased from 11.2% to 23.2%. The
central region has not changed much.

(2) Primary coordination area. From 2008 to 2017, there was no significant change in the
primary coordination area, and the proportion declined slightly. Among them, the
proportion in 2008 and 2017 was 38.5% and 35.8%, respectively. They were distributed
on both sides of the Hu Line and mainly concentrated in the central and eastern
regions of China, accounting for about 40%. In these areas, the “core-periphery”
change pattern mostly appears, that is, the trend of decreasing outward around the
advanced or intermediate coordination area, and the most obvious is in the middle
and lower reaches of the Yangtze River and the Bohai Rim region.

(3) Intermediate coordination area. Contrary to the low-level coordination areas, the
intermediate coordination areas are mainly distributed east of the Hu Line, and the
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proportion of cities in the intermediate coordination areas decreased significantly
from 2008 to 2017, from 65% to 43%, Although the change in the proportion of each
area is not significant, the cities included have decreased to varying degrees, especially
in the central and eastern regions, which decreased from 21 and 35 in 2008 to 13 and
23 in 2017, respectively. Among them, the Loess Plateau and the middle and lower
reaches of the Yangtze River have the most significant changes from agglomerates to
sporadic distribution.

(4) Advanced coordination area. From 2008 to 2017, the proportion of advanced coordina-
tion has not changed significantly, all of which are below 5%. East of the Hu Line is the
most important distribution area, and most of these cities are located within the urban
agglomeration. Most regions also occupy the position of central cities in the urban
agglomeration. For example, Beijing, Shanghai, and Zhengzhou belong to the core
cities of Beijing-Tianjin-Hebei, the Yangtze River Delta, and the Central Plains urban
agglomeration. In addition, compared with 2008, the advanced coordination area has
changed from a simple division in the central and eastern regions to the western and
middle eastern regions, and the advanced coordination area in the west is also located
within the urban agglomeration on the northern slope of Tianshan Mountain.

Figure 2. Distribution of “production-living-ecology” functional coordination in China from 2008
to 2017.

The above analysis shows that: First of all, the Hu Line can be interpreted to some
extent as the boundary of China’s territorial space utilization. With this line as the boundary,
the west is mostly the low-level coordination area of land use “production-living-ecology”
function, while the east is mostly the intermediate and advanced coordination area. The
main reason is that the Hu Line can be used as the boundary of China’s ecological en-
vironment, and the northwest is the main ecological spatial distribution area in China.
Industrialization and urbanization, as the basic driving force for the transformation of
“production-living-ecology” functions, are subject to their special landforms, resulting in
a large gap among production, living and ecological functions. However, the southeast
has significant advantages in public services and industrial development, and its land
use is more reasonable due to the increasingly intensified ecological protection policies
in recent years. Secondly, from the perspective of the three major regions in China, the
proportion of the low-level coordination areas in the west has decreased significantly. The
main reason may be that the implementation of the western development policy on the one
hand promoted regional economic growth and paid more attention to ecological restoration
and environmental protection, thus promoting the gradual rise of production and living
functions. The proportion of intermediate coordination areas in the central and eastern
regions decreased significantly. This is mainly because with the development of industry,
some low-end industries have infiltrated into and threatened the development of ecological
environment. Although policies such as “ecological civilization construction” and “main
function zoning” have effectively restricted the development path at the expense of the
environment, they have also led to the continuous compression of production and life
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functions. The advanced coordination area is mostly located in the central city of the eastern
urban agglomeration and shows the attenuation trend that the advanced coordination area
as the center gradually weakens to the outer layer. By forming a central city with strong
radiation power, urban agglomerations promote the development of surrounding and
peripheral cities, and form an urban agglomeration system with reasonable layout, divi-
sion of labor and cooperation, and complementary functions. It is increasingly becoming
the main spatial form of various development factors and the key area for industrializa-
tion and urbanization development. With many advantages, its function coordination of
“production-living-ecology” can achieve rapid development.

Therefore, the above analysis can verify hypothesis 1: the coordination of land
Production-Living-Ecology function on both sides of the Hu Line is characterized by
“high in the east and low in the west”.

4.1.2. Evolution of Spatial Pattern of “Production-Living-Ecology” Functional Coordination

In order to quantitatively study the evolution of the spatial pattern of Production-
Living-Ecology function coordination, this paper established Queen’s adjacency matrix and
used the data of prefecture-level cities from 2008 to 2017 to calculate the Global Moran’s
I of the study area over the years. It was found that the Moran’s I index passed the
test at the significance level of 0.01 in all years, indicating that the coordination level of
Production-Living-Ecology function of prefecture-level cities in China had a positive spatial
autocorrelation. In addition, the global Moran’s I indices in 2008 and 2017 were 0.1287 and
0.1034, respectively, indicating that the spatial distribution pattern of the coordination level
of Production-Living-Ecology function in China was relatively stable in general.

To eliminate global autocorrelation to local instability of defects, and further detect
the local spatial agglomeration pattern evolution characteristics, ArcGIS10.0 software
(Enveronmental Systems Research Institute (ESRI), RedLands, CA, USA) was used to
calculate the 2008 and 2017 in the local Gi* index of each city. The natural breakpoint
method is used to divide the values into hot spot area, second hot spot area, second
cold spot area and cold spot area, and draw the clustering and evolution chart of the
“production-living-ecology” functional coordination degree pattern of cities in China from
2008 to 2017 (Figure 3).

Figure 3. Spatial pattern of “production-living-ecology” functional coordination in China from 2008
to 2017.

On the whole, there has been no substantial change in the pattern of cold and hot
spots in the coordination degree of “production-living-ecology” in China’s cities, and
the situation of “high in east and low in west” is still maintained on both sides of the
boundary of the Hu Line. Among them, hot spots did not form an obvious global high-
value concentration center. Most of the hot spots in 2008 were located on the east side of
the Hu Line (Qiqihar, Shenyang, Dalian, Beijing, Cangzhou, Zhengzhou, Wuhan, Nanjing,
Wuxi, Suzhou, Shanghai, Xiamen, Guangzhou and Shenzhen). Most of them are provincial
capitals. In 2017, although cities in the southeast (Benxi, Cangzhou, Zhengzhou, Wuhan,
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Nanjing, Shanghai, Guangzhou, Dongguan and Shenzhen) are still dominant, they moved
westward and spread to Urumqi and Karamay on the west side of Hu Line, and some
regions were reduced from hot spots to second hot spots or cold spots. At the same time,
there is also a certain degree of spatial polarization in some regions, such as the Central
Plains urban agglomeration and the Yangtze River Delta city group, whose agglomeration
trend shows an attenuation trend from east to west. The cold spot area gradually moves
to the east and spreads, and presents an obvious global agglomeration state, especially in
areas such as the Loess Plateau and Sichuan Basin, accompanied by the transformation
of many second cold spot areas into cold spot areas. From the overall change of the
coordination degree pattern of “production-living-ecology” function from 2008 to 2017,
the differences between the two sides of the Hu Line are still significant. An overall high-
value concentrated central area has not been formed, which indicates that there is a lack
of “leading” cities in China to promote the regional coordination of “production-living-
ecology”. In addition, the expansion of cold spots and second cold spots, as well as the
compression of hot spots and second hot spots, indicating that the “production-living-
ecology” functional coordination gap on both sides of the Hu Line in territorial space
planning is gradually narrowing.

4.2. Research on Spatial Differentiation of Driving Factors

On the basis of determining the driving factors, an analysis of the spatial heterogeneity
of driving factors is carried out.

4.2.1. Driving Factor Analysis Framework

As a complex dynamic giant system interacting with multiple elements [53], the land
space system is not only strongly restricted by the relationship between subsystems within
the system, but also constrained by many natural, social and economic elements outside the
system. Therefore, this paper starts from the perspective of system theory, especially selects
the production-living function, production-ecology function and living-ecology function to
study the influence of each subsystem (Table 3). At the same time, considering the differ-
ences of human and natural environments on both sides of the Hu Line, population density,
financial density, economic density and water resource density are selected as external
environmental factors to study their influence on the coordination of “production-living-
ecology” functions. From the perspective of an internal driving force, the coordination
between two subsystems will directly affect the development of the overall coordination of
“production-living-ecology” function. Among them, the coordination of production-living
function means that the stronger production function is not only the economic development,
but also meets the needs of infrastructure construction and social security improvement,
thus strengthening the living function. The coordination of production-ecological function
means that the development of industrial parks and new technologies enhances the inten-
sity of industrial agglomeration and provides greater development space for ecological
function. The coordination of living-ecological function means that the living function
and ecological function can be improved synchronously by relying on powerful resources
such as culture and infrastructure. From the perspective of external driving forces, the
Hu Line has long been known as the dividing line of China’s demographic geography,
economic geography and physical geography due to huge differences in population dis-
tribution, economic development and natural environment. First of all, as the boundary
of population geography, the Hu Line divides China into densely populated areas and
sparse areas, so population density is chosen to represent the population driving effect. The
increase in population will directly aggravate the scarcity resources in the system, and then
cause obvious effect on the change of production, living and ecological function structure.
Secondly, China’s fiscal expenditure layout is coupled to the Hu Line to a certain extent,
so the financial density is chosen to represent the investment-driven effect. As a factor of
production, fiscal density directly enters into the economic production sector to improve
the output level of various industries, as a financial support for developing infrastructure
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and ensuring people’s livelihood, and indirectly increases output by improving ecological
environment and production conditions. Thirdly, as the economic geographical dividing
line, the economic development level of both sides of the Hu Line is always high in the
east and low in the west. Therefore, economic density is chosen to represent economic
driving effect. Areas with a high level of economic development tend to have a high level
of intensive land use, which will promote the coordinated development of the “production-
living-ecology” function. The area with a low level of economic development may also
rely on “backwardness advantage” to obtain tremendous development. Finally, the Hu
Line, as the boundary of abrupt ecological changes, divides China’s semi-humid region and
semi-arid region, and basically coincides with the 400mm annual rainfall line. Therefore,
water resource density is chosen to represent water driving action. This factor restricts the
development of “production-living-ecology” function through ecological water, production
water and domestic water, and makes the three interact and combine organically with
different water resource benefits. Therefore, this paper analyzes the driving mechanism of
the “production-living-ecology” function of the national space system through two driving
factors, internal and external.

Table 3. Selection of driving factors for “production-living-ecology” functional coordination.

Driving Factors Variables Definition

Internal driving force
Production-Living function /

Production-Ecological function /
Living-Ecological function /

External driving force

Population density population/total area
Financial density general budget expenditure/total area of local finance
Economic density regional GDP/ total area

Water resource density total water resources/total area of the region

4.2.2. Spatial Heterogeneity of Driving Factors

Unlike ordinary linear regression models, GWR considers the influence of different
spatial positions on the regression results, which can be used to explore the non-stationarity
of spatial relations. Geographically weighted regression model was used to set ADAPTIVE
and AICc as bandwidth, and R2 was 0.7939, indicating that the model had a good overall
fitting effect and could well simulate the influence of variables on the coordination of
“Production-Living-Ecology” functions. The results show that each variable has different
estimation results for different cities, indicating that there are spatial differences in the
impact on the coordination of “Production-Living-Ecology” Functions in different regions
(Table 4). This kind of influence is mainly driven by internal, and auxiliary by external. This
also verifies hypothesis 2 of this paper, that the coordination of land “Production-Living-
Ecology” Functions is not only affected by external factors, but also by the coordinated
development of subsystems, as follows:

Production-Living function (Figure 4a) coordination has a two-way effect on “Production-
Living-Ecology” Functions coordination, but it is mainly positive, 98.6% of prefecture-level
cities have a positive correlation with “Production-Living-Ecology” Functions coordination.
There is a certain spatial coupling with the Hu Line. The mean value of the regression
coefficient of the southeast half wall is 0.1864, which is significantly higher than that of
the northwest half wall, and most of the high value areas are located in the areas east of
the Hu Line, with a bipolar distribution, respectively, in the northeast and some southern
areas. In recent years, under the guidance of the revitalization of the Northeast policy,
three northeastern provinces region have continued to optimize the production space by
promoting the modernization of agriculture and industry, providing the necessary support
to improve the functions of the social system and increasing the coordination of Production-
life functions. In contrast, the southern high-value areas are mostly poverty-stricken zones.
With the support of industrial poverty alleviation policies, a large number of abandoned
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home bases after relocation to alleviate poverty have been reclaimed, transforming the
original construction land into arable land and land for infrastructure construction, and
increasing the diversity and coordination of land use functions.

Table 4. Calculation results of the GWR model.

Minimum
Lower

Quartile
Mean

Upper
Quartile

Maximum

P-L −0.3195 0.1447 0.1765 0.2098 0.3271
P-E −0.1798 0.0722 0.0703 0.1111 0.1214
L-E 0.3190 0.3864 0.4041 0.4033 1.3531
ED −0.1690 0.0563 0.0565 0.0584 0.0889
FD 0.0484 0.0494 0.0537 0.0530 0.3024
PD 0.0028 0.0261 0.0345 0.0433 0.0815
WD −0.0782 −0.0041 −0.0026 0.0014 0.0026

 

  

Figure 4. The spatial coefficient distribution of internal driving force (a) production-living function,
(b)production-ecological function, (c) living-ecological function.

The degree of coordination of production-ecological functions (Figure 4b) also has
a two-way influence on the coordination of the “three living” functions, but it is also
mainly positive, in which 86.8% of the prefecture-level cities are positively correlated with
the coordination of “Production-Living-Ecology” Functions, the spatial distribution of
“Production-Living-Ecology” Functions is stepped from the central high value area to the
northeast and southwest. The mean values of the regression coefficients on both sides of
the Hu Line are 0.0711 and 0.0628, respectively, and most of the high value areas are located
on the east side of the Hu Line, especially concentrated in some cities in the central and
western parts and the eastern coast. Among them, thanks to the support of the western
development strategy and ecological protection project, the ecological construction and
economic development in the central and western regions can be synchronized, which is
conducive to improving the coordination degree of land use function. In addition, the low
concentration in northeastern China, basic negative regression coefficient, while the strategy
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of rejuvenating northeast to some extent inhibited the economic downturn, but as the old
industrial base, its ills, mainly manifested in and out of the land quantity reduction and
poor resources and environment development, etc., and the economic growth of locking
problems such as path dependence or path is very prominent [54].

The coordination degree of Life-Ecology functions (Figure 4c) has a significant positive
impact on the coordination degree of “Production-Living-Ecology” Functions, presenting a
decreasing spatial distribution of lumpiness from west to east. Different from the distri-
bution of “high in the east and low in the west” on both sides of the Hu Line, the mean
regression coefficient of the southeast half is 0.3924, significantly lower than the 0.5133 in
the northwest half. The high value area is also mainly distributed in the west of the Hu
Line, among which the cities in Xinjiang are the most prominent. The western development
strategy, and beautiful rural construction allows to give priority to the western region of Xin-
jiang improving infrastructure, combined with recent years dedicated to incorporating the
ecological concept in the urbanization construction in Xinjiang, always in a good ecological
resources capitalization of opportunity at the same time, the rural residential environment
renovation of full swing action, to push the synchronizing lifting of life and ecological func-
tion. Low in the area mainly gathered on the Hu Line east of northeast China, the reason
may lie in the traditional sense of the urbanization development of negative effects on the
ecosystem is easy, but at this stage of construction land continue to increase, unreasonable
land use planning problems such as the northeast to continue in a state of ecological deficit,
so hindered the coordinated development of “Production-Living-Ecology” Functions.

Economy density (Figure 5a) also has a two-way impact on the “Production-Living-
Ecology” Functions, but the regression coefficients of all cities except Xinjiang are positive.
In space, it is similar to the pattern of “strong east and weak west” on both sides of the Hu
Line, and the mean value of regression coefficient in the east is larger than that in the west.
However, the high value area shows an obvious polarization trend, not only concentrated
in the Pearl River Delta east of the Hu Line, but also concentrated in the northwest west of
the Hu Line. Among them, as the second largest economic zone in China, the Pearl River
Delta has become more mature in its economic development. Compared with its response
to urbanization, land use change responds more strongly to regional timeliness policies
and pays more attention to the coordinated development of land use functions. Unlike the
Pearl River Delta, after China’s economy enters the new normal, the rapidly developing
urbanization in western China has brought about a continuous increase in the demand
for construction land. However, all western regions represented by Gansu province have
greatly alleviated the contradiction in land demand at this stage by vigorously developing
ecological tourism industry and modern agriculture.

Finance density (Figure 5b) has a significant positive impact on the coordination of
“Production-Living-Ecology” Functions, and gradually decreases from the center of the
low-value area to the periphery. Unlike the distribution of the Hu Line, the distribution
of regression coefficient of fiscal density shows the characteristics of “strong in the west
and weak in the east”, and the high value area is distributed on both sides, mainly con-
centrated in western China and some parts of northeast China, among which the western
region dominated by Xinjiang is the most prominent. As a typical area of government-led
urbanization, this top-down development mode enables Xinjiang to obtain a great financial
tilt, which makes Xinjiang “build a city first, then establish a city” under the government
planning, and gradually rationalize the functional structure of land use. On the contrary,
fiscal density plays a small role in promoting the coordination of “production-production-
production” functions in the central and eastern cities east of the Hu Line, which may
be due to the inefficiency and corruption of government financial expenditure in these
areas, or the excessively high level of expenditure distorts the function of market resource
allocation [55], resulting in low land use efficiency, and further affecting the development
and coordination of various functions.
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Figure 5. The spatial coefficient distribution of external driving force (a) economic density, (b) finan-
cial density, (c) population density, (d) water resource density.

Population density (Figure 5c) also has a positive impact on the coordination of
“Production-Living-Ecology” Functions, presenting a stepwise spatial distribution from
southeast to northwest. The mean values of regression coefficients on both sides of The
Hu Line are 0.0331 and 0.0474, respectively, showing the distribution characteristics of
“strong in the west and weak in the east”. The high values are distributed in the northwest
region west of the Hu Line and the northeast region east of the Hu Line. Among them, the
new population policy and the northeast revitalization plan greatly change the stagnation
of population development in the northeast, and direct effects on regional population
growth and the migration process, and thus indirectly affect the transformation of land use
function, in essence, it is a continuous reconstruction process from conflict to coordination
of different land use functions or types in space [56]. The low value area is located in
the Pearl River Delta and its surrounding areas on the east side of the Hu Line, where
the population and land use show a positive allometric relationship [57], rapid economic
growth continues to strengthen the “siphon effect” of population. In order to improve
the living standard of urban residents, a large number of high-class residential buildings
have been built in many areas, which not only failed to improve the living standard of
residents, but also aggravated the disorder of urban sprawl, thus damaging the coordinated
development of “Production-Living-Ecology” Functions.

Water resource density (Figure 5d) has a positive and negative bidirectional influence
on the coordination of “Production-Living-Ecology” Functions. The east of the Hu Line is
mostly positive, while the west of the Hu Line is mainly negative. Xinjiang region is the high
value center of negative impact. The special geographical location determines that most
of the cities in Xinjiang are typical oasis cities in arid areas. Urumqi and Karamay are the
economic development centers at the northern foot of Xinjiang. The rapid development of
industrialization leads to the continuous displacement of agricultural water by production
and living water, which restricts the development of cultivated land, and the continuous
encroachment of production and construction land on the basic ecological land at the
outer edge of the city, resulting in the imbalance of spatial distribution of urban land use
functions. The positive impact areas are almost all located in the east of the Hu Line, mainly
in the Yangtze River, with abundant water resources compared with Xinjiang and other
places. Especially, in recent years, the development concept of “joint efforts to protect and
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not to develop” has not only reversed the situation of ecological environment deterioration
in the Yangtze River Basin, but also accelerated the change of industrial structure and
strengthened the coordination of regional land multi-functional utilization.

5. Conclusions and Discussion

5.1. Conclusions

Based on the discussion on the coordination of Production-Living-Ecology function of
land use in 288 prefecture-level cities on both sides of the Hu Line from 2008 to 2017, this
study mainly verified the two hypotheses proposed in this paper.

Firstly, from the perspective of time dimension, it can be seen that the function coordi-
nation degree of “Production-living-Ecology” on the east side of the Hu Line is higher than
that on the west side. From the spatial dimension, it is found that the west of the Hu Line
is mostly a low-level coordination area, while the east is mostly a middle and high-level
coordination area, which verifies hypothesis 1: the coordination of land Production-Living-
Ecological function on both sides of the Hu Line is characterized by “high in the east and
low in the west”.

Secondly, GWR was used to analyze the driving mechanism that affected the coordi-
nation of Production-Living-Ecology function of land use. It was found that there were
significant regional differences in the impact of each driving factor on the coordination of
Production-Living-Ecology function. The order of influence degree is Life-Ecology function
> Production-Living function > Production-Ecology function > Economic density > Finance
density > Population density > Water resource density. It shows that the coordination of
Production-Ecology function is mainly driven by internal factors and is supplemented by
external factors. That is, hypothesis 2 of this paper is verified: the coordination of land
Production-Living-Ecology function is not only affected by external factors, but also by the
coordinated development of subsystems.

5.2. Discussion

According to the research conclusion of this paper, there are three major characteristics
of the coordination of the “Production-Living-Ecology” Functions of China’s land use: non-
equilibrium on both sides of the Hu line, mainly internally driven and externally driven.
Therefore, in order to balance the coordinated use of China’s land space, countermeasures
should be suggested from these three characteristics.

5.2.1. Firmly Grasp the Main Line of Coordinated Regional Development and Accelerate
the Breaking of the “Land Hu Line”

The concept of “main functional area” was first proposed in 2004 and then incorporated
into the regional coordinated development strategy [58]. Therefore, we can learn from its
core idea and plan the utilization of the national land on both sides of the Hu Line through
the spatial governance model of the main functional area and ensure the coordination and
sustainable development of “Production-Life-Ecology” Functions through three levels of
action mechanism of “planning, control and evaluation”.

First, delineate the main functional area to ensure the balance of “Production-Living-
Ecology” Functions. Through the above research, it can be found that most of the areas
west of the Hu Line, mainly Xinjiang and Tibet, are ecologically fragile areas, and the
contradiction between economic and social development and ecological protection is more
prominent. Therefore, the balanced development of different functions can be achieved
by delimiting main functional areas. The land space west of the Hu Line is divided into
spatial units with cities and counties as units, and each unit is given a unique main function,
thus forming a “one blueprint” for the main functional zoning at the city and county
level nationwide; delineate three red lines of urban development boundary, permanent
basic farmland and ecological protection, and effectively restrict the production, living and
ecological protection behavior of each space by clarifying the spatial boundary of the main
functional area. Second, refine the management and control development, and realize the
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coordinated development of “Production-Living-Ecology” Functions from the process. In
the development, the development direction of each area should be clearly defined. In
the key development urbanization areas, due to their strong resource and environmental
carrying capacity, it is necessary to strengthen the construction of urban functions, guide
the orderly clustering of industries, and strengthen the production and living functions
of land use; for the main agricultural production areas with restricted development, this
type of area is mainly used for the supply of agricultural products, so we should focus
on the agricultural production function of land use, and appropriately strengthen its
living and ecological functions; for key ecological function areas that are restricted from
development, this type of area mainly provides ecological products to ensure national
ecological security, and should focus on grasping the ecological function of land use. Third,
the assessment of the development performance of each, from the system to ensure that the
concept of “Production-Living-Ecology” accurate implementation. The supporting policies
of functional areas can be implemented in accordance with the positioning of the main
functional areas and categorized and managed. To provide policy support for investment,
industry and population in areas with large urbanization needs, especially for industrial
development west of the “Hu Line”; for the main agricultural production areas east of
the Hu line can improve the living standards of farmers through the agricultural price
compensation mechanism, while increasing the investment and construction of industries
and public services; for the key ecological function areas west of the Hu line, on the one
hand, financial transfer payments should be increased, and on the other hand, industrial
access thresholds should be strictly enforced as a way to strengthen ecological functions
and appropriately improve production and living functions.

5.2.2. Enhance the Internal Driving Force Coordination and Promote the Coordinated
Development of “Production-Living-Ecology” Function

We should further promote the coordination degree of production, living and eco-
logical functions, strengthen the integrated layout of “Production-Living-Ecology” Space,
realize the symbiosis and co-prosperity of “Production-Living-Ecology” Function, and
ensure the coordinated development of land use functions.

First, we will adopt classified policies to ease the contradiction between the use of
land for production and living purposes [59]. Distinguish different industrial types and
adopt corresponding layout patterns. For the first-class industrial land, the Production-Life
compound layout mode is adopted, while for the second- and third-class industrial land,
the independent production space mode can be adopted. The compactness of production
space should be strengthened to make production space intensive and efficient based
on the layout of industrial chain relations. According to the needs of different groups,
improve the layout of infrastructure, strengthen the connection between production and
living space, realize the co-construction and sharing of infrastructure, and achieve the
overall coordination of production and living functions. Second, upgrade and restructure
to promote synchronous development of production and ecological functions. For the
Production-Ecology function, the key lies in the upgrading of industrial structure. By in-
creasing industrial investment, enterprises should be guided to develop circular economies
to achieve sustainable development, so as to make up for the deficiency of natural ecol-
ogy with high-quality production. Reconstruct urban structure, strictly delimit land use
boundary, maintain cultivated land area by urban growth boundary and cultivated land
protection boundary, and restrict the disorderly expansion of urban construction land. To
protect green space to isolate industrial areas, so as to reduce urban pollution and improve
ecological quality, and ensure that the ecological function of land use can be brought into
play. Third, we need to take multiple measures to promote the coordinated development of
living and ecological functions. The living environment should be improved, the popu-
lation size and distribution should be considered comprehensively, and the community
life circle should be formed by improving the construction and coverage of public service
facilities. Vigorously develop livable cities, build a network ecological landscape pattern of
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“corridors around the city, green wedge introduction, park Mosaic, multi-corridor connec-
tion”, form a complete and homogeneous ecosystem, improve public service facilities and
infrastructure on this basis, to create a green livable city. Deployment of pilot city double
repair work actively, carry out urban repair and ecological restoration, from is closely
related to the residents of “environment” of improving infrastructure, increase investment
in environmental governance at the same time, the ecological red line within the scope of
the houses or buildings moved or renovation, to carry out ecological restoration systemic
reshape city temperament.

5.2.3. Optimize the Influence of External Drivers to Facilitate the Continuous Coordination
of “Production-Living-Ecology” Function

On the basis of considering regional heterogeneity, the external impact factors should
be optimized according to local conditions to help different regions realize the sustainable
development of land use “Production-Living-Ecology” functions.

First, differentiated development strategies should be adopted according to different
stages of economic development. The response of land use change to urbanization and
economic development level is no longer obvious in some areas east of the Hu Line
where economic development has become mature. Therefore, it is necessary to constantly
strengthen the government’s function of policy guidance and control of the bottom line,
and strictly delimit the ecological red line to give consideration to economic development
and ecological protection [35]. For the region west of Hu Line, which is in the stage of
economic transformation and development, special attention should be paid to the coupling
development of urbanization and industrialization [50], the intensity of development
should be controlled in strict accordance with the red line for ecological protection, and a
negative list of industrial access should be drawn up to prevent “pollution shelter effect” in
key ecological function zones, so as to ensure the ecological function of land use. Second,
reform the existing fiscal system to facilitate spatially balanced development. It is necessary
to gradually establish a financial system that matches the balanced development of space
to support the coordinated symbiosis of various functions of land use. A three-dimensional
model of spatially balanced development can be constructed, which roughly includes three
levels: the production layer, the secondary distribution layer and the actual consumption
layer of residents, in order to meet the inevitable requirements of economic development,
we adhere to an unbalanced development strategy at the production layer, and at the same
time, we must establish a strong redistribution system at the secondary distribution layer,
but this requires the support of a scientific transfer payment mechanism. In addition, it must
have a sound legal system and establish a comprehensive spatial planning system to ensure
its operation. Third, do a good job in human resource development and reserve, and start
the “open source and reduce expenditure” of urban land. For the economically developed
areas east of the Hu Line with a large population, we should consciously formulate policies
to control population, “open source” on the basis of “reducing expenditure”, strictly
control the expansion of urban construction land, and avoid the deterioration of man-land
relationship. While the population control policies in some eastern megacities will be
effective, they will be accompanied by the local migration of the population in the central
and western regions. Therefore, cities to the west of the Hu Line should do a good job in
the reserve, development and utilization of various human resources. Fourthly, rational
use of water resources to improve the ecological environment. For the areas west of the Hu
Line, where water resources are scarce, water resources should be allocated and managed
based on the overall interests of the whole basin in accordance with the general idea
of “reducing agricultural water, saving domestic water, increasing ecological water and
ensuring industrial water”. For water source region of the east of the relatively rich Hu
Line, first priority is to insist on protection priority, constantly optimize the ecological
environment, in returning farmland to forest and grass measures such as to give full play to
the ecosystem on the basis of self-healing, adherence to the “three line”, in the reasonable
range of environmental carrying capacity of the development and utilization of water
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resources. The effective ecological compensation mechanism should be established as soon
as possible, so as to achieve long-term comprehensive management of the whole basin, so
as to continuously optimize the structure and function of land use.
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Abstract: Currently, coronavirus disease 2019 (COVID-19) is spreading globally, which poses great
challenges to the whole world and human beings. The aim of this research is to understand the
determinants and residents’ willingness to pay (WTP) for purchasing masks against COVID-19 in
China. On the basis of protection motivation theory and contingent value method, this research
shows that most residents are willing to purchase masks against COVID-19. COVID-19 knowledge,
perceived severity, perceived vulnerability, and response efficacy are positively and significantly
associated with residents’ WTP and the WTP value. However, self-efficacy is only significantly
associated with residents’ WTP while not with WTP value. Furthermore, compared with other
residents, residents in Hubei province have a higher level of COVID-19 knowledge, perceived
severity, perceived vulnerability, self-efficacy and response efficacy, and the WTP value is higher. The
average value of residents’ WTP value for purchasing masks against COVID-19 in Hubei province is
¥120.92 ($18.73) per month during the epidemic, while it is ¥100.16 ($15.50) for other residents. In
addition, the effects of demographic factors such as age, gender, income, etc., on residents’ WTP and
WTP value have also been examined.

Keywords: COVID-19; mask; willingness to pay; protection motivation theory; contingent value method

1. Introduction

At the end of 2019, a new coronavirus disease 2019 (COVID-19) suddenly broke out
and pose unique challenges for everyone around the globe. Currently, COVID-19 has
become a global public health event. On 11 March 2020, Dr. Tedros Adhanom Ghebreyesus,
the Director General of the World Health Organization (WHO), announced that on the basis
of scientific assessment, WHO believes that COVID-19 can be called a global pandemic.
Almost all countries in the world have reported confirmed cases of COVID-19. By now,
COVID-19 is still spreading around the world and showing no signs of improvement.

COVID-19 has caused a serious negative impact on the global economy and resident’s
daily life. There is no doubt that the global economy will definitely decline. Furthermore,
due to the infectivity of COVID-19 and its high fatality rate, COVID-19 also exerts a negative
impact on resident’s physiological health, especially psychological health [1]. During the
COVID-19 epidemic, residents more easily feel panic, anxious, scared, uneasy and worried
that they can be infected [2]. To reduce its negative impact, several protective actions
against COVID-19 can be taken by residents. For example, going out less and staying at
home more, enhancing physical exercise and ensuring adequate sleep to enhance immunity,
wearing masks, washing hands with medical alcohol, etc. It is noteworthy that these
preventive measures can only prevent but cannot completely guarantee residents from
the virus intrusion. At present, the injection of COVID-19 vaccine is the most direct and
effective preventive way to prevent viral infections [3]. Currently, governments, medical
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institutions and scientific research companies of various countries have worked tirelessly
to develop vaccines to control the spread of COVID-19 [4].

In fact, as claimed by WHO, before the COVID-19 vaccine is launched on a large scale,
among the protective measures, wearing masks, especially N95 masks, is an effective way to
reduce COVID-19 spread and infection rate. It is estimated that wearing masks can reduce
the spread of COVID-19 by more than 70% [5]. Given the significance of wearing masks, it is
important to encourage residents to purchase and wear masks against COVID-19. However,
residents need to pay a certain cost to purchase masks, and then a financial burden will be
placed on them. As a result, before encouraging residents to purchase and wear masks, it is
necessary to understand whether residents are willing to pay for purchasing masks against
COVID-19, the value of willingness to pay (WTP) and the related determinants. Because
COVID-19 is an emergency in public health, limited research attention has been focused
on residents’ WTP for purchasing mask against COVID-19. To close the research gap and
provide recommendations to government agencies, this research aims to use survey data
collected in China to analyze residents’ WTP for purchasing mask against COVID-19 by
using contingent valuation method.

In the public health research domain, protection motivation theory is a commonly used
theory to understand individual’s self-protective behavior and protective behavior decision
making, and its effectiveness has been validated [6]. In this research, purchasing masks
against COVID-19 is a self-protective behavior and whether and how much willing to pay
for purchasing mask against COVID-19 is protective behavior decision making. Hence,
protection motivation theory can be regarded as the theoretical basis in the current research,
and WTP can be incorporated into the protection motivation theory conceptual framework.
Meanwhile, as a new virus, residents’ knowledge about COVID-19 can have an effect on
residents’ risk perception and subsequent behavioral responses. Lack of knowledge about
COVID-19 may provide space for rumors to breed and spread, and induce residents to
take incorrect protective measures. Hence, residents’ knowledge about COVID-19 has been
considered and added into the research framework. The main contribution of this research
is that we systematically explored whether residents are willing to pay for purchasing
mask against COVID-19, the value of WTP and the related determinants. To the best of
our knowledge, this is the first attempts to understand residents’ WTP for purchasing
mask against COVID-19, which can further enrich the research on COVID-19 and provide
implications for government agencies to make intervention strategies.

2. Literature Review

2.1. Protection Motivation Theory

In behavioral research context, several theoretical models and theories are well de-
veloped to explore individual’s behavioral reaction, such as theory of planned behavior,
cognitive dissonance theory, value-belief-norm theory, norm activation model, protection
motivation theory, etc. Among them, protection motivation theory (PMT), which was
originally developed by [6], has been frequently adopted to explore why individuals take
protective actions. PMT has been widely used in various crisis and health risk situations
(e.g., natural disasters, climate change, epidemics) and its explanatory power has been
validated [6–9].

According to PMT, the aim of an individual to take protective actions is to avoid or
reduce the negative influences of potential risks [6,7]. The decision to take protective actions
is influenced by two factors: threat appraisal and coping appraisal [7]. Threat appraisal
refers to individuals tending to assess the negative outcomes of the potential risks and
the threats on themselves such as whether they are easily affected by potential risks and
whether the negative effects of potential risks are severe [6]. In general, threat appraisal
can be divided into two sub-variables: perceived severity and perceived vulnerability. The
more severity and vulnerability individuals perceived, the more likely they are willing to
take protective actions to prevent risks. Coping appraisal refers to individuals tending to
assess whether they have ability and capability to take protective actions and whether the
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protective actions can help them avoid or lower the adverse outcome of risks [6]. Coping
appraisal can be divided into two sub-variables: self-efficacy and response efficacy. PMT
assumes that the higher the self-efficacy and response efficacy, the more likely individuals
are prepared to take protective actions to prevent risks.

In the COVID-19 research domain, research has been done to explore residents’ risk
perceptions of COVID-19 and protective behaviors. Based on PMT, Ref. [10] assessed public
risk perception of COVID-19 and its impact on taking protective actions, and further exam-
ined the predictors of risk perception. They found that the level of public risk perception is
relatively high, and risk perception is positively correlated with the adoption of protective
actions. Personal experience with the virus, trust in government, prosocial value, personal
knowledge and personal efficacy are all significant predictors of risk perception. Ref. [11]
investigated the perception of risk and the worries about COVID-19 infection in both
healthcare workers and the general population in Italy. They found that healthcare workers
report higher risk perception and more eager to take protective measures. Ref. [12] used
PMT to explore the immediate risk perceptions and psychological effects of the COVID-19
pandemic among Italian participants. They noted that perceived control, perceived efficacy
of containment measures and affective states affect risk perception, which further promote
residents to take protective behaviors. Ref. [13] adopted PMT to analyze the motivations of
residents to take protective measures and behaviors during the early phase of COVID-19.
They found that risk perception can drive the adoption of protective behaviors. Ref. [14]
investigated the effect of risk perception on self-reported engagement in protective be-
haviors based on the research samples from United States. They noted that the samples
demonstrate growing awareness of risk and report engaging in protective behaviors with
increasing frequency. Their research findings highlighted the importance of risk perception
and further confirmed the positive relationship between risk perception and protective
behavior. Ref. [15] examined the effect of the components of PMT on taking protective
health behaviors related to the COVID-19 virus. They found that the components of PMT
are positively and significantly associated with the adoption of protective health behaviors.
Other studies such as [16–18] also explored residents’ risk perceptions of COVID-19 and
protective behaviors, and proposed measures to encourage residents to take protective
behaviors to impede the spread of COVID-19.

Though prior research has explored the issues about residents’ risk perceptions of
COVID-19 and protective behaviors, limited research has been performed to explore resi-
dents’ WTP for taking protection actions such as purchasing mask against COVID-19 and
examined the related determinants. Thus, to enrich the research on COVID-19, the current
research aims to explore the determinants and WTP for purchasing masks against COVID-
19. Meanwhile, given the popularity and explanatory power, PMT has been selected as the
theoretical basis of this research.

2.2. Willingness to Pay and Contingent Valuation Method

In essence, the aim of residents to purchase and wear masks against COVID-19 is to
avoid infection by COVID-19 and keep the virus at bay. Health is a non-market product and
cannot be traded in the market. Hence, its value cannot be decided by demand and supply
functions. According to microeconomic theory, the value formation of non-market products
is largely decided by how much residents are willing to pay. In this research, residents’
WTP refers to how much they intend to spend on purchasing masks against COVID-19.

In practice, there are two methods to obtain information about WTP and calculate
the WTP value: choice experiment method and contingent valuation method. Compared
with choice experiment method, contingent valuation method is more robust and easy to
understand and implement. Contingent valuation method is a typical stated preference
evaluation method based on the utility maximization theory to assess the economic value
of non-market products by asking the respondents’ WTP directly [19,20]. The respondents’
answer is based on their own ideas rather than on their previous purchase behavior.
The implicit assumption of this method is that the respondents can clearly understand
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their preferences and express them truthfully during the inquiry process [21]. Currently,
contingent valuation method is the most widely used and effective method to analyze WTP
and calculate the WTP value [21]. For this consideration, contingent valuation method has
been adopted to analyze residents’ WTP for purchasing mask against COVID-19.

For contingent valuation method, there are four elicitation techniques to inquire the re-
spondents’ WTP information: bidding game, open-ended, payment card and dichotomous
choice [22]. Bidding game elicitation technique refers to setting an initial bid value first and
then continuously increase or decrease the price level to detect respondents’ WTP [23]. This
elicitation technique is greatly affected by the initial bid value, and the entire game process
requires constant communication with the respondents, which consumes a lot of time and
effort. Hence, in practice, bidding game elicitation technique is rarely adopted. Open-ended
elicitation technique refers to let respondents state their WTP directly [24]. Though this
elicitation technique is simple and easy to conduct, it will also cause respondents to not
know how to answer or even not to answer, which in turn affects the reliability of the
results [24]. Payment card elicitation technique refers to setting different WTP interval first
and then ask respondents to state their WTP based on these intervals [25]. Compared with
open-ended elicitation technique, this elicitation technique is convenient for respondents to
state their WTP. It should be cautioned that the credibility of the results depends largely on
the rationality of the interval settings. Dichotomous choice elicitation technique refers to
setting an initial bid value first and then inquire respondents whether they are willing to
pay the initial bid value [26]. This elicitation technique simulates the real market behavior,
but it requires a very complex probability statistical model to estimate the WTP value.

3. Data and Method

3.1. Questionnaire Design

Given that N95 masks are more effective to curb COVID-19 spread than cloth masks
and surgical masks, the survey aims to explore residents’ WTP for buying N95 masks. The
masks mentioned in the following are all refer to N95 masks. Questionnaire survey was
performed to collect residents’ WTP information. The questionnaire included 4 parts. The
first part briefly introduced the research background and research purpose, and ensured
security of the primary data [27]. The second part aimed to obtain the information related
to respondents’ knowledge about COVID-19 and the four variables of PMT.

Multiple measurement items were employed to measure 5 variables mentioned above.
All the items were assessed on a five-point Likert scale ranging from 1 (completely disagree)
to 5 (completely agree), and respondents were asked to evaluate the items based on their
own feelings and perceptions. To ensure the validity of the measurement items, all of them
were adapted from prior research and slightly modified to make them applicable for the
current research context. Specifically, the measurement items of the four variables of PMT
were adapted from [16,17,19], and each variable was measured using three items. Four
items adapted from [10,24,28] were employed to measure knowledge about COVID-19.
To ensure the accuracy of these items, 7 academic scholars whose research interests focus
on health behavior and risk communication were invited to help us to refine these items.
Based on their comments, minor revisions such as typos and phrasing were made [29]. The
final items of the research variables were presented in Appendix A.

The third part of the questionnaire was used to obtain information about residents’
WTP. We first inquired the respondents whether they are willing to pay for purchasing
masks against COVID-19. If not, we asked the respondents to choose from five state-
ments the one that most closely resembled their reason for not being willing to pay. If
yes, we then asked them how much they are willing to pay for purchasing masks against
COVID-19 per month during the epidemic. To facilitate respondents to express their WTP
value, payment card elicitation technique was adopted. In total, we set 8 intervals of WTP
value: (1) ¥1–30 ($0.15–4.65); (2) ¥31–60 ($4.80–9.29); (3) ¥61–90 ($9.45–13.94); (4) ¥91–120
($14.10–18.59); (5) ¥121–150 ($18.74–23.24); (6) ¥151–180 ($23.39–27.88); (7) ¥181–210
($28.04–32.53) and (8) ¥211–240 ($32.68–37.18). The fourth part was used to collect re-
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spondents’ demographic information such as age, gender, family size, health status,
etc. [13,30,31].

3.2. Data Collection

In general, there are three commonly used methods to perform questionnaire surveys:
online survey method, face to face survey method, and telephone and e-mail survey
method [32–35]. In this research, online survey method was adopted to perform the
survey. The reasons can be stated as follows. First, the current survey was performed
during the COVID-19 outbreak period. Hence, face to face survey method should not be
considered. Second, the response rate of telephone and e-mail survey method was low and
time-consuming. Thus, telephone and e-mail survey methods were not considered.

With the help of Questionnaire Star (www.wjx.cn (accessed on 1 January 2020)), a
popular and professional online survey website in China, the questionnaire survey was
performed during 1–24 February 2020 in Hubei, Anhui, Jiangsu, Zhejiang, Shandong,
Guangdong and Fujian Provinces and the Municipality of Shanghai. Participants were
recruited from a large sample pool maintained by the Questionnaire Star. We totally
received 3471 questionnaires. After abandoning the invalid questionnaires, 3148 valid
questionnaires were obtained and used to perform data analysis.

4. Data Analysis and Results

In the following data analysis, we first conducted the reliability and validity analy-
sis [36]. Then, we introduced the demographic information of respondents and conducted
descriptive analysis to describe the research data. At last, we used the relevant estimation
method to identify the determinants of WTP and WTP value. Furthermore, Hubei is the
province most affected by the COVID-19 in China, respondents’ perception and attitude
toward COVID-19 in Hubei Province may be different from respondents in other provinces.
Hence, to better and fully understand the determinants and the value of WTP for purchas-
ing mask against COVID-19, the total valid samples (N = 3148) have been divided into
2 sub-samples: Hubei Sample (N = 1103) and Non-Hubei (e.g., Anhui, Jiangsu, Zhejiang,
Shandong, Guangdong and Fujian Provinces and the Municipality of Shanghai) Sample
(N = 2045).

4.1. Reliability and Validity Analysis

The results of reliability and validity analysis were presented in Table 1. According to
Table 1, it can be concluded that the values of Cronbach’s alpha and composite reliability
(CR) were all greater than the threshold value of 0.70 [37]. Thus, the reliability of the
survey was acceptable. Furthermore, the factor loadings of the items were all larger than
0.70 and significant (p < 0.001), and AVE values also exceeded 0.50 (See Table 1). Thus, the
convergent validity of the survey was satisfactory [37]. In addition, as shown in Table 2,
the square root of AVE for each variable was greater than its correlation coefficients with
the other variables, revealing good discriminant validity [37]. Meanwhile, the Heterotrait–
Monotrait (HTMT) Ratio for each of the variables was smaller than 0.85, which further
suggested that the discriminant validity of the survey was acceptable [38].

4.2. Demographic Information

The demographic information of the respondents was illustrated in Table 3. In the total
sample, compared with males, females accounted for the largest proportion, suggesting
that females are more concerned about COVID-19 and willing to engage in the survey.
The respondents were young and middle-aged. More than half of the respondents were
aged between 26 and 50. Nearly 80% of the respondents had more than 10 years of
education. Most respondents were middle class. Nearly 70% of the respondents earned a
monthly income between ¥5000–15,000 ($774–2322). More than 80% of the respondents had
2–5 family members. Nearly half of the respondents acknowledged that their health status
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is acceptable. Table 3 also presented the demographic information of the respondents in
Hubei Sample and Non-Hubei Sample.

Table 1. Reliability and validity analysis.

Variables Item Loading Cronbach’s Alpha CR AVE

Knowledge

KN1 0.85 ***

0.80 0.89 0.68
KN2 0.77 ***
KN3 0.84 ***
KN4 0.83 ***

Perceived severity
PS1 0.88 ***

0.82 0.88 0.71PS2 0.83 ***
PS3 0.81 ***

Perceived vulnerability
PV1 0.79 ***

0.77 0.84 0.64PV2 0.82 ***
PV3 0.79 ***

Self-efficacy
SE1 0.79 ***

0.83 0.89 0.72SE2 0.89 ***
SE3 0.87 ***

Response efficacy
RE1 0.81 ***

0.79 0.86 0.67RE2 0.79 ***
RE3 0.86 ***

Note: *** indicates significant at 0.1% significance level.

Table 2. Discriminant validity analysis.

Variables KN PS PV SE RE

KN 0.82 0.42 0.63 0.57 0.49
PS 0.53 0.84 0.37 0.53 0.38
PV 0.48 0.35 0.80 0.49 0.51
SE 0.55 0.43 0.43 0.85 0.50
RE 0.41 0.45 0.38 0.33 0.82

Note: The bold values (diagonal elements) are the square root of AVE values; the values below the diagonal are
the correlation coefficients among variables; the values above the diagonal are the Heterotrait–Monotrait (HTMT)
Ratio of each variable.

4.3. Descriptive Analysis

There were five main variables in this research: knowledge about COVID-19, perceived
severity, perceived vulnerability, self-efficacy and response efficacy. Table 4 introduced
the descriptive analysis results of variables. It indicated that the mean values of these five
variables are all larger than the average value of 3. Compared with the mean values of four
variables in PMT, the mean value of COVID-19 knowledge is relatively lower. Table 4 also
presented the mean values of these five variables in Hubei Sample and Non-Hubei Sample.
To compare whether there are differences between the mean values of these five variables
in Hubei Sample and Non-Hubei Sample, ANOVA analysis was conducted. The results
indicated that there are significant differences between the mean values of knowledge about
COVID-19 (T = 2.81, p < 0.05), perceived severity (T = 3.01, p < 0.05), perceived vulnerability
(T = 3.11, p < 0.05), self-efficacy (T = 2.89, p < 0.05) and response efficacy (T = 4.31, p < 0.01)
in Hubei Sample and Non-Hubei Sample, and the mean values of these five variables in
Hubei Sample were significantly higher than that in Non-Hubei Sample. Indeed, compared
with respondents in Non-Hubei Sample, respondents in Hubei Sample will definitely pay
more attention to COVID-19. Thus, it is understandable that the respondents in Hubei
Sample have a higher level of COVID-19 knowledge, and perceive a higher level of severity,
vulnerability, self-efficacy, and response efficacy than respondents in Non-Hubei Sample.
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Table 3. Samples’ demographic information.

Category
Total Sample Non-Hubei Sample Hubei Sample

N % N % N %

Gender
Female 1701 54.03% 1093 53.45% 582 52.77%
Male 1447 45.97% 952 46.55% 521 47.23%

Age

18–25 564 17.92% 350 17.11% 190 17.23%
26–40 723 22.97% 481 23.52% 250 22.67%
41–50 941 29.89% 623 30.46% 330 29.92%
51–60 503 15.98% 318 15.55% 173 15.68%
>60 417 13.25% 273 13.35% 160 14.51%

Years of education

≤6 314 9.97% 218 10.66% 121 10.97%
7–9 316 10.04% 181 8.85% 120 10.88%

10–12 789 25.06% 519 25.38% 271 24.57%
13–16 1045 33.20% 691 33.79% 369 33.45%
≥17 684 21.73% 436 21.32% 222 20.13%

Monthly Income

<¥5000 ($774) 409 12.99% 251 12.27% 162 14.69%
¥5000–10,000 ($1548) 1101 34.97% 731 35.75% 381 34.54%

¥10,001–15,000 ($2322) 1070 33.99% 701 34.28% 362 32.82%
>¥15,000 568 18.04% 362 17.70% 198 17.95%

Family size

1 220 6.99% 139 6.80% 75 6.80%
2–3 1448 46.00% 921 45.04% 516 46.78%
4–5 1196 37.99% 775 37.90% 408 36.99%
>5 284 9.02% 210 10.27% 104 9.43%

Health status
Not well 1045 33.20% 690 33.74% 370 33.54%

Acceptable 1479 46.98% 952 46.55% 501 45.42%
Very well 624 19.82% 403 19.71% 232 21.03%

Observations 3148 2045 1103

Table 4. Descriptive analysis result of research variable.

Variables
Total Sample

Non-Hubei
Sample

Hubei Sample

Mean SD Mean SD Mean SD

Knowledge (KN) 3.639 0.518 3.501 0.683 3.973 0.732
Perceived severity (PS) 4.219 0.457 4.093 0.683 4.472 0.702

Perceived vulnerability (PV) 4.313 0.537 4.101 0.781 4.598 0.692
Self-efficacy (SE) 4.411 0.531 4.278 0.602 4.693 0.573

Response efficacy (RE) 4.298 0.633 4.128 0.821 4.601 0.721
Note: SD = Standard Deviation.

4.4. Determinants of Residents’ WTP

To identify the determinants of residents’ WTP for purchasing masks against COVID-
19, we should first analyze whether residents are willing to pay or not. As shown in
Table 5, among the 3148 valid samples, 2581 observations are willing to pay for purchasing
masks against COVID-19, accounting for 81.99% of the total valid samples. In addition,
567 observations are unwilling to pay for purchasing masks against COVID-19, accounting
for 18.01% of the total valid samples. This finding suggested that most residents are willing
to pay for purchasing masks against COVID-19. Furthermore, Table 5 also presented
residents’ WTP for purchasing masks against COVID-19 in Hubei Sample and Non-Hubei
Sample. It can be found that the ratio of willing to pay (90.03%) in Hubei Sample is much
higher than that in Non-Hubei Sample (79.95%).
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Table 5. Residents’ WTP.

Response
Total Sample Non-Hubei Sample Hubei Sample

Frequency Ratio Frequency Ratio Frequency Ratio

Willing to pay 2581 81.99% 1635 79.95% 993 90.03%
Unwilling to pay 567 18.01% 410 20.05% 110 9.97%

Observations 3148 2045 1103

Moreover, the reasons why residents were unwilling to pay for purchasing masks
against COVID-19 were explored as well. We summarized five reasons: (1) I am healthy
and have strong immunity, so I am unwilling to spend money to purchase and wear masks;
(2) I always stay at home, so I am unwilling to spend money to purchase and wear masks;
(3) COVID-19 will end soon, so I am unwilling to spend money to purchase and wear
masks; (4) I have no money to purchase masks and (5) the cost of purchasing masks should
be paid by the government. The frequency and ratio of each reason was shown in Table 6.
Table 6 suggested that the reasons why respondents are unwilling to pay for purchasing
masks against COVID-19 mainly focus on two aspects: good health and strong immunity,
and always stay at home. This finding was also applicable for respondents in Hubei Sample
and Non-Hubei Sample.

Table 6. Reasons of unwilling to pay.

Reason
Total Sample Non-Hubei Sample Hubei Sample

Frequency Ratio Frequency Ratio Frequency Ratio

I am healthy and have strong immunity 210 37.04% 140 34.15% 52 47.27%
I always stay at home 165 29.10% 120 29.27% 31 28.18%

COVID-19 will end soon 80 14.11% 50 12.20% 20 18.18%
I have no money 32 5.64% 25 6.10% 1 0.91%

The cost should be paid by the government 80 14.11% 75 18.29% 6 5.45%
Observations 567 410 110

To identify the determinants of residents’ WTP, we should select the appropriate
estimation model and method. The dependent variable, namely residents’ WTP, was a
discrete variable or “0–1” variable. Traditional linear regression estimation method such
as ordinary least squares (OLS) estimation method cannot accurately predict the effects of
independent variables on dependent variable [39]. Following the suggestion of [40], binary
logistic regression method was used. Furthermore, given that residents’ WTP varies with
the respondents’ demographic factors such as age, gender, education, income, family size
and health status, we introduced these factors as the control variables into the regression
analysis. Specifically, gender is a dummy variable, which is equal to 1 if the respondent is
male and 0 if the respondent is female. Age is a continuous variable, which refers to the
actual age of the respondent. Education is a continuous variable, which refers to the number
of years the respondent has received education in school. Income is a continuous variable,
which refers to the respondent’s household monthly income. Family size is a continuous
variable, which refers to the number of family members of the respondent. Health status is
a dummy variable, which is equal to 1 if the health status is acceptable and very well, and
0 if the health status is not well.

The results of logistic regression analysis were presented in Table 7. Model 1 showed
the regression results of the total sample. For control variables, gender is negatively and
significantly associated with residents’ WTP. Family size is positively and significantly
associated with residents’ WTP. Other control variables such as age, education, income
and health status have no significant effect on residents’ WTP. Residents’ knowledge about
COVID-19 (β = 0.345, p < 0.05), perceived severity (β = 0.465, p < 0.001), perceived vulnera-
bility (β = 0.321, p < 0.05), self-efficacy (β = 0.238, p < 0.01) and response efficacy (β = 0.317,
p < 0.05) are all positively and significantly associated with residents’ WTP. Among the
standardized coefficients, the standardized coefficient of perceived severity is the largest.
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To further evaluate the proportional contribution of each variable to the explained variance,
we used the method proposed by [41,42] to perform a relative importance analysis. Table 8
presented the results of the relative weight of the importance analysis of the determinants of
residents’ WTP. As shown in Table 8, perceived severity explains a larger percentage of the
variance (20.49%) towards residents’ WTP than any other variables. Thus, by comparing
the relative contribution of each variable towards the predictive criterion of residents’ WTP,
it can be concluded that perceived severity has the largest effect on residents’ WTP.

Table 7. Determinants of residents’ WTP.

Variables

Logistic Regression

Total Sample Non-Hubei Sample Hubei Sample

Model 1 Model 2 Model 3

Knowledge 0.345 * 0.281 ** 0.389 **
Perceived severity 0.465 *** 0.412 * 0.507 ***

Perceived vulnerability 0.321 * 0.318 ** 0.397 *
Self-efficacy 0.238 ** 0.221 * 0.313 *

Response efficacy 0.317 * 0.291 *** 0.403 ***
Gender −0.131 ** −0.187 ** 0.149

Age 0.131 0.123 0.199
Education 0.204 0.253 0.101

Income 0.181 0.153 0.271
Family size 0.208 * 0.196 ** 0.314

Health status 0.217 0.253 0.318
Observations 3148 2045 1103

LR χ2 130.218 123.679 141.783
Prob > χ2 0.000 0.000 0.001
Pseudo R2 0.554 0.511 0.589

Log Likelihood −269.341 −291.327 −245.827
Notes: * <0.05, ** <0.01 and *** <0.001.

Table 8. Relative importance weights of the determinants of residents’ WTP.

Variables Raw Relative Weight Rescaled Relative Weight

Knowledge 0.091 16.49%
Perceived severity 0.113 20.49%
Perceived vulnerability 0.081 14.77%
Self-efficacy 0.061 11.02%
Response efficacy 0.054 9.56%
Gender 0.018 3.18%
Age 0.026 4.74%
Education 0.028 5.11%
Income 0.024 4.18%
Family size 0.025 4.46%
Health status 0.033 6.01%
Pseudo R2 0.554 100%

Models 2 and 3 in Table 7 showed the regression results of Non-Hubei Sample and
Hubei Sample. Overall, the findings in Non-Hubei Sample (Model 2) and Hubei Sample
(Model 3) were in line with the findings in total sample (Model 1). Compared with Non-
Hubei Sample (Model 2), the standardized coefficients of knowledge about COVID-19,
perceived severity, perceived vulnerability, self-efficacy and response efficacy in Hubei
Sample (Model 3) are relatively larger. Meanwhile, it is worth noting that all the control
variables in Hubei Sample (Model 3) are insignificant.

4.5. Determinants of Residents’ WTP Value

To identify the determinants of residents’ WTP value, we should analyze the distri-
bution of residents’ WTP value. The distribution of residents’ WTP value was presented
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in Table 9. Prior research such as [43–45] noted that WTP value can be decided based
on the median value of each interval. Hence, the median value of each interval can also
be regarded as a reasonable representation level of residents’ WTP value in this research.
On the basis of residents’ WTP value, we calculated the average value of residents’ WTP
value. By referring to the work of [45,46], the average value of residents’ WTP value can be
expressed as follows:

WTP = ∑n
i=1 WTPi

Ni
N

(1)

Table 9. Distribution of residents’ WTP value.

Interval
Total Sample Non-Hubei Sample Hubei Sample

Frequency Ratio Frequency Ratio Frequency Ratio

¥1–30 288 11.16% 225 13.76% 70 7.05%
¥31–60 422 16.35% 345 21.10% 70 7.05%
¥61–90 255 9.88% 195 11.93% 55 5.54%
¥91–120 481 18.64% 245 14.98% 260 26.18%
¥121–150 592 22.94% 299 18.29% 300 30.21%
¥151–180 241 9.34% 91 5.57% 130 13.09%
¥181–210 187 7.25% 125 7.65% 60 6.04%
¥211–240 115 4.46% 110 6.73% 48 4.83%
Observations 2581 1635 993

In Equation (1), WTP means average value of residents’ WTP value, WTPi means the
WTP value of respondents who select ith interval, Ni means the number of respondents
who select ith interval and N means the total number of respondents who are willing to
pay. According to Equation (1) and Table 9, the average value of residents’ WTP value for
purchasing masks against COVID-19 is ¥120.92 ($18.73) per month during the epidemic
in Hubei province and it is ¥100.16 ($15.50) per month during the epidemic in non-Hubei
province. Overall, the average value of residents’ WTP value for purchasing masks against
COVID-19 is ¥106.53 ($16.51) per month during the epidemic nationally.

In this research, the dependent variable, namely residents’ WTP value, was measured
by a payment card elicitation technique. Residents’ WTP value was an interval value. To
improve the prediction accuracy of the estimation model, the interval regression estimation
model was employed [39,47]. The estimation results were presented in Table 10.

Table 10. Determinants of residents’ WTP value.

Variables
Total Sample Non-Hubei Sample Hubei Sample

Model 4 Model 5 Model 6

Knowledge 0.221 * 0.309 *** 0.268 **
Perceived severity 0.263 * 0.197 ** 0.331 ***

Perceived vulnerability 0.280 ** 0.251 ** 0.342 *
Self-efficacy 0.347 0.202 0.307

Response efficacy 0.401 *** 0.344 ** 0.413 ***
Gender −0.181 ** −0.197 * −0.287

Age −0.207 −0.183 −0.257
Education 0.231 0.253 0.186

Income 0.136 0.187 0.256
Family size −0.260 −0.183 0.259

Health status −0.237 * −0.209 ** −0.289
Observations 2581 1635 993

Wald χ2 97.359 92.257 89.183
Prob > χ2 0.000 0.000 0.000

Log Likelihood −1123.387 −1242.207 −1037.342
Notes: * <0.05, ** <0.01 and *** <0.001.
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As shown in Table 10, in the total sample (Model 4), residents’ COVID-19 knowl-
edge (β = 0.221, p < 0.05), perceived severity (β = 0.263, p < 0.05), perceived vulnerability
(β = 0.280, p < 0.01) and response efficacy (β = 0.401, p < 0.001) are positively and signifi-
cantly associated with residents’ WTP value, while self-efficacy has no significant effect
on residents’ WTP value (β = 0.347, p > 0.05). As for control variables, gender (β = −0.181,
p < 0.01) and health status (β = −0.237, p < 0.05) are negatively and significantly associated
with residents’ WTP value. Other control variables such as age, education, income and fam-
ily size have no significant effect on residents’ WTP value. In Non-Hubei Sample (Model 5)
and Hubei Sample (Model 6), the research results are almost consistent with findings in
total sample (Model 4). However, in Hubei Sample (Model 6), all control variables have no
significant effect on residents’ WTP value.

5. Discussion

We undertook the current research with the purpose to explore the determinants of
residents’ willingness to pay (WTP) for purchasing masks against COVID-19 and the value
of WTP. Based on protection motivation theory, we demonstrated that perceived severity,
perceived vulnerability, self-efficacy and response efficacy are the positive antecedents of
residents’ WTP. These findings revealed that when residents perceive a higher level of
severity and vulnerability, and have a higher level of self-efficacy and response efficacy,
they will be likely to pay for purchasing masks against COVID-19. The current research
findings were consistent with prior research on COVID-19 such as [10,12,15], which further
highlighted the importance of protection motivation theory in explaining residents’ protec-
tive behaviors during the COVID-19 pandemic. Meanwhile, this research also identified the
positive impact of residents’ knowledge about COVID-19 on residents’ WTP, indicating that
the more residents are knowledgeable about COVID-19, the more likely they are to pay for
purchasing masks against COVID-19. This finding mirrored prior research findings [48] and
further accented the significance of public COVID-19 knowledge in COVID-19 research.

By comparing the standardized coefficients of these five variables, it can be found that
the standardized coefficient of perceived severity is the largest, revealing that perceived
severity has the largest effect on residents’ WTP. Indeed, the primary reason why residents
are willing to pay for purchasing masks against COVID-19 is that they perceive the severity
of COVID-19 and wish to purchase and wear masks to reduce the negative impact of
COVID-19 on them. For control variables, gender negatively impacts residents’ WTP,
suggesting that females are more willing to pay for purchasing masks against COVID-19
than males. While family size positively impacts residents’ WTP, uncovering that the more
family members, the more likely they are to pay for purchasing masks against COVID-19.
Other control variables such as age, education, income and health status have no significant
effect on residents’ WTP. This may be due to the fact that COVID-19 has spread rapidly
throughout the world and its negative outcome on human society has been known to the
public [49]. Thus, anyone, regardless of age, education, income and health status, is all
willing to pay for purchasing masks against COVID-19.

Furthermore, the determinants of the value of WTP for purchasing masks against
COVID-19 were also explored. Findings showed that residents’ COVID-19 knowledge, per-
ceived severity, perceived vulnerability and response efficacy are the positive antecedents
of WTP value. These findings indicated that when residents are knowledgeable about
COVID-19, perceive a higher level of severity and vulnerability, and have a higher level
of response efficacy, they are likely to pay more for purchasing masks against COVID-19.
However, contrary to our expectation, this research indicated that self-efficacy has no
significant effect on WTP value. This may be because that the cost paid on purchasing
masks against COVID-19 is not too much and nearly all residents can afford it. That is,
residents have ability and capacity to purchase masks against COVID-19 and thus the effect
of self-efficacy is insignificant. Given that prior COVID-19 literature rarely discussed resi-
dents’ WTP for taking protective behaviors especially purchasing and wearing mask, this
research contributed to existing body of knowledge on COVID-19 and residents’ protective
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behaviors literature, thus advancing the science in this research domain for other scholars
to explore.

As for control variables, gender and health status negatively affect residents’ WTP
value, suggesting that female and residents in poor health are more likely to pay more
for purchasing masks against COVID-19. Other control variables such as age, education,
income and family size have no significant effect on residents’ WTP value, revealing
that anyone, regardless of age, education, income and family size, is willing to pay for
purchasing masks against COVID-19.

6. Conclusions and Limitations

COVID-19 has shown a pandemic trend globally. To curb its spread and reduce
its negative effect on the global economy, especially on public health, all circles in the
world should take measures to against COVID-19 [49]. From an individual perspective,
this research focused on residents’ self-protective behaviors and aimed to examine the
determinants and willingness to pay for purchasing mask against COVID-19.

This research found that most residents are willing to pay for purchasing masks against
COVID-19. Residents’ COVID-19 knowledge, perceived severity, perceived vulnerability,
self-efficacy and response efficacy are positively and significantly associated with residents’
WTP, and perceived severity has the largest effect. For control variables, only gender and
family size are significantly associated with residents’ WTP. Other control variables such
as age, income, education and health status have no significant effect on residents’ WTP.
Furthermore, we also examined the determinants of residents’ WTP value. The results
indicated that residents’ COVID-19 knowledge, perceived severity, perceived vulnerability
and response efficacy are positively and significantly associated with residents’ WTP value.
However, self-efficacy has no significant effect on residents’ WTP value. Gender and health
status are significantly associated with residents’ WTP value. Other control variables
such as age, education, income and family size have no significant effect on residents’
WTP value.

In addition, we also calculated the average value of residents’ WTP value for purchas-
ing mask against COVID-19. The average value of residents’ WTP value for purchasing
mask against COVID-19 is ¥106.53 ($16.51) per month during the epidemic nationally.
Meanwhile, this research further noted that residents in Hubei province tending to pay
more than residents in non-Hubei province. The average value of residents’ WTP value
for purchasing mask against COVID-19 is ¥120.92 ($18.73) per month during the epi-
demic in Hubei province, and it is ¥100.16 ($15.50) per month during the epidemic in
non-Hubei province.

There are several limitations in this research. First, an online survey method was
adopted to collect research data. In general, face to face survey method is more applicable
for using contingent value method. In the following research, face to face survey methods
can be used. Second, payment card elicitation technique was used in this research. The WTP
value largely depends on the interval value we set. Hence, it needs caution to generalize
the residents’ WTP value. Third, the research sample of this study was still limited, which
may affect the research findings. In future research, more data can be gathered to replicate
the current research findings. Finally, we did not consider the data from 2021. In future
research, the data from 2021 should be collected and analyzed.
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Appendix A. Variable and Measurement Item

Variables Measurement Item

Knowledge (KN)

KN1: COVID-19 is a respiratory infection caused by a
new species of coronavirus family
KN2: COVID-19 can be transmitted through respiratory
droplets such as cough and sneeze
KN3: COVID-19 can be prevented through wearing
mask and personal hygiene
KN4: The common symptoms of COVID-19 are fever,
cough and shortness of breath

Perceived severity (PS)
PS1: COVID-19 is a serious social issue
PS2: COVID-19 will have negative consequences
PS3: The negative effect of COVID-19 is severe

Perceived vulnerability (PV)
PV1: COVID-19 can negatively impact me
PV2: I am vulnerable to the negative effects of COVID-19
PV3: My chances of being infected by COVID-19 is high

Self-efficacy (SE)

SE1: It is easy for me to purchase and wear mask
SE2: If I wanted to, I could easily purchase and
wear mask
SE3: It is mostly up to me whether I purchase and
wear mask

Response efficacy (RE)

RE1: Wearing mask can impede the spread of COVID-19
RE2: Wearing mask can lower the chances of being
infected by COVID-19
RE3: Wearing mask can defeat COVID-19 as soon
as possible
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Abstract: Health impact assessment (HIA) has been regarded as an important means and tool for
urban planning to promote public health and further promote the integration of health concept.
This paper aimed to help scientifically to understand the current situation of urban HIA research,
analyze its discipline co-occurrence, publication characteristics, partnership, influence, keyword
co-occurrence, co-citation, and structural variation. Based on the ISI Web database, this paper used
a bibliometric method to analyze 2215 articles related to urban HIA published from 2012 to 2021.
We found that the main research directions in the field were Environmental Sciences and Public
Environmental Occupational Health; China contributed most articles, the Tehran University of
Medical Sciences was the most influential institution, Science of the Total Environment was the most
influential journal, Yousefi M was the most influential author. The main hotspots include health
risk assessment, source appointment, contamination, exposure, particulate matter, heavy metals
and urban soils in 2012–2021; road dust, source apposition, polycyclic aromatic hydrocarbons, air
pollution, urban topsoil and the north China plain were always hot research topics in 2012–2021,
drinking water and water quality became research topics of great concern in 2017–2021. There
were 25 articles with strong transformation potential during 2020–2021, but most papers carried out
research on the health risk assessment of toxic elements in soil and dust. Finally, we also discussed
the limitations of this paper and the direction of bibliometric analysis of urban HIA in the future.

Keywords: urban; health impact assessment; bibliometric analysis; CiteSpace; knowledge mapping

1. Introduction

The European Union Environmental Impact Assessment (EIA) Directive (2011/92/EU
as amended by 2014/52/EU) requires EIAs to consider the effects that a project might have
on human health [1]. Over the past two decades, health impact assessment (HIA) practice
has expanded across the world [2], HIA has been regarded as an important means and tool
for urban planning to promote public health and further promote the integration of health
concept. More and more professionals in the fields of spatial planning, transportation
planning and public health all over the world are beginning to pay attention to and use
HIA tools [3–7]. Many cities around the world set “improving public health” as an impor-
tant development goal to promote the construction of healthy cities by expanding their
understanding and continuously carrying out healthy city planning practice, constructing
an HIA theoretical model and carrying out evaluation practice [8–12].

Over the past decade, scholars have increasingly focused on urban HIA research and
have issued an increasing number of papers; this makes it difficult for us to grasp the
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focus of research from thousands of papers, resulting in a major risk of ignoring basic
problems and research improvement fields. It will provide an important theoretical basis
for researchers, practitioners, decision makers and stakeholders from different backgrounds
to carry out urban HIA research and management practice more effectively by presenting
the structure, law, and distribution of scientific knowledge in the field of urban HIA. Who
have been the famous scholars in urban HIA related research fields? Which countries
and institutions have close exchanges in urban HIA related research fields? What are
the research topics and development trends in urban HIA related research fields? These
problems need to be further analyzed. In order to solve this problem, it is necessary to
use a bibliometric analysis method, as this method can better find knowledge status and
development trends in a given field [13,14]; additionally use of scientometric software (such
as VOSviewer, CoPalRed, Bibexcel, Sci2, VantagePoint, CiteSpace and Online Analysis
Platform for Bibliometrics) to realize the visual analysis of citations, so as to reveal how the
research field has evolved, the obvious knowledge turning points on the critical path and
which topics have attracted people’s attention [15]. However, to the best of our knowledge,
there is no bibliometric analysis on urban HIA at a global scale. Therefore, we intuitively
displayed the knowledge structure and development trends of urban HIA related research
fields through bibliometric analysis, in order to guide scholars and practitioners to de-
termine the research interests and emerging themes of urban HIA, so as to enhance their
understanding and evaluation of urban HIA.

This paper is organized as follows. After this introduction, Section 2 provides the
primary research materials and methods. Section 3 presents the research findings and
analyses. Section 4 presents research-related conclusions.

2. Materials and Methods

2.1. Data Acquisition

According to the data resources required by CiteSpace, we took the Web of Science Core
Collection as the data collection platform. As people are paying increasing attention to the
impact of contaminated sites on the environment and public health, health risk assessment
methods were used to describe and quantify the health impact on neighbouring people
and guide public health interventions [16]. At the same time, we found that if only “health
impact assessment” was used as the search term, the total number of literature studies was
less than 400 under the same search conditions. Therefore, this paper juxtaposes “health
risk assessment” as a search term. Figure 1 shows the number of papers published each
year from 1992 to 2021 according to the retrieval strategy used in this paper. We found that
the number of papers published in the early stages was small. CiteSpace software (Version
5.8.R3, Chaomei Chen, Drexel University, Philadelphia, PA, USA) developers pointed out
that the longer the literature time span, the poorer the knowledge map. Therefore, this
paper focuses on the bibliometric analysis of urban health impact assessment research over
the last ten years.

Finally, the search strategy of bibliometric analysis was as follows: This study regards
the Web of Science Core Collection as a data-collection platform according to data resources
required in CiteSpace; The bibliometric search strategy can be described as the following:
TS = (urban OR city OR cities) AND TS = (“health risk assessment” OR “health impact
assessment”), Publication years = (1 January 2012 to 14 November 2021), Indexes = (SCI-
EXPANDED, SSCI, ESCI), Document types = “Articles”. A total of 2215 publications were
selected on 14 November 2021.
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Figure 1. Number of publications over the years.

2.2. Bibliometric Analysis Methods

Bibliometrics is an interdisciplinary study that utilizes mathematics, statistics, and
bibliography to quantitatively analyze academic literature [17]. The common methods of
bibliometrics include statistical analysis, citation analysis, sharing analysis, etc. In addition,
mapping knowledge can show the relationship between the development process and
structure of scientific knowledge, focus on the evolution process of a certain knowledge
field, and help scholars understand the hot spots, frontiers, and trends of research in this
field [18].

Generally, the knowledge of the development status on a research subject is carried
out using reviews as systematic or integrative approaches. However, the statistical analysis
of journals, authors, countries, institutions and influence can help us quickly grasp the
basic information and development status of literature in a certain field [19]. We used
the Online Analysis Platform for Bibliometrics (https://bibliometric.com/ (accessed on
16 November 2021)) to conduct publication year, journal, countries and influence analysis,
so as to quickly obtain the information of influential institutions, authoritative publications
and experts in relevant fields.

Partnership analysis mainly analyzes the relationship between countries, the relation-
ship between institutions and the relationship between authors. We used Online Analysis
Platform for Bibliometrics and VOSviewer to analyze the cooperation network among
countries, institutions, and authors.

Keyword co-occurrence analysis is an effective method, which can find hot topics and
develop research frontiers in specific research fields. In this paper, we made a keyword
co-occurrence network map by VOSviewer and monitored hot topics in urban HIA research
through keyword co-occurrence network analysis.

Co-citation analysis can map the knowledge structure of a research field, detect the
trends in the research field (by the authors engaged in these topics and their interrela-
tionships) and highlight the findings with significant impact [20]. Understanding trends
and emerging topics in a research area is important for future and current researchers,
policymakers, funding agencies and other stakeholders [21]. CiteSpace enables us to un-
derstand a certain field quickly and systematically. CiteSpace can label co-citation clusters
and use time-sliced snapshots to form timeliness and pivotal points [14]. In this study, we
used CiteSpace (Version 5.8.R3) to find major research areas in the knowledge domain and
journal overlay maps. In order to better understand the development of urban HIA research
in different periods, we carried out co-citation analysis in two periods: (1) Set a time span
from 2012 to 2016, set “years per slice = 1”, “node types = reference”, “Selection Criteria:
Select top = 100” and “Pruning = Pathfinder and Pruning sliced networks” in CiteSpace
to analyze their intellectual structure and the dynamics of co-citation clusters; (2) Set a

281



IJERPH 2022, 19, 5957

time span from 2017 to 2021, set “years per slice = 1”, “node types = reference”, “Selection
Criteria: g-index, k = 50” and “Pruning = Pathfinder and Pruning sliced networks” in
CiteSpace to analyze their intellectual structure and the dynamics of co-citation clusters.

3. Results and Analyses

3.1. Discipline Co-Occurrence Analysis

Via the “dual-map overlay” function of CiteSpace, we can construct the discipline co-
occurrence network, as shown in Figure 2. The original map shows more than 10,000 journals
indexed in Web of Science, which are divided into different disciplines in different colors
and are located in different locations of the source (or left) region and the reference (or
right) region. Among them, “source” refers to the relevant papers in a certain field for
a certain period of time and “reference” refers to all references of the above papers. For
example, the discipline “ECONOMICS, ECONOMIC, POLITICAL” is in lake-blue and it
ranks the 10th in the source region and the 12th in the reference region [22]. Then we added
a layer containing the 2215 bibliographic records on urban HIA, which became the colorful
links between the source region and the reference region.

 

Figure 2. A dual map overlay of literature on urban HIA research.

From Figure 2, the impact of the city and health “7. VETERINARY, ANIMAL, SCI-
ENCE”. As for the distribution of the reference journals, “7. VETERINARY, ANIMAL, SCI-
ENCE” links going to “2. ENVIRONMENTAL, TOXICOLOGY, NUTRITION”, “3. EARTH,
GEOLOGY, GEOPHYSICS”, “10. PLANT, ECOLOGY, ZOOLOGY”, “8. MOLECULAR,
BIOLOGY, GENETICS” and “5. HEALTH, NURSING, MEDICINE” account for higher
percentage. This just reflects that the research on urban HIA is a typical interdisciplinary
research field.

3.2. Publication Characteristics Analysis

The top 10 countries in the number of annual publications are shown in Figure 3. Since
the Online Analysis Platform for Bibliometrics can only automatically generate the top
ten countries, the situation of annual publications in other countries cannot be seen in this
figure. The number of articles issued in China, Iran and India has shown a rapid growth
trend from 2012 to 2021.

As shown in Table 1: (1) Among the top 10 WOS of categories in the total number of
papers published; (2) Among the top 10 publication titles in terms of publication volume;
(3) Among the top 10 authors in the number of papers published.
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Figure 3. Number of papers published by countries each year.

Table 1. Top 10 WOS of categories, publication titles and authors.

WOS Categories Record Count Publication Titles Record Count Authors Record Count

Environmental Sciences 1640 Environmental Science and
Pollution Research 161 Li J 27

Public Environmental
Occupational Health 408 Science of the

Total Environment 146 Wang Q 27

Engineering Environmental 233
International Journal of

Environmental Research and
Public Health

106 Radfard M 25

Water Resources 217 Environmental Geochemistry
and Health 101 Rojas-rueda D 24

Toxicology 178 Human and Ecological
Risk Assessment 93 Latif MT 21

Meteorology Atmospheric
Sciences 115 Ecotoxicology and

Environmental Safety 88 Mohammadi
MJ 21

Biodiversity Conservation 99 Environmental Pollution 81 Lu XW 20
Multidisciplinary Sciences 76 Chemosphere 80 Zhang H 19

Geosciences Multidisciplinary 58 Atmospheric Environment 43 Zhang JQ 18
Chemistry Analytical 49 Environmental Research 43 Li F 17

3.3. Partnership Analysis

The cooperative relationship between countries is shown in Figure 4. Among them,
authors from CHINA, IRAN, USA, and SPAIN have more cooperation with authors from
other countries.

The cooperation between institutions is shown in Figure 5. Institutions include uni-
versities, research institutes and national research institutions; According to the statistics
of the number of articles jointly published by institutions, the organization represented
by the red node has a cooperative relationship with the node where the mouse is located.
The core of institutional cooperation network mainly includes Chinese Academy of Sci-
ences, Tehran University of Medical Sciences, Beijing Normal University, Indian Institute
of Technology, etc.

The cooperation between authors is shown in Figure 6. In the main author cooperation
network, the authors who play a key role include Mohammadi M J, Radfard M, Rojas-rueda
D, Lu XW, Liu G, Wang Q, Li J, etc.
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Figure 4. Cooperation between countries.

Figure 5. Cooperation between institutions.

Figure 6. Collaboration between authors.
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3.4. Influence Analysis

The top 10 institutions with influence are shown in Table 2. Univ Tehran Med Sci,
Beijing Normal Univ and Chinese Acad Sci ranked the top three in the total number
of references.

Table 2. Top 10 institutions with influence.

Institution Name
Total Number

of Articles
Total

References
Average Cited

Times
Total Number

of First Authors

Number of
Citations of the

First Author

Average Citation
of the

First Author

Univ Tehran Med Sci 107 801 7.49 30 276 9.20
Beijing Normal Univ 56 617 11.02 35 301 8.60

Chinese Acad Sci 215 539 2.51 84 217 2.58
Ahvaz Jundishapur

Univ Med Sci 106 437 4.12 20 109 5.45

Univ Kebangsaan
Malaysia 64 356 5.56 19 112 5.89

Chinese Res Inst
Environm Sci 53 260 4.91 19 171 9.00

Shiraz Univ 25 256 10.24 15 154 10.27
China Univ Geosci 54 211 3.91 26 90 3.46

Zhejiang Univ 30 200 6.67 12 157 13.08
Shahid Beheshti Univ

Med Sci 50 184 3.68 3 6 2.00

The top 10 publication titles with influence are shown in Table 3. “Science of the Total
Environment”, “Ecotoxicology and Environmental Safety”, and “Environmental Science
and Pollution Research” ranked the top three in the total number of references.

Table 3. Top 10 publication titles with influence.

Publication Titles Total Number of Articles Total References Average Cited Times

Science of the Total Environment 146 742 5.08
Ecotoxicology and Environmental Safety 88 565 6.42

Environmental Science and Pollution Research 147 429 2.92
Chemosphere 80 421 5.26

Human and Ecological Risk Assessment 93 257 2.76
Environmental Geochemistry and Health 90 242 2.69

Atmospheric Environment 43 241 5.60
Environmental Pollution 81 195 2.41

Environment International 41 187 4.56
International Journal of Environmental Research

and Public Health 106 179 1.69

The top 10 authors with influence are shown in Table 4. Yousefi M, Mahvi AH and Lu
XW ranked the top three in the total number of references.

Table 4. Top 10 authors with influence.

Author
Total Number of

Articles
Total References

Average Cited
Times

Total Number of
First Authors

Number of Citations
of the First Author

Yousefi M 15 207 13.8 5 79
Mahvi AH 14 186 13.29 0 0

Lu XW 20 157 7.85 3 31
Keshavarzi B 13 148 11.38 3 71
Nabizadeh R 10 141 14.1 0 0
Radfard M 19 139 7.32 5 37
Teng YG 6 134 22.33 0 0

Rojas-Rueda D 24 127 5.29 3 34
Chen HY 5 127 25.4 2 124
Wang YY 9 125 13.89 1 0
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3.5. Keyword Co-Occurrence Analysis

The knowledge map of keyword co-occurrence can suggest hot topics [5]. We made
the keyword co-occurrence network from 2012 to 2021, as shown in Figure 7. Hot keywords
include “health risk assessment”, “source appointment”, “contamination”, “exposure”,
“particulate matter”, “heavy metals”, “urban soils”, “spatial-distribution”, “pm2.5”, “health
impact assessment”, ”polycyclic aromatic-hydrocarbons”, “air-pollution”, etc.

 

Figure 7. The keyword co-occurrence network.

3.6. Co-Citation Analysis

The co-citation map of references estimated the scientific relevance of publications [23].
Co-citation cluster analysis was used to explore the research patterns, new trends and
their relationships in urban HIA research. Timeline visualization in CiteSpace described
clusters through a horizontal timeline. Each cluster was displayed in left-to-right order.
The largest cluster was shown at the top of the view. Large nodes or nodes with a red
tree structure are particularly interesting because they are either highly referenced, have
referenced bursts, or both. Below each timeline, the top three references cited in a particular
year are displayed [14].

3.6.1. Timeline View (2012–2016)

Based on the literature records from 2012 to 2016, we generated a cited reference map
with 458 nodes and 984 links (Figure 8). The results show, the mean silhouette (S = 0.9113)
and the modularity (Q = 0.7918), that the modular Q value was greater than 0.7, which
indicated that it was reasonable for the network to be divided into loosely coupled clusters.
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Figure 8. A timeline visualization of clusters on urban HIA research in 2012–2016.

The five salient clusters were sorted by size (Table 5). The literature with high co-
citation frequency became a representative publication in the cluster, which affected the
annotation of the cluster and revealed the research frontier.

Cluster #0 was the largest cluster and represented “polycyclic aromatic hydrocarbons”
with 64 members. In the representative publications, Yu et al. (2014) identified the potential
sources of polycyclic aromatic hydrocarbons (PAHs) in 87 urban street dust samples from
Tianjin as a Chinese megacity and evaluated the risk of PAHs to urban residents using the
incremental lifetime cancer risk model [24].

Cluster #1 represented “street dust” with 58 members. In the representative publica-
tions, Lu et al. (2014) applied the potential ecological risk index to assess the risk of heavy
metals in street dust of cities in China on urban ecosystems and applied the human expo-
sure model to assess the risk of heavy metals to human health. The authors emphasized
that further research on street dust exposure parameters and transportation factors was
needed to reduce the uncertainty related to risk calculation [25].

Cluster #2 represented “potential health risk” with 45 members. In the representative
publications, Fu et al. (2015) estimated the rice’s potential health risk to inhabitants in
Fuzhou, China by target hazard quotient (THQ), hazard index (HI) and target cancer risk
(TR) [26].

Cluster #3 represented “air pollution” with 42 members. In the representative publica-
tions, Lai et al. (2013) systematically evaluated and analyzed the mortality and incidence
rate of four typical air pollutants (PM10, NO2, SO2, and O3) in the Chinese population. The
authors emphasized that the short-term impact of air pollution could be used for health
impact assessment, but the evidence of long-term impact was still insufficient [27].

Cluster #4 represented “physical activity” with 40 members. In the representative
publications, Gerike et al. (2016) investigated the determinants of active mobility and the
evaluation of measures to increase it through a large-scale longitudinal survey conducted
in seven Physical Activity through Sustainable Transport Approaches (PASTA) case study
cities. The results would provide data on the health benefits of cycling and/or walking to
the WHO’s online health economic assessment tool [28].
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Table 5. Summary of the largest five clusters in 2012–2016.

Cluster ID Size Silhouette Cluster Label (LLR) Representative Publication

#0 64 0.894 polycyclic aromatic hydrocarbons
Yu et al. (2014) [24], Jiang et al. (2014) [29], Tuyen et al.

(2014) [30], Hoseini et al. (2016) [31], Bulejko et al. (2016)
[32], Yue et al. (2015) [33]

#1 58 0.895 street dust Lu et al. (2014) [25], Han et al. (2016) [34], Sun et al. (2015)
[35], Keshavarzi et al. (2015) [36], Han et al. (2016) [37]

#2 45 0.783 potential health risk Fu et al. (2015) [26], Varol & Davraz (2015) [38], Islam et al.
(2015) [39]

#3 42 0.969 air pollution Lai et al. (2013) [27], Morelli et al. (2016) [40], Arranz et al.
(2014) [41], Baccini et al. (2013) [42], Izhar et al. (2016) [43]

#4 40 0.985 physical activity
Gerike et al. (2016) [28], Mansfield & Jacqueline

(2015) [44], Gibson et al. (2015) [45], Zapata-Diomedi et al.
(2016) [46]

Table 6 lists the detailed information of the top 13 references with strongest citation
bursts in 2012–2016. The Sigma metric measures are both citation burstness and structural
centrality of a cited reference. Most references were published in top journals.

Table 6. Top 13 references with strongest citation bursts in 2012–2016. The black line represents the
year of citation burstness of the paper.

Title Strength Begin End 2012–2016

Use of health impact assessment in the United States: 27 case
studies, 1999–2007 (Dannenberg, 2008) 3.87 2012 2013

Health effects of fine particulate air pollution: Lines that connect
(Chow et al., 2006) 3.22 2012 2014

Seasonal and site-specific variation in vapour and aerosol phase
PAHs over Flanders (Belgium) and their relation with

anthropogenic activities (Ravindra et al., 2006)
2.25 2012 2014

Use of health impact assessment in incorporating health
considerations in decision making (Davenport et al., 2006) 2.21 2012 2013

The 2005 world health organization reevaluation of human and
mammalian toxic equivalency factors for dioxins and dioxin-like

compounds (den Berg et al., 2006)
2.21 2012 2013

Geochemistry and risk assessment of street dust in Luanda, Angola:
A tropical urban environment (Ferreira-Baptista & Migu et al., 2005) 2.21 2012 2013

Risk-based evaluation of the exposure of children to trace elements
in playgrounds in Madrid (Spain) (De Miguel et al., 2007) 2.84 2013 2016

Health risk assessment for traffic policemen exposed to polycyclic
aromatic hydrocarbons (PAHs) in Tianjin, China (Hu et al., 2007) 2.33 2013 2014

Apheis: Health Impact Assessment of Long-term Exposure to PM2.5
in 23 European Cities (Boldo et al., 2006) 1.94 2013 2014

The status of soil contamination by semivolatile organic chemicals
(SVOCs) in China: A review (Cai et al., 2008) 1.94 2013 2014

Emission of polycyclic aromatic hydrocarbons in China
(Xu et al., 2006) 1.94 2013 2014

Probabilistic risk assessment for personal exposure to carcinogenic
polycyclic aromatic hydrocarbons in Taiwanese temples

(Liao et al., 2006)
1.94 2013 2014

Distribution, availability and sources of trace metals in different
particle size fractions of urban soils in Hong Kong: Implications for

assessing the risk to human health (Luo et al., 2011)
1.95 2014 2016

3.6.2. Timeline View (2017–2021)

Based on the literature records from 2017 to 2021, we generated a cited reference
map with 888 nodes and 1470 links (Figure 9). The results show that with the mean

288



IJERPH 2022, 19, 5957

silhouette (S = 0.9258) and the modularity (Q = 0.7937), the modular Q value was greater
than 0.7, which indicated that it was reasonable for the network to be divided into loosely
coupled clusters.

 

Figure 9. A timeline visualization of clusters on urban HIA research in 2017–2021.

The nine salient clusters were sorted by size (Table 7). The literature with high co-
citation frequency became a representative publication in the cluster, which affected the
annotation of the cluster and revealed the research frontier.

Cluster #0 represented “road dust” with 121 members. In the representative publica-
tions, Moryani et al. (2020) evaluated the pollution level of heavy metals (Cu, Pb, Zn, CD,
Ni, Sb, Cr) in five parts of road dust in four different regions of Karachi and Shikarpur by
calculating the pollution index enrichment factor and Igeo; the health risk assessment was
carried out according to the carcinogenic risk methods and hazard index [47].

Cluster #1 represented “source apportionment” with 119 members. In the representa-
tive publications, Cai et al. (2019) studied the levels, distribution, and source apportionment
of metals in soils from a typical rapidly developing county, Southern China [48].

Cluster #2 represented “drinking water” with 68 members. In the representative
publications, Hamed et al. (2018) assessed the nitrate concentration and also the microbial
quality of bottled water in a number of brands produced in the Torbat-e Heydarieh city in
2017 [49].

Cluster #3 represented “chemical fractionation” with 63 members. In the representative
publications, Sah et al. (2019) identified the migration potential of metals (As, Cd, Co, Cr,
Ni, and Pb) in urban fine particulate matter and assessed the health risks of these metals to
infants, young children, children, males, and females. The research conclusions showed
that urban aerosols have potential risks to humans [50].
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Cluster #4 represented “volatile organic compounds” with 61 members. In the repre-
sentative publications, Gu et al. (2020) analyzed the chemical characteristics and sources of
volatile organic compounds (VOCs) in Tianjin, China, using 1-h resolution VOC-species
data between 1 November 2018 and 15 March 2019 [51].

Cluster #5 represented “air pollution” with 52 members. In the representative pub-
lications, Lehtomaki et al. (2020) quantified the number of deaths caused by ambient air
pollution in Nordic countries using selected assessment tools, identified the main differ-
ences and stressed that high spatial resolution should be used to avoid underestimating
the health effects of ambient air pollution [52].

Cluster #6 represented “polycyclic aromatic hydrocarbons” with 46 members. In the
representative publications, Najmeddin and Keshavarzi (2019) used toxic equivalency
factors and increased lifetime cancer risk to assess the health risk of PAHs in PM10 and
road dust samples [53].

Cluster #7 represented “north China plain” with 45 members. In the representative
publications, Zhang et al. (2019) evaluated the potential health risks of PAHs (including gas
and particle phases) by combining methods of benzo[a]pyrene equivalent concentration and
incremental lifetime cancer risk and identified the potential source regions of PM2.5-bound
PAHs in Jinan by the Concentration Weighted Trajectory model [54].

Cluster #8 represented “respiratory diseases” with 37 members. In the representative
publications, Geravandi et al. (2017) studied the relationship between the number of
hospitalized respiratory diseases (including asthma attacks, acute bronchitis, and chronic
obstructive pulmonary disease) caused by PM10 and normal/dust event days in Ahvaz,
Iran, from 2010 to 2012 [55].

Table 7. Summary of the largest nine clusters in 2017–2021.

Cluster ID Size Silhouette Cluster Label (LLR) Representative Publication

#0 121 0.847 road dust

Moryani et al. (2020) [47], Faisal et al. (2021) [56], Chen et al.
(2019) [57], Ahamad et al. (2021) [58], Shabanda et al. (2019) [59],

Mondal & Singh (2021) [60], Jiang et al. (2018) [61], Othman &
Latif (2020) [62], Heidari et al. (2021) [63], Shahab et al. (2020) [64],

Wang et al. (2021) [65]

#1 119 0.874 source apportionment
Cai et al. (2019) [48], Duan et al. (2020) [66], Zhang et al.

(2021) [67], Li et al. (2021) [68], Sun et al. (2020) [69], Tang et al.
(2020) [70]

#2 68 0.982 drinking water
Hamed et al. (2018) [49], Qasemi et al. (2019) [71],

Badeenezhad et al. (2021) [72], Radfard et al. (2019) [73],
Mirzabeygi et al. (2018) [74]

#3 63 0.962 chemical fractionation Sah et al. (2019) [50], Long et al. (2021) [75], Jan et al. (2018) [76],
Guo et al. (2021) [77], Jiang et al. (2020) [78]

#4 61 0.971 volatile organic
compounds

Gu et al. (2020) [51], Li et al. (2020) [79], Ding et al. (2020) [80],
Tohid et al. (2019) [81], Xiong et al. (2020) [82], Wang et al.

(2020) [83], Li et al. (2020) [84]

#5 52 0.967 air pollution

Lehtomaki et al. (2020) [52], Izquierdo et al. (2020) [85], Luo et al.
(2020) [86], Giallouros et al. (2020) [87], Sacks et al. (2018) [88],

Sohrabi et al. (2020) [89], Khomenko et al. (2021) [90],
Gamarra et al. (2021) [91]

#6 46 0.970 polycyclic aromatic
hydrocarbons

Najmeddin et al. (2019) [53], Abbasnejad et al. (2019) [92],
Najmeddin et al. (2018) [93], Qishlaqi & Beiramali (2019) [94],

Liang et al. (2019) [95]

#7 45 0.904 north China plain Zhang et al. (2019) [54], Shen et al. (2019) [96], Zhang et al.
(2019) [97], Luo et al. (2021) [98], Gao et al. (2019) [99]

#8 37 0.969 respiratory diseases Geravandi et al. (2017) [55], Khaniabadi et al. (2017) [100]

Table 8 lists the detailed information of the top 30 references with strongest citation
bursts in 2017–2021. There are 85 references with the strongest citation bursts in 2017–2021,
we chose 30 representative references. The citation burstness and structural centrality of
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the cited references can be measured by Sigma metric. The early foundational documents
and these 85 highly cited documents together constitute the intellectual base of urban HIA
research in 2017–2021.

Table 8. Top 30 references with strongest citation bursts in 2017–2021. The black line represents the
year of citation burstness of the paper.

Title Strength Begin End 2012–2021

Health risk assessment of heavy metal exposure to street dust in the zinc
smelting district, Northeast of China (Zheng et al., 2010) 16.11 2017 2018

A review of heavy metal contaminations in urban soils, urban road dusts
and agricultural soils from China (Wei et al., 2010) 12.64 2017 2018

Multivariate statistical analysis of heavy metals in street dust of Baoji,
NW China (Lu et al., 2010) 9.56 2017 2018

Study of ground-level ozone and its health risk assessment in residents
in Ahvaz City, Iran during 2013 (Yari et al., 2016) 6.88 2017 2018

Health risk assessment of abandoned agricultural soils based on heavy
metal contents in Hong Kong, the world’s most populated city

(Luo et al., 2011)
6.49 2017 2018

A comparative study of health risk of potentially toxic metals in urban
and suburban road dust in the most populated city of China (Shi et al.,

2011)
5.97 2017 2019

Polycyclic aromatic hydrocarbons (PAHs) in urban surface dust of
Guangzhou, China: Status, sources and human health risk assessment

(Wang et al., 2011)
5.46 2017 2019

Bioaccessibility and health risk of arsenic, mercury and other metals in
urban street dusts from a mega-city, Nanjing, China (Hu et al., 2011) 5.46 2017 2019

Integrating hierarchical bioavailability and population distribution into
potential eco-risk assessment of heavy metals in road dust: A case study

in Xiandao District, Changsha city, China (Huang et al., 2016)
5.35 2017 2018

An evaluation of hospital admission respiratory disease attributed to
sulfur dioxide ambient concentration in Ahvaz from 2011 through 2013

(Goudarzi et al., 2016)
4.96 2017 2018

Heavy metals exposure of children from stairway and sidewalk dust in
the smelting district, northeast of China (Zheng et al., 2010) 4.96 2017 2018

Polycyclic aromatic hydrocarbons in urban soils of Beijing: Status,
sources, distribution and potential risk (Peng et al., 2011) 4.94 2017 2019

Multivariate and geostatistical analyses of the spatial distribution and
sources of heavy metals in agricultural soil in Dehui, Northeast China

(Sun et al., 2013)
4.58 2017 2018

Exposure to PM10, NO2 and O3 and impacts on human health
(Khaniabadi et al., 2017) 4.2 2017 2018

Cardiovascular and respiratory mortality attributed to ground-level
ozone in Ahvaz, Iran (Goudarzi et al., 2015) 4.2 2017 2018

Impact of Middle Eastern Dust storms on human health
(Khaniabadi et al., 2017) 4.2 2017 2018

Heavy metal contamination and health risk assessment in drinking
water of Sistan and Baluchistan, Southeastern Iran

(Mirzabeygi et al., 2017)
5.18 2018 2019

The concentration data of fluoride and health risk assessment in
drinking water in the Ardakan city of Yazd province, Iran

(Mirzabeygi et al., 2018)
4.75 2018 2019

Drinking water quality and human health risk in Charsadda district,
Pakistan (Khan et al., 2013) 3.16 2018 2019

Risk assessment and implication of human exposure to road dust heavy
metals in Jeddah, Saudi Arabia (Shabbaj et al., 2018) 3.16 2018 2019

Association of Hypertension, Body Mass Index and Waist Circumference
with Fluoride Intake; Water Drinking in Residents of Fluoride Endemic

Areas, Iran (Yousefi et al., 2018)
3.16 2018 2019
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Table 8. Cont.

Title Strength Begin End 2012–2021

Source apportionment of atmospheric PM2.5-bound polycyclic aromatic
hydrocarbons by a PMF receptor model. Assessment of potential risk for

human health (Callen et al., 2014)
2.87 2018 2019

Sources identification of heavy metals in urban topsoil from inside the
Xi’an Second Ringroad, NW China using multivariate statistical

methods (Chen et al., 2012)
2.87 2018 2019

Levels, sources and health risks of carbonyls and BTEX in the ambient
air of Beijing, China (Zhango et al., 2012) 3.53 2019 2021

Spatial variation and probabilistic risk assessment of exposure to
fluoride in drinking water (Fallahzadeh et al., 2018) 3.31 2019 2021

Probabilistic risk assessment of Chinese residents’ exposure to fluoride
in improved drinking water in endemic fluorosis areas

(Zhang et al., 2017)
3.09 2019 2021

Investigation of outdoor BTEX: Concentration, variations, sources,
spatial distribution and risk assessment (Miri et al., 2016) 3.09 2019 2021

Inhalation exposure and related health risks of BTEX in ambient air at
different microenvironments of a terai zone in north India

(Masih et al., 2016)
2.87 2019 2021

Pollution, ecological-health risks and sources of heavy metals in soil of
the northeastern Qinghai-Tibet Plateau (Wu et al., 2018) 2.65 2019 2021

Trends of BTEX in the central urban area of Iran: A preliminary study of
photochemical ozone pollution and health risk assessment

(Hajizadeh et al., 2018)
2.2 2019 2021

3.7. Structural Variation Analysis (SVA)
3.7.1. Articles with Transformative Potentials

The main limitation of citation-based indicators is that they may ignore newly pub-
lished articles. SVA is a method to focus on the impact of newly published papers on the
conceptual structure of related knowledge fields [101]. The SVA program looks for new
connections that may change the global structure [102]. The purpose of applying SVA is
to evaluate the potential of an article to establish abnormal or unexpected connections
between different clusters. From the perspective of scientific discovery theory, many signif-
icant contributions come from the idea of crossing borders [14]. To assess the recent papers’
transformative potentials, we used the SVA of CiteSpace—we used 3-year span sliding
windows. Table 9 shows a list of articles with a high transformative potential based on the
ΔModularity and ΔCluster Linkage.

Table 9. Some of the articles with the strongest transformative potentials, M is ΔModularity, C-L is
for ΔCluster Linkage, C-D is for ΔCentrality Divergence.

Year M C-L C-D Title

2020 98.94 21.2 0.31 The effects of urban vehicle traffic on heavy metal contamination in road sweeping waste
and bottom sediments of retention tanks (Nawrot et al., 2020)

2020 98.87 33.48 0.06 Contamination characteristics of heavy metals in particle size fractions from street dust
from an industrial city, Central China (Zhong et al., 2020)

2020 98.27 75.03 0.06 Pollution, sources and human health risk assessment of potentially toxic elements in
different land use types under the background of industrial cities (Xia et al., 2020)

2020 97.99 19.56 0.06 Characteristics and health risk assessment of heavy metals in street dust for children in
Jinhua, China (Bartholomew et al., 2020)

2020 97.87 59.56 0.06 Pollution characteristics and toxicity of potentially toxic elements in road dust of a tourist
city, Guilin, China: Ecological and health risk assessment (Shahab et al., 2020)
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Table 9. Cont.

Year M C-L C-D Title

2020 97.46 15.64 0.08
Geostatistical mapping and quantitative source apportionment of potentially toxic

elements in top- and sub-soils: A case of suburban area in Beijing, China
(Duan et al., 2020)

2020 97.4 9.11 0.08
Spatial distribution of pollution characteristics and human health risk assessment of

exposure to heavy elements in road dust from different functional areas of Zhengzhou,
China (Wang et al., 2020)

2020 97.16 10.86 0.07 Hazard, ecological and human health risk assessment of heavy metals in street dust in
Dezful, Iran (Sadeghdoust et al., 2020)

2021 97.13 −14.03 0.10 Potentially toxic elements in soil and road dust around Sonbhadra industrial region, Uttar
Pradesh, India: Source apportionment and health risk assessment (Ahamad et al., 2021)

2020 97.11 12.5 0.06
Pollution status and human health risk assessment of potentially toxic elements and

polycyclic aromatic hydrocarbons in urban street dust of Tyumen city, Russia
(Konstantinova et al., 2020)

2021 96.88 −17.27 0.03 Contamination and health risk assessment of potentially harmful elements associated
with roadside dust in Dhanbad India (Patel and Jain, 2021)

2021 96.75 −18.19 0.02 Heavy metals in indoor dust across China: Occurrence, sources and health risk
assessment (Liu et al., 2021)

2021 96.62 −20.82 0.04
A comprehensive exploration of risk assessment and source quantification of potentially

toxic elements in road dust: A case study from a large Cu smelter in central China
(Wang et al., 2021)

2021 96.62 −17.14 0.01 Risk and sources of heavy metals and metalloids in dust from university campuses: A
case study of Xi’an, China (Fan et al., 2021)

2020 96.57 25.28 0.08 Pollution characteristics, sources and health risk assessments of urban road dust in Kuala
Lumpur City (Othman and Latif, 2020)

2021 96.49 −14.5 0.01 Pollution effect assessment of industrial activities on potentially toxic metal distribution
in windowsill dust and surface soil in central China (Han et al., 2021)

2021 96.41 −25.84 0
Heavy metal pollution of road dust in a city and its highly polluted suburb; quantitative

source apportionment and source-specific ecological and health risk assessment
(Heidari et al., 2021)

2021 96.33 −14.85 0.04 Spatio-temporal distribution and source identification of heavy metals in particle size
fractions of road dust from a typical industrial district (Zhu et al., 2021)

2021 95.71 −17.24 0.01 Contamination, distribution and health risk assessment of risk elements in topsoil for
amusement parks in Xi’an, China (Guo et al., 2021)

2021 95.58 −9.36 0.04
Urban street dust in the Middle East oldest oil refinery zone: Oxidative potential, source

apportionment and health risk assessment of potentially toxic elements
(Naraki et al., 2021)

2021 94.97 −13.77 0.06
Water quality and health risk assessment based on hydrochemical characteristics of tap
and large-size bottled water from the main cities and towns in Guanzhong Basin, China

(Deng et al., 2021)

2021 94.77 −28.26 0.01 Human health risk assessment of heavy metals in the urban road dust of Zhengzhou
metropolis, China (Faisal et al., 2021)

2021 94.75 −14.34 0.08 Pollution evaluation, human health effect and tracing source of trace elements on road
dust of Dhanbad, a highly polluted industrial coal belt of India (Mondal and Singh, 2021)

2021 92.61 −30.86 0.08 Status, spatial distribution and health risk assessment of potentially harmful element
from road dust in steel industry city, China (Wang et al., 2021)

2021 91.84 −17.22 0.01 Pollution, human health risk assessment and spatial distribution of toxic metals in urban
soil of Yazd City, Iran (Soltani-Gerdefaramarzi et al., 2021)

3.7.2. Trajectories of Citations across Cluster Boundaries

There were six examples of articles with high modularity change rates, as shown in
Figure 10. The visualization reveals the distribution of the references cited by these articles
across different clusters.

(1) Zhong et al. (2020) analyzed two particle size distributions of heavy metals in
street dust from an industrial city, explored their possible sources and assessed their health
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risks [103]. The papers cited in this paper are mainly distributed in clusters #0, #1, #9, #10,
and #12.

(2) Xia et al. (2020) explored the source of six potentially toxic elements (PTEs) in
topsoil of three different land use types (residential land, industrial land, and farmland) in
Tonghua City and evaluated the ecological risk and human health risk of PTEs in different
types of soil [104]. The papers cited in this paper are mainly distributed in clusters #0, #1,
#10, and #12.

(3) Shahab et al. (2020) evaluated the pollution level and health risk from heavy
metals in road dust collected in three functional areas in the tourist city Guilin using the
geoaccumulation index (Igeo), ecological risk index, spatial interpolation, and array-based
risk assessment model [64]. The papers cited in this paper are mainly distributed in clusters
#0, #1, #12 and #15.

(4) Ahamad et al. (2021) identified the sources of potentially toxic elements (As, Cd,
Cr, Cu, Fe, Hg, Mn, Ni, Pb, Zn) of 48 samples of soil and road dust from industrial clusters
in the Sonbhadra region of Uttar Pradesh (India) and assessed their human health risks [58].
The papers cited in this paper are mainly distributed in clusters #0, #1, #9 and #14.

(5) Wang et al. (2021) evaluated the pollution characteristics and spatial distribution
characteristics of 12 PTEs (Mn, Ni, Cu, Zn, Hg, Cd, As, Cr, Pb, Tl, Co, and Sb) in a large
copper smelter in Central China and evaluated the potential ecological and health risks
of PTEs by combining with positive matrix decomposition [105]. The papers cited in this
paper are mainly distributed in clusters #0, #1, #2, #6, #9, and #12.

(6) Heidari et al. (2021) assessed the related specific source-ecological and health risks
of heavy metals (As, Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn) in road dust in Bandar Abbas
(Iran) and its western suburb [63]. The papers cited in this paper are mainly distributed in
clusters #0, #1, #3, #5, and #6.

294



IJERPH 2022, 19, 5957
111 

111 

112 

112 

113 

113 

114 

114 

115 

116 

115 116 

F
ig

u
re

1
0

.
Si

x
ex

am
pl

es
of

ar
ti

cl
es

w
it

h
hi

gh
m

od
ul

ar
it

y
ch

an
ge

ra
te

s.

295



IJERPH 2022, 19, 5957

4. Discussions

The limitations of this study are shown as follows:
First, the data only comes from English papers in the WoS Core Collection, resulting

in the exclusion of a large number of English documents in Scopus, PubMed/Medline and
other databases, as well as a large number of documents in other language countries [106].
It is necessary to conduct bibliometric analysis of urban HIA related literature in other
databases and urban HIA related literature in other languages [107], so as to grasp the
global research progress more comprehensively on urban HIA.

Second, as urban HIA is a global topic, the situation of each country is different, so
the research content may also be different. In the future, we can select country samples for
comparative research, so as to understand the research progress of various countries in the
field of urban HIA.

Finally, due to the limitation of the software itself, in the co-citation analysis, some
important research topics in the field of urban HIA might have been omitted, for example,
the urban HIA practice issues [1,2,108–110] and HIA in urban planning [111–113]. These
important research topics should be employed in a bibliometric analysis in the future.

5. Conclusions

This paper used the bibliometric method to analyze the trends, issues and future
directions of urban HIA research. We advance the following main conclusions:

First, the main research directions in the field were Environmental Sciences and Public
Environmental Occupational Health.

Second, China contributed most articles; the Univ Tehran Med Sci was the most
influential institution; Science of the Total Environment was the most influential journal;
Yousefi M was the most influential author.

Third, the main hotspots included health risk assessment, source appointment, con-
tamination, exposure, particulate matter, heavy metals and urban soils in 2012–2021.

Fourth, the road dust, source apposition, PAHs, air pollution, urban topsoil and north
China plain were always hot research topics in 2012–2021. Drinking water and water
quality became research topics of great concern in 2017–2021.

Finally, there were 25 articles with strong transformation potential during 2020–2021,
but most papers carried out research on health risk assessment of toxic elements in soil
and dust.
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32. Bulejko, P.; Adamec, V.; Schüllerová, B.; Skeřil, R. Levels, sources, and health risk assessment of polycyclic aromatic hydrocarbons
in Brno, Czech Republic: A 5-year study. Environ. Sci. Pollut. Res. 2016, 23, 20462–20473. [CrossRef] [PubMed]

33. Yue, H.; Yun, Y.; Gao, R.; Li, G.; Sang, N. Winter polycyclic aromatic hydrocarbon-bound particulate matter from peri-urban north
china promotes lung cancer cell metastasis. Environ. Sci. Technol. 2015, 49, 14484. [CrossRef] [PubMed]

34. Han, X.; Lu, X.; Zhang, Q.; Wuyuntana; Hai, Q.; Pan, H. Grain-size distribution and contamination characteristics of heavy metal
in street dust of Baotou, China. Environ. Earth Sci. 2016, 75, 468. [CrossRef]

35. Zhou, Q.; Zheng, N.; Liu, J.; Wang, Y.; Sun, C.; Liu, Q.; Wang, H.; Zhang, J. Residents health risk of Pb, Cd and Cu exposure to
street dust based on different particle sizes around zinc smelting plant, Northeast of China. Environ. Geochem. Health 2015, 37,
207–220. [CrossRef]

36. Keshavarzi, B.; Tazarvi, Z.; Rajabzadeh, M.A.; Najmeddin, A. Chemical speciation, human health risk assessment and pollution
level of selected heavy metals in urban street dust of Shiraz, Iran. Atmos. Environ. 2015, 119, 1–10. [CrossRef]

37. Han, L.; Gao, B.; Wei, X.; Xu, D.; Gao, L. Spatial distribution, health risk assessment, and isotopic composition of lead contamina-
tion of street dusts in different functional areas of Beijing, China. Environ. Sci. Pollut. Res. 2016, 23, 3247–3255. [CrossRef]

38. Varol, S.; Davraz, A. Evaluation of potential human health risk and investigation of drinking water quality in Isparta city center
(Turkey). J. Water Health 2015, 14, 471–488. [CrossRef]

39. Islam, M.S.; Ahmed, M.K.; Habibullah-Al-Mamun, M.; Raknuzzaman, M. The concentration, source and potential human health
risk of heavy metals in the commonly consumed foods in Bangladesh. Ecotoxicol. Environ. Saf. 2015, 122, 462–469. [CrossRef]

40. Morelli, X.; Rieux, C.; Cyrys, J.; Forsberg, B.; Slama, R. Air pollution, health and social deprivation: A fine-scale risk assessment.
Environ. Res. 2016, 147, 59–70. [CrossRef]

41. Arranz, M.C.; Moreno, M.F.M.; Medina, A.A.; Capitán, M.A.; Vaquer, F.C.; Gómez, A.A. Health impact assessment of air pollution
in Valladolid, Spain. BMJ Open 2014, 4, e005999. [CrossRef] [PubMed]

42. Baccini, M.; Biggeri, A.; Accetta, G.; Alessandrini, E.R.; Zero, F. Short-term impact of air pollution among Italian cities covered by
the EpiAir2 project. Epidemiol. Prev. 2013, 37, 252. [PubMed]

43. Izhar, S.; Goel, A.; Chakraborty, A.; Gupta, T. Annual trends in occurrence of submicron particles in ambient air and health risk
posed by particle bound metals. Chemosphere 2016, 146, 582–590. [CrossRef] [PubMed]

44. Mansfield, T.J.; Jacqueline, M. Health impacts of increased physical activity from changes in transportation infrastructure:
Quantitative estimates for three communities. BioMed Res. Int. 2015, 2015, 812325. [CrossRef] [PubMed]

45. Gibson, J.M.; Rodriguez, D.; Dennerlein, T.; Mead, J.; Hasc, T.; Meacci, G.; Levin, S. Predicting urban design effects on physical
activity and public health: A case study. Health Place 2015, 35, 79–84. [CrossRef] [PubMed]

46. Zapata-Diomedi, B.; Herrera, A.; Veerman, J.L. The effects of built environment attributes on physical activity-related health and
health care costs outcomes in Australia. Health Place 2016, 42, 19–29. [CrossRef]

47. Moryani, H.T.; Kong, S.; Du, J.; Bao, J. Health risk assessment of heavy metals accumulated on PM2.5 fractioned road dust from
two cities of Pakistan. Int. J. Environ. Res. Public Health 2020, 17, 7124. [CrossRef]

48. Cai, L.M.; Jiang, H.H.; Luo, J. Metals in soils from a typical rapidly developing county, Southern China: Levels, distribution, and
source apportionment. Environ. Sci. Pollut. Res. 2019, 26, 19282–19293. [CrossRef]

49. Hamed, A.; Hamed, S.; Majid, R.; Abbas, A.; Bayram, H.; Hesam, A.; Adibzadeh, A. Data on investigating the nitrate concentration
levels and quality of bottled water in Torbat-e Heydarieh, Khorasan Razavi province, Iran. Data Brief 2018, 20, 463–467.

50. Sah, D.; Verma, P.K.; Kumari, K.M.; Lakhani, A. Chemical fractionation of heavy metals in fine particulate matter and their health
risk assessment through inhalation exposure pathway. Environ. Geochem. Health 2019, 41, 1445–1458. [CrossRef]

51. Gu, Y.; Liu, B.; Li, Y.; Zhang, Y.; Feng, Y. Multi-scale volatile organic compound (voc) source apportionment in Tianjin, China,
using a receptor model coupled with 1-hr resolution data. Environ. Pollut. 2020, 265, 115023. [CrossRef] [PubMed]

52. Lehtomki, H.; Geels, C.; Brandt, J.; Rao, S.; Hnninen, O. Deaths attributable to air pollution in Nordic countries: Disparities in the
estimates. Atmosphere 2020, 11, 467. [CrossRef]

53. Najmeddin, A.; Keshavarzi, B. Health risk assessment and source apportionment of polycyclic aromatic hydrocarbons associated
with PM10 and road deposited dust in Ahvaz Metropolis of Iran. Environ. Geochem. Health 2019, 41, 1267–1290. [CrossRef]
[PubMed]

54. Zhang, Y.; Yang, L.; Zhang, X.; Li, J.; Wang, W. Characteristics of PM2.5-bound PAHs at an urban site and a suburban site in Jinan
in north China plain. Aerosol Air Qual. Res. 2019, 19, 871–884. [CrossRef]

55. Geravandi, S.; Sicard, P.; Khaniabadi, Y.O.; Marco, A.D.; Sadeghi, S. A comparative study of hospital admissions for respiratory
diseases during normal and dusty days in Iran. Environ. Sci. Pollut. Res. 2017, 24, 18152–18159. [CrossRef]

56. Faisal, M.; Wu, Z.; Wang, H.; Hussain, Z.; Azam, M.I. Human health risk assessment of heavy metals in the urban road dust of
Zhengzhou metropolis, China. Atmosphere 2021, 12, 1213. [CrossRef]

57. Chen, X.; Guo, M.; Feng, J.; Liang, S.; Han, D.; Cheng, J. Characterization and risk assessment of heavy metals in road dust from a
developing city with good air quality and from Shanghai, China. Environ. Sci. Pollut. Res. Int. 2019, 26, 11387–11398. [CrossRef]

58. Ahamad, A.; Raju, N.J.; Madhav, S.; Gossel, W.; Ram, P.; Wycisk, P. Potentially toxic elements in soil and road dust around
Sonbhadra industrial region, Uttar Pradesh, India: Source apportionment and health risk assessment. Environ. Res. 2021,
202, 111685. [CrossRef]

298



IJERPH 2022, 19, 5957

59. Shabanda, I.S.; Koki, I.B.; Low, K.H.; Zain, S.M.; Bakar, N. Daily exposure to toxic metals through urban road dust from industrial,
commercial, heavy traffic, and residential areas in Petaling Jaya, Malaysia: A health risk assessment. Environ. Sci. Pollut. Res.
2019, 26, 37193–37211. [CrossRef]

60. Mondal, S.; Singh, G. Pollution evaluation, human health effect and tracing source of trace elements on road dust of Dhanbad, a
highly polluted industrial coal belt of India. Environ. Geochem. Health 2021, 43, 2081–2103. [CrossRef]

61. Jiang, Y.; Shi, L.; Guang, A.; Mu, Z.; Zhan, H.; Wu, Y. Contamination levels and human health risk assessment of toxic heavy
metals in street dust in an industrial city in Northwest China. Environ. Geochem. Health 2018, 40, 2007–2020. [CrossRef] [PubMed]

62. Othman, M.; Latif, M.T. Pollution characteristics, sources, and health risk assessments of urban road dust in Kuala Lumpur city.
Environ. Sci. Pollut. Res. 2020, 27, 11227–11245. [CrossRef] [PubMed]

63. Heidari, M.; Darijani, T.; Alipour, A. Heavy metal pollution of road dust in a city and its highly polluted suburb; quantitative
source apportionment and source-specific ecological and health risk assessment. Chemosphere 2021, 273, 129656. [CrossRef]
[PubMed]

64. Shahab, A.; Zhang, H.; Ullah, H.; Rashid, A.; Xiao, H. Pollution characteristics and toxicity of potentially toxic elements in road
dust of a tourist city, Guilin, China: Ecological and health risk assessment. Environ. Pollut. 2020, 266, 115419. [CrossRef] [PubMed]

65. Wang, J.; Huang, Y.; Cheng, X. Status, spatial distribution, and health risk assessment of potentially harmful element from road
dust in steel industry city, China. Arab. J. Geosci. 2021, 14, 318. [CrossRef]

66. Duan, X.C.; Yu, H.H.; Ye, T.R.; Huang, Y.; Albanese, S. Geostatistical mapping and quantitative source apportionment of
potentially toxic elements in top- and sub-soils: A case of suburban area in Beijing, China. Ecol. Indic. 2020, 112, 106085. [CrossRef]

67. Zhang, H.; Cai, A.; Wang, X.; Wang, L.; Wang, Q.; Wu, X.; Ma, Y. Risk assessment and source apportionment of heavy metals in
soils from Handan city. Appl. Sci 2021, 11, 9615. [CrossRef]

68. Li, P.; Wu, T.; Jiang, G.; Pu, L.; Li, Y.; Zhang, J.; Xu, F.; Xie, X. An integrated approach for source apportionment and health risk
assessment of heavy metals in subtropical agricultural soils, Eastern China. Land 2021, 10, 1016. [CrossRef]

69. Sun, T.; Huang, J.; Wu, Y.; Yuan, Y.; Xie, Y.; Fan, Z.; Zheng, Z. Risk assessment and source apportionment of soil heavy metals
under different land use in a typical estuary alluvial island. Int. J. Environ. Res. Public Health 2020, 17, 4841. [CrossRef]

70. Tang, J.; He, M.; Luo, Q.; Adeel, M.; Jiao, F. Heavy metals in agricultural soils from a typical mining city in China: Spatial
distribution, source apportionment, and health risk assessment. Pol. J. Environ. Stud. 2020, 29, 1379–1390. [CrossRef]

71. Qasemi, M.; Afsharnia, M.; Farhang, M.; Ghaderpoori, M.; Zarei, A. Spatial distribution of fluoride and nitrate in groundwater
and its associated human health risk assessment in residents living in western Khorasan Razavi, Iran. Desalin. Water Treat. 2019,
170, 176–186. [CrossRef]

72. Badeenezhad, A.; Darabi, K.; Heydari, M.; Amrane, A.; Ghelichi-Ghojogh, M.; Parseh, I.; Darvishmotevalli, M.; Azadbakht, O.;
Javanmardi, P. Temporal distribution and zoning of nitrate and fluoride concentrations in Behbahan drinking water distribution
network and health risk assessment by using sensitivity analysis and Monte Carlo simulation. Int. J. Environ. Anal. Chem. 2021,
101, 1903455. [CrossRef]

73. Radfard, M.M.; Yunesian, M.; Nodehi, R.N.; Biglari, H.; Nazmara, S.; Hadi, M.; Yousefi, N.; Yousefi, M.; Abbasnia, A.; Mahvi, A.H.
Drinking water quality and arsenic health risk assessment in Sistan and Baluchestan, southeastern province, Iran. Human Ecol.
Risk Assess. 2018, 25, 949–965. [CrossRef]

74. Mirzabeygi, M.; Yousefi, M.; Soleimani, H.; Mohammadi, A.A.; Mahvi, A.H.; Abbasnia, A. The concentration data of fluoride
and health risk assessment in drinking water in the Ardakan city of Yazd province, Iran. Data Brief 2018, 18, 40–46. [CrossRef]
[PubMed]

75. Long, L.; He, J.; Yang, X. Characteristics, emission sources and health risk assessment of trace elements in size-segregated aerosols
during haze and non-haze periods at Ningbo, China. Environ. Geochem. Health 2021, 43, 2945–2963. [CrossRef]

76. Jan, R.; Roy, R.; Yadav, S.; Satsangi, P.G. Chemical fractionation and health risk assessment of particulate matter-bound metals in
Pune, India. Environ. Geochem. Health 2016, 40, 1–16. [CrossRef]

77. Guo, Q.; Li, L.; Zhao, X.; Yin, B.; Liu, Y.; Wang, X.; Yang, W.; Geng, C.; Wang, X.; Bai, Z. Source Apportionment and Health Risk
Assessment of Metal Elements in PM2.5 in Central Liaoning’s Urban Agglomeration. Atmosphere 2021, 12, 667. [CrossRef]

78. Jiang, H.; Xiao, H.; Song, H.; Liu, J.; Wang, Z. A long-lasting winter haze episode in Xiangyang, central China: Pollution
characteristics, chemical composition, and health risk assessment. Aerosol Air Qual. Res. 2020, 20, 2859–2873. [CrossRef]

79. Li, Y.; Yin, S.; Yu, S.; Yuan, M.; Zhang, R. Characteristics, source apportionment and health risks of ambient VOCs during high
ozone period at an urban site in central plain, China. Chemosphere 2020, 250, 126283. [CrossRef]

80. Ding, Y.; Lu, J.; Liu, Z.; Li, W.; Chen, J. Volatile organic compounds in Shihezi, China, during the heating season: Pollution
characteristics, source apportionment, and health risk assessment. Environ. Sci. Pollut. Res. 2020, 27, 16439–16450. [CrossRef]

81. Tohid, L.; Sabeti, Z.; Sarbakhsh, P.; Benis, K.Z.; Shakerkhatibi, M.; Rasoulzadeh, Y.; Rahimian, R.; Darvishali, S. Spatiotemporal
variation, ozone formation potential and health risk assessment of ambient air VOCs in an industrialized city in Iran. Atmos.
Pollut. Res. 2018, 10, 556–563. [CrossRef]

82. Xiong, Y.; Bari, M.A.; Xing, Z.; Du, K. Ambient volatile organic compounds (VOCs) in two coastal cities in western canada:
Spatiotemporal variation, source apportionment, and health risk assessment. Sci. Total Environ. 2020, 706, 135970. [CrossRef]
[PubMed]

83. Wang, X.; Liu, G.; Hu, R.; Zhang, H.; Zhang, F. Distribution, sources, and health risk assessment of volatile organic compounds in
Hefei city. Arch. Environ. Contam. Toxicol. 2020, 78, 392–400. [CrossRef] [PubMed]

299



IJERPH 2022, 19, 5957

84. Li, C.; Li, Q.; Tong, D.; Wang, Q.; Tan, L. Environmental impact and health risk assessment of volatile organic compound emissions
during different seasons in Beijing. J. Environ. Sci. 2019, 93, 1–12. [CrossRef]

85. Izquierdo, R.; Dos Santos, S.G.; Borge, R.; de la Paz, D.; Sarigiannis, D.; Gotti, A.; Boldo, E. Health impact assessment by the
implementation of Madrid city air-quality plan in 2020. Environ. Res. 2020, 183, 109021. [CrossRef]

86. Luo, H.; Guan, Q.; Lin, J.; Wang, Q.; Wang, N. Air pollution characteristics and human health risks in key cities of Northwest
China. J. Environ. Manag. 2020, 269, 110791. [CrossRef]

87. Giallouros, G.; Kouis, P.; Papatheodorou, S.I.; Woodcock, J.; Tainio, M. The long-term impact of restricting cycling and walking
during high air pollution days on all-cause mortality: Health impact assessment study. Environ. Int. 2020, 140, 105679. [CrossRef]

88. Sacks, J.D.; Lloyd, J.M.; Zhu, Y.; Anderton, J.; Jang, C.J.; Hubbell, B.; Fann, N. The environmental benefits mapping and analysis
program—community edition (BenMAP-CE): A tool to estimate the health and economic benefits of reducing air pollution.
Environ. Model. Softw. 2018, 104, 118–129. [CrossRef]

89. Sohrabi, S.; Zietsman, J.; Khreis, H. Burden of disease assessment of ambient air pollution and premature mortality in urban
areas: The role of socioeconomic status and transportation. Int. J. Environ. Res. Public Health 2020, 17, 1166. [CrossRef]

90. Khomenko, S.; Cirach, M.; Pereira-Barboza, E.; Mueller, N.; Nieuwenhuijsen, M. Premature mortality due to air pollution in
European cities: A health impact assessment. Lancet Planet. Health 2021, 5, 121–134. [CrossRef]

91. Gamarra, A.R.; Lechón, Y.; Vivanco, M.G.; Garrido, J.L.; Martín, F.; Martín, F.; Theobald, M.R.; Gil, V.; Santiago, J.L. Benefit
analysis of the 1st Spanish air pollution control programme on health impacts and associated externalities. Atmosphere 2020,
12, 32. [CrossRef]

92. Abbasnejad, B.; Keshavarzi, B.; Mohammadi, Z.; Moore, F.; Abbasnejad, A. Characteristics, distribution, source apportionment,
and potential health risk assessment of polycyclic aromatic hydrocarbons in urban street dust of Kerman Metropolis, Iran. Int. J.
Environ. Res. Public Health 2019, 29, 668–685. [CrossRef] [PubMed]

93. Najmeddin, A.; Moore, F.; Keshavarzi, B.; Sadegh, Z. Pollution, source apportionment and health risk of potentially toxic elements
(ptes) and polycyclic aromatic hydrocarbons (PAHs) in urban street dust of Mashhad, the second largest city of Iran. J. Geochem.
Explor. 2018, 190, 154–169. [CrossRef]

94. Qishlaqi, A.; Beiramali, F. Potential sources and health risk assessment of polycyclic aromatic hydrocarbons in street dusts of
Karaj urban area, Northern Iran. J. Environ. Health Sci. Eng. 2019, 17, 1029–1044. [CrossRef] [PubMed]

95. Liang, M.; Liang, H.; Rao, Z.; Hong, X. Characterization of polycyclic aromatic hydrocarbons in urban-rural integration area soil,
north china: Spatial distribution, sources and potential human health risk assessment. Chemosphere 2019, 234, 875–884. [CrossRef]
[PubMed]

96. Shen, R.; Liu, Z.; Chen, X.; Wang, Y.; Wang, L.; Liu, Y.; Li, X. Atmospheric levels, variations, sources and health risk of pm2.5-bound
polycyclic aromatic hydrocarbons during winter over the north China plain. Sci. Total Environ. 2019, 655, 581–590. [CrossRef]

97. Zhang, Y.; Yang, L.; Gao, Y.; Chen, J.; Wang, W. Comparative study of PAHs in PM1 and PM2.5 at a background site in the north
China plain. Aerosol Air Qual. Res. 2019, 19, 2281–2293. [CrossRef]

98. Luo, M.; Ji, Y.; Ren, Y.; Gao, F.; Zhang, H.; Zhang, L.; Yu, Y.; Li, H. Characteristics and health risk assessment of PM2.5-bound
PAHs during heavy air pollution episodes in winter in urban area of Beijing, China. Atmosphere 2021, 12, 323. [CrossRef]

99. Gao, P.; Hu, J.; Song, J.; Chen, X.; Xing, B. Inhalation bioaccessibility of polycyclic aromatic hydrocarbons in heavy PM2.5 pollution
days: Implications for public health risk assessment in northern China. Environ. Pollut. 2019, 255, 113296. [CrossRef]

100. Khaniabadi, Y.O.; Fanelli, R.; De Marco, A.; Daryanoosh, S.M.; Kloog, I.; Hopke, P.K.; Conti, G.O.; Ferrante, M.; Mohammadi, M.J.;
Babaei, A.A.; et al. Hospital admissions in Iran for cardiovascular and respiratory diseases attributed to the middle eastern dust
storms. Environ. Sci. Pollut. R. 2017, 24, 16860–16868. [CrossRef]

101. Chen, C. Predictive effects of structural variation on citation counts. J. Am. Soc. Inf. Sci. Technol. 2012, 63, 431–449. [CrossRef]
102. Chen, W.; Geng, Y.; Zhong, S.; Zhuang, M.; Pan, H. A bibliometric analysis of ecosystem services evaluation from 1997 to 2016.

Environ. Sci. Pollut. Res. 2020, 27, 23503–23513. [CrossRef] [PubMed]
103. Zhong, P.; Zhang, J.Q.; Xu, D.M.; Tian, Q.; Qi, S.H. Contamination characteristics of heavy metals in particle size fractions from

street dust from an industrial city, central China. Air Qual. Atmos. Health 2020, 13, 871–883. [CrossRef]
104. Xia, Q.; Zhang, J.; Chen, Y.; Ma, Q.; Peng, J.; Rong, G. Pollution, sources and human health risk assessment of potentially toxic

elements in different land use types under the background of industrial cities. Sustainability 2020, 12, 2121. [CrossRef]
105. Wang, H.; Cai, L.; Wang, Q.; Hu, G.; Chen, L. A comprehensive exploration of risk assessment and source quantification of

potentially toxic elements in road dust: A case study from a large Cu smelter in central China. Catena 2021, 196, 104930. [CrossRef]
106. Zhou, Y.; Chen, L. Twenty-year span of global coronavirus research trends: A bibliometric analysis. Int. J. Environ. Res. Public

Health 2020, 17, 3082. [CrossRef]
107. Pereira, C.; Perisse, A.R.S.; Knoblauch, A.M.; Utzinger, J.; Hacon, S.D.S.; Winkler, M.S. Health impact assessment in Latin

American countries: Current practice and prospects. Environ. Impact Asses. Rev. 2017, 65, 175–185. [CrossRef]
108. Green, L.; Gray, B.J.; Ashton, K. Using health impact assessments to implement the sustainable development goals in practice: A

case study in Wales. Impact Assess. Proj. Apprais. 2020, 38, 214–224. [CrossRef]
109. Claudio, F.; Rijke, K.D.; Page, A. The csg arena: A critical review of unconventional gas developments and best-practice health

impact assessment in Queensland, Australia. Impact Assess. Proj. Apprais. 2018, 36, 105–114. [CrossRef]
110. Roué-Le Gall, A.; Jabot, F. Health impact assessment on urban development projects in france: Finding pathways to fit practice to

context. Glob. Health Promot. 2017, 24, 25–34. [CrossRef]

300



IJERPH 2022, 19, 5957

111. Iungman, T.; Khomenko, S.; Nieuwenhuijsen, M.; Barboza, E.P.; Mueller, N. The impact of urban and transport planning on
health: Assessment of the attributable mortality burden in Madrid and Barcelona and its distribution by socioeconomic status.
Environ. Res. 2021, 196, 110988. [CrossRef] [PubMed]

112. Thondoo, M.; Mueller, N.; Rojas-Rueda, D.; Vries, D.D.; Nieuwenhuijsen, M.J. Participatory quantitative health impact assessment
of urban transport planning: A case study from eastern Africa. Environ. Int. 2020, 144, 106027. [CrossRef] [PubMed]

113. Gamache, S.; Diallo, T.A.; Shankardass, K.; Lebel, A. The elaboration of an intersectoral partnership to perform health impact
assessment in urban planning: The experience of Quebec city (Canada). Int. J. Environ. Res. Public Health 2020, 17, 7556. [CrossRef]
[PubMed]

301





Citation: Zhou, L.; Zhu, D.; Shen, W.

Social Stability Risk Assessment of

Disaster-Preventive Migration in

Ethnic Minority Areas of Southwest

China. IJERPH 2022, 19, 6192.

https://

doi.org/10.3390/ijerph19106192

Academic Editors: Jie Chen,

Qian Zhou, Ting Zhang and Paul

B. Tchounwou

Received: 26 April 2022

Accepted: 18 May 2022

Published: 19 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

International  Journal  of

Environmental Research

and Public Health

Article

Social Stability Risk Assessment of Disaster-Preventive
Migration in Ethnic Minority Areas of Southwest China

Linyi Zhou 1, Demi Zhu 1 and Wei Shen 2,*

1 School of International and Public Affairs, Shanghai Jiao Tong University, Shanghai 200030, China;
zhoulinyi1017@sjtu.edu.cn (L.Z.); zhudemi@sjtu.edu.cn (D.Z.)

2 School of Economics and Management, Tongji University, Shanghai 200092, China
* Correspondence: semleorain@tongji.edu.cn

Abstract: Disaster-preventive migration (DPM) is an important method for disaster risk management,
but migration itself entails a potential social stability risk. This study took County D in Yunnan
Province, one of the counties most severely threatened by geological disasters in China, as an example
to construct an indicator system of social stability risk factors for disaster-preventive migration based
on a literature survey and in-depth interviews. The system consists of 5 first-level risk factors and
14 s-level risk factors. The social stability risk of DPM in County D was assessed using a fuzzy
comprehensive evaluation method based on experts’ weights. The results showed that the overall
social stability risk level of disaster-preventive migration in County D is ‘high’. In terms of importance,
the five first-level risk factors were ranked as follows: public opinion risk > compensation risk >
livelihood recovery risk > cultural risk > geological disaster risk. Among the risk factors, the level of
public opinion risk and compensation risk appeared to be high, whereas that of livelihood recovery
risk, cultural risk and geological disaster risk resulted to be medium. To our knowledge, this paper
is the first research to evaluate the social stability risk of DPM; it not only enriches the theories of
social stability risk assessment, but also has important guiding significance for people relocation and
resettlement in Chinese ethnic minority areas.

Keywords: disaster-preventive migration (DPM); social stability risk; fuzzy comprehensive
evaluation (FCE); ethnic minority area; China

1. Introduction

According to the Global Risks Report 2020, natural disasters rank third in terms of
likelihood and seventh in terms of impact, among all potential global risks [1]. From 1975
to 2015, the number of people exposed to risks associated with all types of natural disasters
has doubled globally as a result of urbanization, population growth, and socioeconomic
development [2]. Natural disasters pose a greater risk to and have a more devastating
impact on less developed countries or regions, and poor people are the most vulnerable
to their effects [3]. China is particularly prone to natural disasters [4]. In 2020, 138 million
people were affected by various natural disasters in China; furthermore, 591 people died or
went missing due to such disasters, while the direct economic losses are estimated to be
370.15 billion yuan [5]. Geological disasters are natural disasters caused by a geological
process and include earthquakes, volcanic eruptions, landslide, mud-rock flow, etc. [6].
Compared with the eastern and central regions, western China is ecologically sensitive
and more susceptible to natural disasters; these areas also have a lower capacity to avert
the risk of natural disasters, which means that a natural disaster has severe consequences
in these regions. For example, a magnitude-6.4 quake hit Yunnan province in southwest
China at 9.48 p.m. on Friday 21 May 2021 local time, and just hours later, a magnitude
7.4 earthquake hit the Qinghai Province in northwest China. The two massive earthquakes
killed at least three people and injured dozens of others.
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Migration is one of the most effective methods by which human beings respond
to recurrent natural disasters [7]. When people are unable to adapt to or mitigate the
impact of natural disasters in an area prone to such disasters, there is no alternative to
migration [8]. To minimize the risk of natural disasters, the Chinese central government
formulated the Decisions on Strengthening the Prevention and Control of Geological
Disasters, which emphasized accelerating the relocation and evacuation of people living
within areas particularly vulnerable to geological disasters. The document suggested that
this process should be accelerated through a series of planned steps, and that priority must
be given to the relocation of people living around potential spots of geological disasters that
were highly hazardous or difficult to manage [9]. After more than a decade of development,
the Chinese government recently implemented a relocation and resettlement plan in parallel
with the risk identification and management of natural disasters [10].

However, there are several potential risks associated with disaster-preventive migra-
tion. Downing identified nine major risks of resettlement, namely, joblessness, homeless-
ness, marginalization, food insecurity, loss of common land and resources, increased health
risks, social disarticulation, disruption of formal educational activities, and loss of civil
rights [11]. Migration may also lead to a decline in the productivity and standard of living
of people compared with their lifestyle in their place of origin, disrupt their customs and
the living environment, as well as create ongoing conflicts between the affected population
and the local authorities when government compensation falls short of expectations [12–15].
In some cases, this situation may give rise to violent resistance and bloody conflicts, thereby
posing a threat to the harmony and stability of the society [16].

In this context, relocation in County D of Yunnan Province, China, is a much more
complicated issue compared with regular relocation—the county is multi-ethnic, is located
at a high altitude, and is prone to natural disasters. Disaster-preventive migration in this
county has threatened social stability and therefore has faced significant resistance. This
leads to a research question: how to identify and evaluate the social stability risk of DPM in
County D? A solution to this problem would not only promote the development of social
stability risk assessment but may also serve as an important guide for the relocation and
resettlement of DPM populations belonging to minority groups.

Concretely speaking, this paper attempts to answer the following two fundamental issues:

(1) What are the core risk factors for social stability associated with disaster-preventive
migration in county D?

(2) How to use scientific methods to assess the social stability risk?

2. Literature Review

Natural disasters are closely associated with property damage and migration [17,18].
Disaster-preventive migration is a risk management strategy for relocating and resettling
people exposed to the risks of natural hazards [19]. Disaster-preventive migration, which is
different from migration for specific projects, ecological restoration, and natural resource
conservation, aims to protect the property and lives of populations exposed to natural
disasters and may cause negative impacts on the resettled population [20,21]. While
resettlement may result in better housing quality for people, their economic well-being
may be negatively affected [22]. In addition, some people who relocate may not be able to
adapt to the new environment, leading to a deterioration in their mental health status [23]
and a decrease in subjective well-being [24]. As a result, disaster-preventive migration is
often used as the last option for the prevention of risks linked to natural disasters [25].

Disaster-induced migration is divided into post-disaster migration and disaster-
preventive migration. Post-disaster migration takes place when it is not possible for
residents to return to the original settlement after a disaster [19]. Disaster-preventive
migration is considered a possible strategy to cope with disaster risks linked with the
increased possibility of natural disasters [26,27]. Some countries have begun to include
disaster-preventive migration as an important component of their national disaster man-
agement strategies [28]. However, even when people’s means of living are threatened by
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natural disasters, sentimental attachment to the local residence is an important reason for
their reluctance to relocate [29,30]. Therefore, distant and permanent resettlement as part
of disaster-preventive migration is an important cause of social instability [31,32].

To prevent projects’ failure, international organizations and the national migration
planning authorities of numerous countries require an ex ante assessment of the potential
harmful consequences of migration projects [33]. Social impact assessment (SIA) is a method
commonly adopted internationally for managing the social issues related to projects [34].
SIA originated from the environmental impact assessment (EIA) [35] framework in the
United States and has now become a complete assessment system over the course of
50 years [33,36,37]. The application of SIA around the world has contributed significantly
to the success of many projects. However, due to policy and institutional issues, SIA has
faced many obstacles during the implementation stage in developing countries [38] such
as China [39]. Social stability risk assessment is a nascent system that respects Chinese
particularities and was developed based on SIA. Although the institutional framework for
SSRA in China has been refined thereafter, current studies have focused on the construction
of large engineering projects [40–42], meteorological disasters [43], land acquisition [33],
and migration engineering [44], among other issues. There is a lack of research on the SSRA
of preventive migration in areas at high risk of experiencing geological disasters.

It is undeniable that social stability risk assessment is a tool for planning better
resettlement [34]. The social stability risk linked to DPM comes from various sources
including livelihood recovery, land compensation, cultural factors, and so on [45,46]. The
immigrant livelihood issue is a topic of common concern for scientific research and policy
debates [47]. As livelihood recovery is the key to sustainable development in disaster-
affected areas [48], current research has focused on livelihood asset assessment [49–51],
livelihood vulnerability assessment [52,53], and livelihood risk mitigation strategies [54,55].
Land compensation policies are directly related to the livelihood of immigration, especially
of farmers, and have a major influence on disaster-related migration aspirations [56].
Cultural factors play both positive and negative roles in natural disaster risk management.
Religion is considered to be a part of culture and communities and plays an important
role in natural disaster management because it has access to resources that are vital to
emergency rescue in a disaster [57]. However, some believers misinterpret natural disasters,
for example, earthquake and tsunami in Japan are regarded as God’s warning, and this has
a negative impact on natural disaster management [58].

Involuntary migration disrupts people’s routine life and causes them to become un-
comfortable. Studies have shown that involuntary migration can be extremely detrimental
to the social stability of the relocated communities [59]. Most residents, living in areas
identified as particularly prone to natural disasters, are reluctant to leave their homes [60]
because of place attachment [61,62], loverhood, and religion [63–65]. Improving the risk
perception of natural disasters is an important measure to promote relocation decisions [66].
Risk perception is a subjective judgment that people make about the characteristics and
severity of a risk [67]. A high natural disaster risk perception is reflected in the purchasing
of a natural disaster insurance [68], the enhancement of DPM willingness, and the adoption
of a natural disaster risk reduction strategy [69,70].

The possible marginal contributions of this paper include: (1) risk perceptions was
incorporated into the index system of SSRA, thus improving the SSRA framework; (2) this
study focuses on the SSRA of geological disaster migrants, which may broaden the research
field of SSRA; (3) in terms of evaluation method, we established a fuzzy comprehensive
evaluation method considering multi-experts’ weights to assess the social stability risk of
DPM; the method not only considers the ambiguity of the evaluation problem, but also
solves the inconsistent problem of experts’ views.
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3. Materials and Methods

3.1. Study Area

County D, in Diqing Tibetan Autonomous Prefecture in Yunnan Province, is located
between 98◦35′6′′–99◦32′20′′ E and 27◦33′44′′–29◦15′2′′ N in the Hengduan mountain range
in the northwestern part of Yunnan Province. There are two towns and six townships in
County D, with a total area of 7291 square kilometers and a population density of eight
people per square kilometer. S Town, the county capital, is located at 3400 m above sea level;
it is 182 km from Shangri-La, the state capital, and 889 km from Kunming, the provincial
capital. Since ancient times, S town has presented an intersection of Chinese and Tibetan
cultures, served as the ‘foreign market center’ along the southwestern Tea Horse Road,
and operated as the Tibetan-Chinese trade and cultural distribution center. It is known
locally as the ‘snow mountain foreign market’. S town is an important transportation hub
from Yunnan to Sichuan and Tibet and occupies a special strategic location for political,
economic, and cultural communication between Yunnan, Sichuan, and Tibet. It is also the
political, economic, and cultural center of County D. S town is one of the main settlements
of ethnic minorities. Major ethnic groups include the Tibetan, Han, Hui, and Naxi. It is
also a typical multi-religious area, including Tibetan Buddhism, Catholicism, and Islam,
among others. Due to a complex geological structure, this area is prone to geological
disasters such as landslides and mudslides and it is one of the key target areas for geo-
logical disaster prevention and control [71]. The disaster-preventive migration in focus
involved two communities and one village in S town of County D, comprising more than
1700 households and approximately 6000 people (Figure 1).

Figure 1. Study area.
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3.2. Data Sources

The data in this study were derived from on-site expert surveys, symposiums, and
face-to-face interviews. In July 2020, a survey team was selected by the People’s Govern-
ment of County D and was divided into five groups to investigate the social stability risks
from disaster-preventive migration in County D. First, symposiums for experts were held
for government departments and scholars in the field of migration in County D. Question-
naires were distributed to the experts who took part in the symposiums, to collect data.
These experts belonged to the People’s Government office of County D, the Development
and Reform Commission, the Planning and Land Bureau, the Housing and Urban-Rural
Development Bureau, the Agriculture and Rural Affairs Bureau, the Forestry and Grassland
Bureau, the Emergency Management Bureau, the Public Complaints and Proposals Ad-
ministration, the Natural Resources Bureau, the Ecological and Environmental Bureau, the
Audit Office, the Finance Bureau, consulting agencies, universities, and other institutions.
A total of 30 experts were invited to the symposium, with 15 experts from government
departments (50%), 7 from consulting agencies (23.33%), and 8 from universities (26.67%).
We obtained 30 completed expert questionnaires in the symposiums, the response rate
was 100%.

Second, a typical survey was used to select 72 representative residents for face-to-
face interviews according to the degree of impact, to listen to their specific views on
DPM and demands for related interests. Specifically, firstly, a list of groups affected
by DPM was obtained from government departments and categorized by occupation.
Secondly, these residents were ranked according to their occupation and degree of disaster
impact, with priority given to those who were most affected. Finally, the sample size of
different occupational residents was determined according to the population proportion
in each occupation and rounded up. The 72 representative residents included 25 farmers,
18 enterprise employees, 6 representatives of individual businesses, 4 representatives of
local enterprises, 12 grassroot government officials, 5 retired workers, and 2 imams.

3.3. Identification of Social Stability Risks

Risk identification is a prerequisite for conducting social stability risk analysis. The
main risk identification techniques included a literature review, brainstorming, flowchart-
ing, discussions, and interviews [72]. The information from face-to-face interviews, which
were conducted in July 2020, County D with 72 residents, and related literature [33,47]
was combined to identify social stability risk factors for disaster-preventive migration in
County D, which included 5 first-level risk factors and 14 s-level risk factors (Table 1).

Table 1. Social stability risk factors for disaster-preventive migration.

Target Layer First-Level Risk Factors Second-Level Risk Factors

Social stability risk factors of DPM

Compensation risks
Housing compensation

Compensation for land acquisition
Settlement allowance

Cultural risks
Inability to adapt to the lifestyle

Integration of ethnicities
Changes in social networks

Livelihood recovery risks
Loss of forest and land resources

Job opportunities and income issues
Inability to meet expectations of living environment

Risk of geological hazards Possibility of geological hazards
Magnitude of damage caused by geological hazards

Risks linked to public opinion
Level of openness and transparency of information

Level of public participation
Government response to public opinion
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3.4. Fuzzy Comprehensive Evaluation Model

Fuzzy comprehensive evaluation (FCE) is a method for comprehensive evaluation
in a multi-criteria fuzzy decision environment using fuzzy sets [73]. The basic idea was
to obtain the overall risk assessment results by constructing a mathematical model that
comprehensively considered the level of influence of all risk factors. The method combined
qualitative and quantitative approaches and enhanced the scientific validity of the SSRA.
The FCE was divided into six steps, as follows.

In the first step, a set of influencing factors for the evaluation object was created. The
influence factor set consisted of factors that affected the evaluation object. The influence
factor set was denoted as:

U = {u1, u2, · · · , ui, · · · , un} (1)

ui =
{

ui1, ui2, · · · , uij, · · · , uik
}

(2)

where U is the set of influencing factors, n is the number of first-level risk factors included
in U, ui (i = 1, 2, · · · , n) is the ith first-level risk factor in U, uij (j = 1, 2, · · · , n) is the jth
second-level factor in ui, and k is the number of second-level risk factors.

The second step was to construct an evaluation set. The evaluation set included the
evaluation values assigned to a certain evaluation indicator of the object. The evaluation
set was expressed as:

V = {v1, v2, · · · , vm} = {1, 2, · · · , m} (3)

Here, V is the risk assessment set, v1, v2, · · · , vm represent the risk level, and its
corresponding rating values are 1, 2, · · · , m.

The third step was to determine the weight assignment set. This information is often
missing in comprehensive multi-indicator evaluations; the weight of each indicator should
be determined based on expert opinions and knowledge. In this study, the frequency
count [32] was used to determine the weights of first-level and second-level risk factors.
Take the first-level risk factor set as an example:

(1) A weighting scheme was proposed by T (T > 30) experts for each of the factors
ui (i = 1, 2, · · · , n) in the influencing factor set U.

(2) For the weights ait (t = 1, 2, · · · , T) for factor ui provided by T experts, the maximum
weight Gi and the minimum weight gi were identified.

(3) An appropriate positive integer p was chosen such that d = Gi−gi
p . The weights

ait (t = 1, 2, · · · , T) were divided into p groups, from the largest to the smallest,
according to the group distance d.

(4) The frequencies or rates of the weights that fell within each group were calculated,
and the group median ai of the group with the maximum number of frequencies or
rates was taken as the weight of factor ui. Then, ai was normalized to obtain the
weight vector:

A = {A1, A2, · · · , An} =

{
a1

∑n
i=1 ai

,
a2

∑n
i=1 ai

, · · · ,
an

∑n
i=1 ai

}
(4)

Similarly, for the weights aijt (t = 1, 2, · · · , T) provided by T experts for the influencing
factors of uij(j = 1, 2, · · · , k) in ui, the group median aij of the group with the maximum
frequencies or rates, as obtained in the preceding steps, was regarded as the weight for factor
uij. The weight vector of second-level risk factors was obtained after the normalization
of aij.

A′
i =

{
A′

i1, A′
i2, · · · , A′

ik
}
=

{
ai1

∑k
j=1 aij

,
ai1

∑k
j=1 aij

, · · · ,
ai1

∑k
j=1 aij

}
(5)

In the fourth step, the fuzzy judgement matrices R and Ri of U and ui, respectively,
were determined. In this study, the fuzzy judgement matrices were determined using
fuzzy assessment methods based on the experts’ weights [74] by considering differences
in the education level, cultural background, and familiarity with the assessment items
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of the experts. For the second-level risk factors, the weights of T experts were assumed
to be w1, w2, · · · , wT and w1 + w2 + · · ·+ wT = 1. The weight of one expert evaluating
factor uij as vh was denoted as w(ijh)

t ; then, the weight of the factor uij being evaluated as

vh (h = 1, 2, · · · , m) was: ∑T
t=1 w(ijh)

t . The membership of the evaluation factors uij to the

evaluation result vh in the evaluation set V was rijh = ∑T
t=1 w(ijh)

t / ∑T
t=1 wt, where ∑T

t=1 wt
was the sum of all expert weights. After calculating the memberships of all factors of uij
using the aforementioned method, the fuzzy judgement array Ri of the second-level risk
factors was obtained, as follows:

Ri =
(

rijh

)
k×m

=

⎡⎢⎢⎣
ri11 ri12 · · · ri1m
ri21 ri22 · · · ri2m
· · · · · · · · · · · ·
rik1 rik2 · · · rikm

⎤⎥⎥⎦ (6)

R was obtained through calculating Ri, namely, let Bi = A′
i·Ri, then R = [B1, B2, · · · , Bn]

T.
In the fifth step, FCE was performed. The first level of FCE was performed among the

lowest layer of factors, while the second level of FCE was performed among the higher
layers. The FCE vector of the first level was denoted as Bi, and that of the second level was
denoted as B. The specific calculation process is shown in Equations (7) and (8).

Bi = A′
i·Ri (7)

B = A·R (8)

The fuzzy comprehensive matrices of different levels of evaluation factors were calcu-
lated according to Equations (7) and (8), and the risk levels were determined based on the
maximum membership values [75].

The sixth step was to calculate the specific risk values. The second-level risk val-
ues were denoted as Z, and the first-level risk values were denoted as Z′

i . The specific
calculation process is shown in Equations (9) and (10).

Z = B × VT (9)

Z′
i = Bi × VT (10)

The first- and second-level risk values were obtained through Equations (9) and (10)
to provide the basis for risk management decisions. Social stability risks level and reference
standard are shown in Table 2.

Table 2. Social stability risks’ level and reference standard.

Social Stability Risks Very Low Low Medium High Risk Very High

Risk value (Z) (0, 1] (1, 2] (2, 3] (3, 4] (4, 5]
Grade 1 2 3 4 5

4. Results

The social stability risks of disaster-preventive migration were assessed according to
the FCE steps described earlier.

(1) The influencing factor set of the evaluation object was established. The influencing
factor set of an evaluation object was U” = “ {social stability risk o f DPM}” =
{“u_1”, “u_2”, “u_3”, “u_4”, “u_5”} =
{“compensation risk, cultural risk, livelihood recovery risk, geological disaster risk,

public opinion risk”}” , ui = {ui1, ui2, . . . , uik}i = 1, 2, . . . , 5.
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(2) The evaluation set was V = {v1, v2, v3, v4, v5,} = {1, 2, 3, 4, 5}. These five levels
represented the five possible evaluation results, defined as follows: very low risk
level, low risk level, medium risk level, high risk level, and very high-risk level.

(3) Taking p = 6, the weight vectors of second-level risk factors and first-level risk factors
were obtained:

A′
1 =

{
A′

11, A′
12, A′

13
}
= {0.308, 0.333, 0.359}

A′
2 =

{
A′

21, A′
22, A′

23
}
= {0.363, 0.392, 0.245}Z′

i = Bi × VT

A′
3 =

{
A′

31, A′
32, A′

33
}
= {0.449, 0.187, 0.364}

A′
4 =

{
A′

41, A′
42
}
= {0.530, 0.470}

A′
5 =

{
A′

51, A′
52, A′

53
}
= {0.508, 0.209, 0.283}

A = {A1, A2, A3, A4, A5} = {0.407, 0.116, 0.233, 0.093, 0.151}
(4) The expert weights were determined through the questionnaires administered to

the experts, based on which the fuzzy judgement matrices Ri and R of the first- and
second-level indicators were established using an FCE method:

R1 =

⎧⎨⎩
0.119 0.151 0.175 0.325 0.230
0.095 0.127 0.278 0.294 0.206
0.159 0.175 0.206 0.214 0.246

⎫⎬⎭
R2 =

⎧⎨⎩
0.135 0.167 0.357 0.167 0.175
0.294 0.349 0.151 0.095 0.111
0.151 0.119 0.373 0.159 0.198

⎫⎬⎭
R3 =

⎧⎨⎩
0.056 0.127 0.087 0.468 0.262
0.278 0.317 0.159 0.111 0.135
0.317 0.341 0.135 0.143 0.063

⎫⎬⎭
R4 =

{
0.278 0.214 0.262 0.183 0.063
0.127 0.540 0.127 0.135 0.071

}

R5 =

⎧⎨⎩
0.056 0.111 0.183 0.397 0.254
0.032 0.119 0.278 0.365 0.206
0.063 0.151 0.294 0.270 0.222

⎫⎬⎭

R =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
0.125 0.151 0.220 0.275 0.228
0.201 0.227 0.280 0.137 0.156
0.193 0.241 0.118 0.283 0.166
0.207 0.367 0.198 0.160 0.067
0.053 0.124 0.234 0.354 0.235

⎫⎪⎪⎪⎪⎬⎪⎪⎪⎪⎭
(5) The indicator system of the social stability risks of disaster-preventive migration was

divided into two levels. FCE was performed first for second-level indicators and then
for first-level indicators.

The FCE results of social stability risks of disaster-preventive migration were obtained
as follows:

B1 = A′
1·R1 = [0.308, 0.333, 0.359]·

⎡⎣ 0.119 0.151 0.175 0.325 0.230
0.095 0.127 0.278 0.294 0.206
0.159 0.175 0.206 0.214 0.246

⎤⎦
= [0.125, 0.151, 0.220, 0.275, 0.228]
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B2 = A′
2·R2 = [0.363, 0.392, 0.245]·

⎡⎣ 0.135 0.167 0.357 0.167 0.175
0.294 0.349 0.151 0.095 0.111
0.151 0.119 0.373 0.159 0.198

⎤⎦
= [0.201, 0.227, 0.280, 0.137, 0.156 ]

B3 = A′
3·R3 = [0.449, 0.187, 0.364]·

⎡⎣ 0.056 0.127 0.087 0.468 0.262
0.278 0.317 0.159 0.111 0.135
0.317 0.341 0.135 0.143 0.063

⎤⎦
= [0.193, 0.241, 0.118, 0.283, 0.166]

B4 = A′
4·R4 = [0.530, 0.470]·

[
0.278 0.214 0.262 0.183 0.063
0.127 0.540 0.127 0.135 0.071

]
= [0.207, 0.367, 0.198, 0.160, 0.067]

B5 = A′
5·R5 = [0.508, 0.209, 0.283]·

⎡⎣ 0.056 0.111 0.183 0.397 0.254
0.032 0.119 0.278 0.365 0.206
0.063 0.151 0.294 0.270 0.222

⎤⎦
= [0.053, 0.124, 0.234, 0.354, 0.235]

where B1 indicated compensation risks, B2 cultural risks, B3 livelihood restoration risks,
B4 geohazard risks, and B5 public opinion risks.

The following was obtained based on the results of the preceding evaluation:

R = [B1, B2, · · · , Bn]
T =

⎡⎢⎢⎢⎢⎣
0.125 0.151 0.220 0.275 0.228
0.201 0.227 0.280 0.137 0.156
0.193 0.241 0.118 0.283 0.166
0.207 0.367 0.198 0.160 0.067
0.053 0.124 0.234 0.354 0.235

⎤⎥⎥⎥⎥⎦
A comprehensive evaluation based on Equation (8) yielded the following comprehen-

sive evaluation vector:

B = A·R = [0.407, 0.116, 0.233, 0.093, 0.151]·

⎡⎢⎢⎢⎢⎣
0.125 0.151 0.220 0.275 0.228
0.201 0.227 0.280 0.137 0.156
0.193 0.241 0.118 0.283 0.166
0.207 0.367 0.198 0.160 0.067
0.053 0.124 0.234 0.354 0.235

⎤⎥⎥⎥⎥⎦ = [0.146, 0.197, 0.204, 0.262, 0.191]

(6) The SSRA value for disaster-preventive migration and the first-level risk factor val-
ues for social stability Z′

i in disaster-preventive migration were calculated based on
Equations (9) and (10):

Z = B × VT = [0.146, 0.197, 0.204, 0.262, 0.191]× [1, 2, 3, 4, 5] = 3.155

Z′
1 = B1 × VT = [0.125, 0.151, 0.220, 0.275, 0.228]× [1, 2, 3, 4, 5] = 3.327

Z′
2 = B2 × VT = [0.201, 0.227, 0.280, 0.137, 0.156]× [1, 2, 3, 4, 5] = 2.819

Z′
3 = B3 × VT = [0.193, 0.241, 0.118, 0.283, 0.166]× [1, 2, 3, 4, 5] = 2.989

Z′
4 = B4 × VT = [0.207, 0.367, 0.198, 0.160, 0.067]× [1, 2, 3, 4, 5] = 2.514

Z′
5 = B5 × VT = [0.053, 0.124, 0.234, 0.354, 0.235]× [1, 2, 3, 4, 5] = 3.595

where Z′
1 is the assessment value of compensation risks, Z′

2 is the assessment value
of cultural risks, Z′

3 is the assessment value of livelihood recovery risks, Z′
4 is the

assessment value of geological hazard risks, and Z′
5 is the assessment value of public

opinion risks.

The results of the comprehensive SSRA showed that the overall social stability risk of
disaster-preventive migration in County D is ‘high’. Specifically, compensation risks and
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public opinion risks were classified as ‘high’, while cultural risks, livelihood restoration
risks, and geological hazard risks were classified as ‘medium’. Figure 2 shows the scores of
first-level risk factors for social stability in the risk assessment of disaster-preventive migra-
tion in County D, ranked in descending order: Public opinion risks (u5) > compensation
risks (u1) > livelihood recovery risks (u3) > cultural risks (u2) > geological hazard risks (u4).

Figure 2. Social stability risk level of first-level risk factors.

5. Discussion

The results showed a ‘high’ overall social stability risk of disaster-preventive migration
in County D, which may lead to social instability if risk prevention measures are not taken.
The risk values of public opinion risks and compensation risks were the highest among the
first-level risk factors, and geological disaster risks have a major influence on the willingness
of DPM. Thus, to control the social stability risks of DPM in County D, decision-makers
should primarily consider these three major risk factors.

(1) Public opinion risks: This risk showed three aspects, namely, the level of openness
and transparency of information on disaster-preventive migration, the level of public
participation, and the government’s response to public opinions. Information plays an
important role in risk management and is fundamental to risk communication [76]. The
open and transparent flow of public information on disaster-preventive migration between
the government and the society has become one of the important factors affecting the
validity of risk governance [77]. Transparent information on disaster-preventive migration
can help reduce public fears and avoid misunderstandings among affected people and can
enable them to trust disaster-preventive resettlement projects [78,79]. Public opinion risks
stemmed from a lack of information transparency. Moreover, the government’s suppression,
minimization, non-response, or inappropriate response to public opinion would aggravate
public opinion and may have significant impacts.

Voluntariness and prior informed consent are important principles in the relocation
and resettlement of disaster-affected migrants, and public participation is key for the imple-
mentation of these principles [80]. The central government, local governments, as well as
several stakeholders and actors were involved in disaster-preventive migration in County
D, with different stakeholders and actors having different interests and motivations in the
project [81]. The World Bank has pointed out the importance of timely consultation with
stakeholders on resettlement programs and of providing them with opportunities to partic-
ipate in the planning, implementation, and monitoring of resettlement [82]. Furthermore,
studies have shown that inadequate public participation in disaster-preventive migration
may lead to conflicts among the stakeholders [83].
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In fact, the government of County D had proposed a plan for relocation as early as 2003
and had conducted preliminary research on several proposed relocation sites. However,
the county relocation plan was placed on hold. For a decade or so, the government failed to
disclose information on the rationale for the relocation and the mode of relocation, which
resulted in a widespread negative public opinion. Moreover, the government’s evasive
responses to such public opinion resulted in inadvertent harm to the residents. For example,
some residents wanted to build new houses to improve their living conditions, but the
overwhelming negative public opinion on county relocation prevented them from doing so.
In 2019, the Ministry of Natural Resources dispatched a ‘Letter of Recommendations on the
Prevention and Control of Geological Disasters in County D, Diqing Prefecture, Yunnan
Province’ to the General Office of the Yunnan Provincial People’s Government; this letter
clearly stated that ‘County D has become one of the counties most seriously threatened by
geological disasters in Yunnan province and even in the country. The current development
of the county exceeds its urban environmental capacity, posing severe potential risk from
geological disasters to people’s lives and properties’, thereby bringing the relocation of
County D back on the agenda. However, relevant information has remained ‘confidential’,
and there was a lack of public participation in the formulation of the county’s relocation
plan, which led to the risks of public opinion being ranked first among all first-level
risk factors. It is recommended that the People’s Government of County D should seek
instructions from the relevant departments at higher levels as soon as possible to clarify the
policies and measures involved in relocation and to disclose the information to the public
in a timely manner.

(2) Compensation risks: This risk was reflected in the compensation for houses and
attached buildings, land and its appurtenances, and disaster-preventive resettlement of
migrants. Studies have shown that the relocation compensation program is a core factor
influencing the willingness of people to relocate and is also a key factor in reducing social
stability risks [33,84,85]. County D is a multi-ethnic area where Tibetans are the main ethnic
group; the residents’ houses consist of wooden houses, brick houses, and cement houses.
With the development of the tourism economy in County D, housing rental income has
become an important source of income for the residents in the area. Therefore, residents
had high expectations from relocation housing subsidies. Residents hoped to receive
additional compensation for relocation in ethnic minority areas on top of the national
compensation standard.

County D is rich in forestry resources, and the main forestry products are cordyceps
and pine mushrooms. Therefore, farmers in Town S of County D currently have higher
income levels than farmers in other parts of the county. Compensation for the forest
land and its associated above-ground appurtenances in the relocation was one of the
main concerns of farmers. Although the government promised that the mountain and
forestry rights of S town would remain after the relocation and that residents could still
return to S town to collect matsutake, cordyceps, and other forest products, the residents
said that they basically would not come back to collect the forest products because the
planned relocation site is too far from S town, and the cost of coming back to collect the
forest products is too high. In addition, they stated that if they do not live there, the forest
products, such as matsutake and cordyceps in the contracted forest land, would be collected
by other people, and new conflicts and disputes would arise. These factors have led the
residents to increase their compensation expectations.

In the implementation of resettlement, the provided compensation included cash, land,
and employment [31]. Cash compensation is the simplest form of compensation and is used
often in resettlement. However, cash compensation is not always effective. Some relocatees
were not good at managing cash, and some used resettlement subsidies for weddings
or gambling, which prevented them from relocating [86]. S town is a Tibetan settlement.
Tibetan residents have the tradition of living in compact family communities, with several
generations living together and building a single Tibetan house with front and back yards
and livestock sheds, among other things. They are unable to accept apartments. The
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demand for resettlement homesteads became a priority during relocation, surpassing the
demand for cash and employment compensation. Therefore, the relocation compensation
scheme should fully consider the demands of different types of people, respect the customs
of ethnic minorities, and meet the specified cultural requirements of ethnic minorities.

(3) Geological disaster risks: This risk is measured in terms of the “likelihood of occur-
rence” and the “magnitude of damage caused by geological hazards”, which correspond to
the “likelihood” and “threat” dimensions of risk perception, respectively [87–89]. Therefore,
the geological disaster risks in this paper is, in fact, geological disaster risk perception.
Some studies have found that disaster risk perception has a significant impact on DPM
willingness [90]. Different measures of risk perception have inconsistent effects on migra-
tion decisions [91]. People’s willingness to relocate will increase when the potential of a
disaster is higher and the threat is greater [92]. The willingness of DPM has a direct impact
on the social stability risk. Forced migration is more likely to cause social instability than
voluntary migration [93,94]. The geological disaster risk is an inverse indicator, and its risk
value is the lowest among the five primary risk factors, which suggests that experts had a
higher risks perception of geological disaster in County D. However, during interviews
with residents, we found that most residents’ risk perception of geological disaster in
County D was opposite to that of the experts. They believe that although minor geological
disasters were once very common there, there had never been a serious geological disaster.
They appeared very sure that disasters would not happen in the future, because the local
government has already invested a lot of manpower and resources in the prevention and
control of geological disasters.

Expert versus nonexpert (local resident) differences in geological disaster risk percep-
tion will cause great obstacles to the implementation of DPM. To make the DPM project
in County D proceed smoothly, the People’s Government of County D should resolve the
potential differences in geological disaster risk perception between experts and nonexperts
(aboriginal) as quickly as possible by highlighting the potential severity of geological disas-
ters, their effects on people’s lives and safety, and the restricted future development of the
county, among other points.

6. Conclusions

Southwestern China is an area prone to geological disasters. To reduce the risk
of disasters, many disaster-preventive relocation and resettlement programs have been
implemented. Although disaster-preventive migration is an important method for disaster
risk management, migration itself entails potential social stability risks, which would
affect the harmony and stability of the society if not implemented properly [95]. How to
identify and evaluate the social stability risk of DPM in County D is the core issue of this
paper. In order to make the conclusions scientific and reasonable, this study identified the
social stability risk of DPM in County D based on feedback from symposiums, in-depth
interviews, and literature and assessed it by a fuzzy comprehensive evaluation method
considering multiple experts’ weights. The following conclusions were obtained from
the research:

(1) The social stability risk of DPM in County D includes five first-level risk factors, which
are public opinion risks, compensation risks, livelihood recovery risks, cultural risks,
geological disaster risks.

(2) The overall social stability risk level of DPM in County D is ‘high’. In terms of
importance, the five first-level risk factors were ranked as follows: public opinion risks
> compensation risks > livelihood recovery risks > cultural risks > geological disaster
risks. Expert versus nonexpert differences in geological disaster risk perception will
cause great obstacles to the implementation of DPM.
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Abstract: Based on the 30 inland provincial samples of China from 2003 to 2019, this article analyzes
the evolutionary characteristics of the coupling coordination between green finance and the ecological
environment (CCFE) using ArcGIS 10.5 software and employs the spatial Durbin model to analyze
the driving factors of the CCFE. The results can be concluded as follows: (1) the CCFE of China is at a
moderately low level, with a fluctuating upward trend. Spatially, it presents a spatial distribution
pattern—higher in the east and lower in other regions. In terms of types, the regions of the CCFE
are more in primary coordination and basic un-coordination and less in moderate un-coordination
and moderate coordination. There are more regions of the green finance lagged type, and relatively
few regions have achieved the financial ecological synchronization type. (2) The CCFE hotspots
are concentrated in the Pearl River Delta, with a spatial “increase–decrease” development trend.
Additionally, the CCFE cold spots are concentrated in the upper Yellow River Basin, with a relatively
stable spatial scope. (3) The CCFE shows a positive spillover effect and accumulative delivery effect
in the economic geospatial space. The population urbanization rate and the number of granted
patent applications have a significant positive impact on the CCFE, and the percentage of secondary
industries to GDP has a negative impact accordingly. Spatially, the percentage of secondary industries
to GDP and the number of granted patent applications of nearby provinces in the economic geospatial
space have a negative impact on the local CCFE. (4) The impact and spatial effect of different factors
on the CCFE are obviously different. Finally, policy implications on the coordinated development of
green finance and the ecological environment are also made.

Keywords: green finance; ecological environment; coupling coordination rate; spatiotemporal evolution;
driving factor

1. Introduction

The ecological environment is the foundation of human survival and development;
promoting the high-quality development of the ecological environment has received great
attention. In the past 10 years, China has been committed to ecological environment con-
struction and protection and has achieved remarkable results. According to the ecological
environment bulletin in China (2020) and the annual report of the electricity industry in
China (2021), in the “13th-Five-Year-Plan” period, China’s coal-fired power generation
units meted the ultra-low emission limit and reached a total of 950 million kilowatts, the
proportion of good days in the prefecture-level cities and above increased to 87.0% (target
84.5%), the average concentration ratio of PM2.5 in the prefecture-level cities that have
not reached the standard decreased to 28.8% compared to that in 2015 (target 18%), the
proportion of surface water with excellent quality increased to 83.74% (target 70%), and the
safe utilization rate of polluted land reached 90%. Nowadays, green finance development
in China has reached the international first-class level, and the effective development of the
ecological environment cannot be separated from China’s earlier implementation of green
finance policy [1]. Since China launched green loan products in 2012, China has gradually
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established an integrated green finance system, covering green credit, green bonds, green
insurance, green security, and so forth. According to the annual report on green finance
development in China (2021), up to June 2021, the accumulative issuance of green bonds
in domestic China and abroad exceeded RMB 1.73 trillion, and the transaction value of
the carbon emission rights trading market reached RMB 100 billion; this has strengthened
the promotion of ecological environment protection and construction. However, there is
a spatial unbalance in the development of green finance and the ecological environment
in China [2]. China’s financial resources are mainly concentrated in the economically
developed eastern regions, the carbon emission rights trading pilot regions. Except for
Chongqing city and Hubei province, which are located in the central and western regions,
Beijing, Shanghai, Guangdong, and Shenzhen are located in the eastern regions. Meanwhile,
China’s ecological fragile regions are mainly located in the central and western regions,
such as the northwestern arid region and the upper Yellow River Basin. In 2020, China
announced that it would promote “3060” targets in the future and that green finance and
ecological development would play important roles in the “3060” development process.
Therefore, it is obviously significant to explore the coupling coordination development
between green finance and the ecological environment (CCFE) and the driving forces.

The issues about green finance and the ecological environment have also attracted
scholars’ attention. Based on 30 inland city samples in China, adopting the GMM model,
H. Zhou & Xu (2022) [3] concluded that green finance has a negative impact on ecological
development in China; there is an invert U-shaped relationship between green finance
and the regions’ ecological development, and the inverted U-shaped relationship is more
obvious in the central and western regions. Furthermore, R. Wang et al. (2022) [4] confirmed
the conclusions above and considered that there is a nonlinear U-shaped relationship be-
tween green finance and regional ecological efficiency, especially in the central and western
regions. In addition, some scholars have studied green finance and high-quality devel-
opment [5] and green finance and economic growth [6]. The scholars have discussed the
causal relationship between green finance and the ecological environment but have not
explored the dependence and degree of dependence between the green finance system and
the ecological environmental system. Based on the views above, this article will focus on
the coupling coordinated relationship between green finance and the ecological environ-
ment and analyze the overall characteristics, spatiotemporal distributed patterns, spatial
aggregation evolution characteristics, and driving forces of the CCFE. Additionally, the
potential contributions are as follows: (1) Adopting the coupling coordination model, this
article calculates the CCFE index of 30 inland sample provinces in China from 2003 to 2020
and, using ArcGIS 10.5, analyzes the spatiotemporal evolution of the overall characteristics
and regional pattern characteristics of CCFE, showing the systematic development of CCFE
in China. (2) Appling the spatial hot–cold model, this article analyzes the spatiotemporal
evolution of different regions with a high or low value of CCFE. (3) Using the spatial Durbin
model with a two-order lag period, this article analyzes the driving force affecting the CCFE
and explores the spatial heterogeneity and spatial spillover effects of different factors.

The rest part of this article is structured as follows. Section 1.1 provides a brief literature
review on green finance and the ecological environment. Section 2 presents the calculated
index of green finance and the ecological environment, the coupling coordination model,
and the spatial Durbin model and describes the panel data used in this article. Section 3
reports the empirical estimation results, and we discuss the results in Section 4. Section 5
concludes the results and provides policy implications.

1.1. Literature Review
1.1.1. The Appraisal of the Ecological Environment

Recently, scholars have had a consensus on the definition of ecological environment,
and ecological environment appraisals have become a research hotspot. From the view
of an evaluation system, most scholars have evaluated the ecological environment from
the perspectives of comprehensive index evaluation and efficiency evaluation [7], and
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most related factors can be divided into the two aspects of natural factors and human
factors. Among them, the natural factors include the forest cover rate, atmosphere variation,
and nature protection region, and the human factors include urbanization and land use.
A typical comprehensive evaluation system is similar to systems created by Yibo et al.
(2021) [8], who constructed an ecological environment quality index system that includes
natural ecology and social indicators, and Xiao et al. (2021) [9], who constructed an
ecological environment evaluation index system that includes 13 aspects, such as per
capita green area, per capita water resources, and energy consumption per unit of GDP.
Meanwhile, a typical ecological environment efficiency evaluation system, such as the
one studied by Zhang et al. (2022) [10], analyzes China’s environmental development
efficiency; the input index includes the employed population, capital investment, and
water use and the output index includes GDP, CO2 emissions, SO2 emissions, and soot
emissions. Zhang et al. believe that environmental development in China shows a spatial
distribution that is high in the east and low in other regions. Therefore, a comprehensive
index evaluation system can better show the development of the ecological environment
from more detailed perspectives, and we adopt this in this article.

Accordingly, scholars have used the principal component analysis method, the entropy
method, the fuzzy Delphi analytic hierarchy process, and multiple normalization methods
combined with pixel-phenology to evaluate the ecological environment [11]. Additionally,
the typical method, such as Chang et al.’s method (2019) [12], uses spatial principal compo-
nent analysis to analyze the ecological index in the upper Hanjiang river regions. Shi et al.
(2020) [13] adopted the entropy method to calculate the regional ecological environment
index in the tropical and subtropical regions in China from 2003 to 2016, and Y. Liu et al.
(2022) [14] applied the DEA-SBM model to analyze ecological security. In addition, some
scholars have used artificial intelligence and complex numerical optimization to analyze
the ecological environment management problem [15].

1.1.2. The Definition and Appraisal of Green Finance

Focusing on the improvement of the ecological environment, scholars have earlier
studied green finance. Salazar (1998) [16] believed that financial innovation must base on
environmental protection to improve social progress, achieving a dynamic balance between
environmental protection and economic development. This is the first conception of green
finance, and it emphasizes that the development target of green finance is environmental
protection and social progress. Along with the more complex ecological environment de-
velopment, environmental risk has begun to be more obvious, and the conception of green
finance brings more detail and focus to environmental risk. Labatt and White (2002) [17]
believed that green finance is a kind of financial innovation required to prevent environ-
mental risk in financial instruments and product innovation. In 2016, China integrated
the green development concept into the G20 agenda and reached a global consensus on
the development of green finance; the target of green finance has been raised to empha-
size the human survival situation, strengthening the ecological balance through financial
services and product innovation [18]. Recently, the most recognized concept of green
finance is to provide financial services for environmental protection, energy savings, clean
energy, and green transportation, to support environmental improvement, resource savings,
and efficient use, and to combat climate change [19,20], and we follow this definition in
this article.

Based on the concept of green finance, few scholars have analyzed the evaluation
of green finance from a quantitative perspective. Scholars have calculated the develop-
ment of green finance using green bonds, green securities, and green insurance as the
replacement variables of green finance [21]. Additionally, a single index cannot efficiently
reflect the development level of green finance; some scholars have tried to construct a
comprehensive evaluation system, including bonds and securities. [22]. In addition, some
scholars have appraised green finance development efficiency from the input and output
perspectives [23].
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1.1.3. The Relationship between Green Finance and the Ecological Environment

Scholars believe that green finance has efficiently promoted ecological environment
development [24]. In one aspect, the government guides the development direction of the
market to clean technology, such as carbon capture, tidal energy, and nuclear energy [25].
Meanwhile, using environmental regulation tools such as an environmental tax, the gov-
ernment can dispose of environmentally destructive actions to promote the high-quality
development of the ecological environment. In another aspect, sustainable energy invest-
ment can be promoted to advance industrial decarbonization [26] using green financial
tools, such as green bonds [27]. Additionally, it can also guide the green low-carbon trans-
formation of energy consumption structures and industry structures [28] to promote the
green low-carbon development of the economy, reducing the environmental pollution
caused by economic and social development. Especially in the COVID-19 pandemic period,
green financial policies such as carbon pricing and tradable green certificates can efficiently
reduce the financial cost and counteract the negative shock of the pandemic [29]. In ad-
dition, green finance is a key factor for high technology to drive green growth, keeping
resource prices and economic development stable [30].

However, some scholars believe that green finance does not bring clean energy but
that green financial investments are only impelled by the demand for clean energy [31], and
environmental regulations will constrain the role of green finance [32]. Therefore, combined
with the modern concept of green finance, we can see that green finance emphasizes the
coordinated development of financial activities, environmental protection, and ecological
balance to realize the continuous development of economies and society [33], and green
finance and the ecological environment show a merged and interactive developmental
relationship. Indeed, from 1998 to 2018, the ecological environment of only one-third
of China has improved [34] with the rapid development of green finance development.
Therefore, according to the study above, we propose hypotheses H1 and H2:

Hypothesis 1 (H1). The mutual and interactive developmental relationship between green finance
and the ecological environment in China is at a low level with spatial heterogeneity.

Hypothesis 2 (H2). There are some factors that constrict the mutual and interactive developmental
relationship between green finance and the ecological environment in China.

1.1.4. Summary

As discussed above, scholars have analyzed the related issues on green finance and
the ecological environment from different perspectives, with more study on the concept,
impact, and appraisal and less on the relationship between green finance and the ecological
environment. Few scholars have explored green finance and green development, economic
growth, and ecological development efficiency, and we lacked a study on the CCFE. There-
fore, based on the 30 inland provincial samples from 2003 to 2020 in China, this article will
systematically analyze the overall characteristics, spatiotemporal evolution, and driving
factors of the CCFE to promote green finance and the ecological environmental develop-
ment of China in the “14th-Five-Year-Plan” period. Figure 1 shows the technological path
of this article.
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Figure 1. The technological path of this article.

2. Materials and Methods

2.1. The Calculation of Green Finance and the Ecological Environment

Referring to the current research [35,36], adhering to the principle of systematicness,
scientificity, comprehensiveness, and accessibility, combined with the reality of China’s
green finance and ecological development, we constructed a comprehensive evaluation
index system of green finance and the ecological environment. Table 1 shows the index and
statistical descriptions; the values presented in Table 1 are for regions in China.

Table 1. Comprehensive appraisal index system and statistical descriptions.

Description Unit Mean Std. Dev. Min Max

The market value proportion of
environmental protection enterprises to

total enterprises
% 1.479 2.485 0.000 22.427

The proportion of fixed asset investments
in water conservancy, environment, and

the public facilities management industry
to total social fixed asset investment

% 10.269 5.234 3.484 45.650

The proportion of interest expenses in the
output of six high-energy-consumption

industries to the total industry
% 58.616 18.655 16.451 116.258

The proportion of completed investment in
industrial pollution to GDP % 0.147 0.131 0.001 0.992

Total industrial wastewater discharge 10,000 tons 71,570.25 59,639.56 3453.0 296,318.0

Total industrial waste air
emission discharge

100 million
standard m3 18,079.460 15,778.840 533.000 87,297.970

Total industrial solid waste production 10,000 tons 12,512.900 21,066.850 91.000 265,481.500

The number of environmental
pollution incidents times 22.248 41.412 0.000 406.000
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Table 1. Cont.

Description Unit Mean Std. Dev. Min Max

The percentage of fiscal expenditure on
environmental pollution to GDP % 0.709 0.511 0.019 3.614

The percentage of environmental pollution
governance investment to GDP % 1.319 0.683 0.121 4.240

The harmless treatment rate of
domestic waste % 78.761 23.270 11.800 100.393

Total industrial wastewater treatment 10,000 tons 214,968.900 273,059.700 4213.491 2,125,782.000

The city sewage treatment rate % 76.298 21.515 0.210 100.000

Treatment capacity of industrial waste gas
treatment facilities 10,000 m3/h 118,491.00 301,661.10 449.361 3,190,759.0

Comprehensive utilization rate of
industrial solid waste % 66.100 20.374 15.903 99.600

The area of natural protection 10,000 hectares 356.988 560.576 9.038 2183.698

Public green area per capita m2 11.033 3.457 3.100 21.795

Green space rate of built-up area % 33.082 5.543 15.640 47.305

Forest coverage % 30.768 17.791 2.940 66.971

Electricity consumption 100 million kwh 1556.901 1291.464 56.620 6940.000

Energy consumption 10,000 tons of
standard coal 12,832.900 8441.495 684.000 42,441.410

Energy consumption per unit GDP ton of standard
coal/10,000 yuan 1.066 0.673 0.207 4.524

Total apparent CO2 emissions mt 94.206 132.486 0.200 879.816

Carbon intensity ton/10,000 Yuan 1.363 2.079 0.001 12.085

Note: (1) Data shown in Table 1 range from 2003 to 2020 in China; (2) the data source mentioned in Section 2.3.

Green finance aims to support economic activities, such as environmental improve-
ment and tackling climate change [37], by using comprehensive tools. Therefore, we chose
green securities, green industries, green credit, and green investments to comprehensively
calculate the development level of green finance, calculating the index of the market value
proportion of environmental protection enterprises to total enterprises; the proportion
of fixed asset investments in water conservancy, environment, and the public facilities
management industry to total social fixed asset investment; the proportion of interest
expenses in the output of six high-energy-consumption industries to the total industry; and
the proportion of completed investments in industrial pollution to GDP correspondingly.
Among them, according to the industrial category in the software of Tonghuasun, we chose
the environmental protection pattern of the enterprise as air governance, water governance,
solid waste governance, comprehensive environment governance, and environmental
protection equipment.

The ecological environment is a complex ecosystem related to the sustainable develop-
ment of society and the economy, and it is a comprehensive reflection of environmental
pollution and environmental governance [38]. Therefore, we chose the pollution intensity
of the ecological environment, the governance intensity of the ecological environment, the
construction level of the ecological environment, and energy intensity to calculate ecological
environmental development. Among them, the pollution intensity of the ecological environ-
mental represents the ecological polluted level caused by different types of pollution, such
as air and solid waste; an index of total industrial wastewater discharge, total industrial
waste air emission discharge, total industrial solid waste production, and the number of
environmental pollution incidents was chosen. Ecological environment governance inten-
sity reflects the governance performance of the different roles of government, enterprises,
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and individuals [39,40]; an index of the percentage of fiscal expenditure on environmental
pollution to GDP, the percentage of environmental pollution governance investment to
GDP, the harmless treatment rate of domestic waste, total industrial wastewater treatment,
the city sewage treatment rate, the treatment capacity of industrial waste gas treatment
facilities, and the comprehensive utilization rate of industrial solid waste was chosen. The
construction level of the ecological environment is the realistic manifestation of ecological
environment condition improvements, such as regional forest cover, and an important
foundation promoting ecological environment development [41]; an index of the area of
natural protection, public green area per capita, green space rate of built-up area, and forest
coverage was chosen. Traditional resources such as oil are an important source that leads
to ecological environment pollution, while clean energy, such as electricity, can efficiently
improve the ecological environment. Different production modes also play an important
role in changes in the ecological environment [42]; an index of electricity consumption,
energy consumption, energy consumption per unit GDP, total apparent CO2 emissions,
and carbon intensity was chosen.

2.2. The Analysis of CCFE and Driving Force
2.2.1. The Calculated Method of CCFE

Compared to comprehensive calculated methods, such as the analytic hierarchy pro-
cess, the entropy method can avoid subjective factors impacting the results and more
objectively evaluate the index [43,44]. Therefore, based on the entropy method, we calcu-
late the ecological environmental development level iecolgi in year i as follows:

iecolgi =
m

∑
j=1

wj × x′i (1)

In Formula (1), wj represents the weight of different samples; x′i refers to the standard-
ized index and is calculated as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

x′i =
xi−min{x1,...,xn}

max{x1,...,xn}−min{x1,...,xn}
pi = (1 + x′i)/

n
∑

i=1
(1 + x′i)

ej = −k
n
∑

i=1
pi × ln(pi), k = 1/ ln(n)

wj = dj/
m
∑
j

dj, dj = 1 − ej

(2)

In Formula (2), xi refers to the index value correspondently. A change in the numerator
of x′i to (max{x1, . . . , xn}-xi) will negatively standardize the value of xi. Additionally, pi
represents the weight of the sample index, ej refers to the information entropy in index j,
dj is the utility of index j, and n is the sample number; lastly, we calculate the weight of
different indices, wj. Similarly, we calculate the green finance development index igreeni
using the same method above.

2.2.2. The Calculation of Coupling Coordination

Referring to the definition of capacity coupling and the coefficient model in physics [45,46]
and setting the couple value between green finance and the ecological environment, we ob-
tained the coupling appraisal model between green finance and the ecological environment;
the couple value Cj in region j is calculated as follows:

Cj =

⎧⎨⎩Siecolg × Sigreen

(
Siecolg+Sigreen

2 )
2

⎫⎬⎭
k

, (k ≥ 2) (3)
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In Formula (3), k represents the number of coupling indices, and setting k = 2. How-
ever, the couple level cannot efficiently reflect the high and low levels of the coordinated
development between green finance and the ecological environment, especially since it
is difficult to represent the “overall efficacy” and “coordination effect” of regional green
finance and the ecological environment [47]. Additionally, we need to calculate the CCFE
of iccdnj, as follows:

iccdnj =
√

cj × tj, tj = αSiecolg + βSigreen (4)

In Formula (4), α and β are the important indicators of green finance and the ecological
environment, respectively. In the current global economic development condition, green
finance is as important as the ecological environment, setting α = β = 0.5. Referring to the
current research, we divided the CCFE types, as shown in Table 2.

Table 2. The CCFE type.

CCFE Level Type Efficacy Pattern

0.8 < iccdnj ≤ 0.1 Quality coordination (TCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0.6 < iccdnj≤ 0.8 High coordination (HCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0.5 < iccdnj ≤ 0.6 Middle coordination (MCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0.4 < iccdnj ≤ 0.5 Primary coordination (UCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0.3 < iccdnj ≤ 0.4 Basic un-coordination (EUCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0.2 < iccdnj ≤ 0.3 Middle un-coordination
(MUCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

0 < iccdnj ≤ 0.2 Extreme un-coordination
(DUCC)

Siecolg < Sigreen Ecological environment lagged

Siecolg ≈ Sigreen
Green finance and ecological environment

synchronization
Siecolg > Sigreen Green finance lagged

Note: Siecolg ≈ Sigreen refers to |Siecolg − Sigreen| ≤ 0.1.

2.2.3. The Spatial Analysis Method

Firstly, using the hot–cold model, we analyze the spatiotemporal evolution of the
CCFE. The hot-cold model can efficiently reflect the variation of variables with high or low
values [48,49] and remedy the shortcoming of the global or local Moran I index. Therefore,
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we adopt the Getis-Ord Gi* index to depict the spatiotemporal evolutionary characteristics
of the CCFE, as follows:

Gi∗ =

n
∑

i=1

n
∑

j=1
wijxixj

n
∑

i=1

n
∑

j 	=1
xixj

(5)

In Formula (5), xi > 0, xj > 0, and wij refers to the spatial weight matrix reflecting the
relationship between spatial units, calculated by the particle distance between provincial
capital cities as: wij = 1/dij. Meanwhile, it is the hot regions of the CCFE when Gi* > 1.96,
and it is the cold regions of the CCFE when Gi* < 1.96. In addition, we observe the hot–cold
characteristics of spatial unit i using the local Getis-Ord Gi* index, as follows:

Gi∗ =

n
∑
j 	=i

wijxj

n
∑
j 	=i

xj

(6)

Using the spatial hot–cold model, we can explore the evolutionary trend of the CCFE,
but we do not know why the evolutionary trend of the CCFE in different regions is
different, and we need to further analyze the driving forces of the CCFE. In fact, under
the national strategy of strengthening and promoting the financial services supporting
ecological environmental protection, the spatial correlation of the CCFE is more closed than
before [50]. Additionally, the spatial Durbin model (SDM) can better reflect the impacted
factor from spatial and temporal perspectives [51]. Therefore, we establish an SDM model
using the eco-geographical distance matrix (W), as follows:

ln(iccdnit) = α + βlnXit + ρWijln(iccdnit) + μi + υi + εit (7)

εit = λWijεit + ηit (8)

In Formulas (7) and (8), μi refers to the regional effect, υi refers to the time effect, εit
represents the random error item, and ρ is the spatially lagged item coefficient. Wij refers
to the spatial weight matrix in line i and column j, and it is defined as the product of
the economic weight matrix and the geographical weight matrix; the economic weight
matrix is calculated by the reciprocal difference in absolute values of GDP per capita.
X refers to the serial impacted factors; η refers to the random item. According to the
current reference, we analyze the driving factor of the CCFE from the perspectives of
economic development, industrial structure, population, and investment. Among them,
the industrial structure is calculated by the proportion of secondary industries to GDP
(rsecd). Compared to the other variables reflecting the technological innovation level, the
number of granted patent applications can realistically reflect the regional technological
innovation level [52]; hence, the number of granted patent applications was chosen to reflect
the regional technological innovation level (rpatent). The high-education resource is the
human resource of a region’s green finance and ecological environment development [53],
and the average number of students in high school was chosen to reflect regional human
resources (nedu). Investment is an important driving force promoting regional economic
development, and it is an important support for improving regional ecological environment
development [54]; the proportion of fixed investments to GDP (rfixed) was chosen to reflect
the regional investment level. Population is a key variable in changing the ecological
environment. The overloaded ecological pressure of population will restrict ecological
environment development, while a higher population will also promote regional economic
development [55]; the population urbanization rate (rurban) was chosen to reflect regional
economic development and population concentration intensity.
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2.3. The Sources of Materials

Without special statements, the data used in this article are from the China Statistics
Yearbook, the China Financial Statistics Yearbook, the China Fiscal Statistics Yearbook, and
the China Ecological Statistics Yearbook. Meanwhile, excluding the sample available in
hard copy from Tibet, we constructed panel data with 30 inland samples from 2003 to 2020
in China. Additionally, for the vacancy value in the samples, the five-year moving average
value was used to supplement the information. The logarithmic method in all variables
was used to reduce the impact of variation, and Table 3 shows the statistic descriptions.

Table 3. Urban resilience evaluation index system.

Variable Mean Std. Dev. Min Max Obs.

lniccdn −0.996 0.183 −1.644 −0.544 540
lnrurban 3.953 0.269 3.215 4.495 540
lnrsecd 3.789 0.225 2.760 4.119 540

lnrpatent 9.277 1.716 4.248 13.473 540
lnnedu 7.682 0.416 6.547 8.839 540
lnrfixed 4.158 0.432 2.359 5.250 540

Note: (1) ln refers to the logarithm of variables. (2) Std.Dev represents the standard deviation of the variable.
(3) Obs. is the total number of samples.

3. Results

3.1. The Spatiotemporal Evolution of the Regional CCFE
3.1.1. The Spatiotemporal Development Trend of the Regional CCFE

Using the Jackknife nature breakpoint method, Figure 2 shows the spatiotemporal
distribution of the green financial index, the ecological environmental development index,
the coupling index, and the regional CCFE in China. Among them, the circle size represents
the high or low level of the index, and the number of circles indicates the variation of
the CCFE.

Figure 2a shows the spatiotemporal evolution of the green finance index. Generally,
the average value of the green finance index ranges between 0.13 and 0.93, indicating that
green finance development in China is at a middle and low level, with a fluctuating upward
trend. Recently, China’s economy has entered a new stage of high-quality development,
strengthening the financial support for the green low-carbon transformation of industry and
life, and green finance development has improved steadily. Spatially, there are fewer regions
with low green finance indices; these are mainly concentrated in the eastern economic
development regions and the green development pilot zones in the central and western
regions. The eastern region has higher economic development to promote the high-quality
development of green finance, with more green financial institutions and stronger financial
innovation ability. The green financial pilot zones, such as Hubei province and Chongqing
city, had earlier explored the development of green finance and accumulated development
experiences to promote green finance development. Notably, the development level of
green finance in most regions has obviously changed, while Hubei province and Chongqing
city are stably developed, with a high development level. In 2011, Hubei province became
a trading pilot zone of carbon emission rights, and it has vigorously explored the trading
model of carbon emission rights, the Clean Development Model, and promoted regional
green finance development. Similar to Hubei province, Chongqing has also been a trading
pilot zone of carbon emission rights in China since 2011, and, in 2017, Chongqing issued
a “13th-Five-Year-Plan” to build a national functional financial center and was the first to
take the lead in launching a pilot project of green finance development at the provincial
level, especially protecting the ecological environment of the Yangtze River; accordingly,
Chongqing’s green finance development level is higher than in other regions.
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Figure 2. The evolutionary trend of related indices from 2003 to 2020. Note: (1) The symbol
(a–d) refers to the green finance index, the ecological environment index, the coupling index between
green finance and the ecological environment, and CCFE respectively.

Figure 2b shows the spatiotemporal evolution of the ecological environment index.
Generally, the average value of the ecological environment index ranges from 0.19 to
0.53, indicating that ecological environment development in China is also at a middle
and low level, with a steady upward trend. Recently, China has vigorously promoted
environmental protection and successively issued many environmental protection laws
and regulations to strengthen the governance of air pollution and carbon emissions; China
has also implemented the construction of shelter forest systems in key regions such as
the Yangtze River and coastal areas, construction projects of natural forest protection,
sandstorm governance in “Beijing-Tianjin-Hebei”, and fast-growing forests, which have
obviously improved the ecological environment. Spatially, there are more regions with
relatively higher ecological environment indices, and these regions are mainly concentrated
in the southeastern and northeastern regions. Additionally, there are fewer regions with
relatively lower ecological environment indices; these are mainly concentrated in the central
regions. In recent years, China has strengthened the ecological environmental governance
in the regions such as the Pearl River, enhanced the supervision of ecological environment
protection, promoted the green production transformation of core carbon reduction, and
improved the ecological development in related regions. At the same time, the central
regions with more natural resources, such as Shanxi province and Henan province, have
had more pressure on their ecological environments, such as air pollution and wastewater
governance, which have restricted the development of their ecological environments.

Figure 2c shows the spatiotemporal evolution of the coupling index between green
finance and the ecological environment. Generally, the average value of the coupling index
between green finance and the ecological environment ranges from 0.13 to 0.51, indicating
that the coupling index between green finance and the ecological environment in China
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is at a middle and low level, with a steady upward trend. Recently, in order to improve
the ecological environment, China has successively issued many policies, such as green
bond guidelines, and continuously constructed the green finance system, including green
credits, green stocks, green development funds, and green insurance. Additionally, the
objective reality faced by the ecological environment also provided a basis for green finance
innovation, deepening the mutual relationship between green finance and the ecological
environment. Spatially, the number of regions with higher coupling indices is large, with
small changes, and they are mainly located in the eastern developed regions, owing to the
developed finance development level and low-carbon industrial structure. The number of
regions with lower coupling indices is small, with obvious changes, and they are mainly
located in the northwestern regions and depend on less-green finance resources.

Figure 2d shows the spatiotemporal evolution of the CCFE. Generally, the average
value of the CCFE ranges from 0.10 to 0.60, indicating that the CCFE level in China is at
a middle and low level and in a primary coordinated stage, with a steady upward trend;
Hypothesis 1 is verified. Additionally, the results indicate that the interactive effect between
green finance and ecological development is more obvious. In fact, depending on the
development of the ecological environment, the innovation development of green finance
in China has been at the forefront of the world. Up to 2020, green loans in China reached
RMB 12 trillion, with a proportion of 6.9% of total loans, and green bond stocks also reached
RMB 813.2 billion, with zero default cases. Additionally, due to green finance innovations,
such as the carbon emission rights quota trading rule (CEA) and the securitization of
environmental rights and interests, the ecological environment has obviously improved,
especially in carbon reduction. As of 2020, the trade of CEA reached 76.92 million tons.
Moreover, the production methods of China are more obviously green. In 2021, the new
grid-connected capacity of photovoltaic power generation in China reached 54.88 million
kilowatts, and the proportion of clean energy in total energy consumption reached 25.5%,
increasing by 1.2% compared to 2020. Among them, the percentage of coal consumption
declined to 56.0%, decreasing by 0.95% compared to 2020. Spatially, the number of regions
with higher CCFE indices is small, and the regions with stable CCFE indices are mainly
located in the eastern developed regions and western green finance pilot zones, owing to
the related high development of financial and low-carbon industrial structures. The regions
with more fluctuating CCFE indices are mainly located in the central regions, restricted
by the high-carbon industry, similar to the above. The number of regions with lower
CCFE indices is large, with obvious changes, and they are mainly located in the central
and western regions. Similar to the above, the green finance resources in the central and
western regions cannot efficiently match the industrial green transformation development
as they are limited by the higher proportion of high-carbon industries and relatively fewer
financial resources.

3.1.2. The Spatiotemporal Evolution of Regional CCFE Type

Figure 3 shows the evolutionary trend of CCFE types in the years 2003, 2009, 2015, and
2020, respectively. Generally, the CCFE level has steadily increased, showing a relatively
concentrated distribution. In 2003, there were fewer regions with the primary type of CCFE,
such as Zhejiang and Sichuan, with a relatively spatially concentrated distribution, and
more regions with the basic un-coordination type of CCFE, such as Qinghai and Yunnan.
There is also a middle un-coordination type of CCFE, such as Gansu and Shanxi, with
a spatially concentrated contiguous distribution. In 2009, the regions with the middle
un-coordination type and the primary coordination type continuously narrowed, while the
regions with the basic un-coordination type and the middle coordination type gradually
expanded; accordingly, the spatial distribution is similar to 2005. Among them, the number
of regions with the basic un-coordination type expanded the most, and the number of
regions with the middle un-coordination type narrowed the least. In 2015, the regions
with primary coordination continuously expanded, while the regions with the middle
coordination type and the basic un-coordination type obviously narrowed. Among them,
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the number of regions with the primary coordination type expanded the most, showing
a more spatially concentrated contiguous distribution. In 2020, the number of regions,
such as Chongqing, with the middle coordination type and Guangxi and Jiangxi with the
primary coordination type, expanded to 1 and 18, respectively, and the number of regions,
such as Sichuan and Liaoning, with the basic un-coordination type and Shanxi with the
middle un-coordination type narrowed to 10 and 1 respectively. Among them, the number
of regions with the primary coordination type expanded the most, and the number of
regions with the middle un-coordination type narrowed the least. Spatially, the regions
with the middle coordination type are scattered and located in the western developed
provinces. The regions with the primary coordination type are contiguously concentrated
and distributed in the eastern coastal provinces. The regions with the basic un-coordination
type are concentrated and distributed in the southwestern and northeastern provinces,
and the regions with the middle un-coordination type are scattered and located in the
central provinces.

 

Figure 3. The evolutionary trend of CCFE type in years 2003, 2009, 2015, and 2020. Note: (1) The
abbreviations of MUCC, EUCC, UCC, and MCC are the CCFE types mentioned above.

Further, according to Table 3, Table 4 shows the CCFE pattern in 2003, 2009, 2015, and
2020. In Table 4, the spatial distributions of the four different CCFE patterns are quite dif-
ferent in the samples. The ecological lagged regions are located in the eastern economically
developed areas, the green finance development lagged regions are located in the central
and western areas, and the green finance and ecological environment synchronized regions
are mainly located in the western areas. Additionally, the green financial lagged pattern is
the main pattern of the CCFE; the number of regions in the green finance lagged pattern, the
ecological environment lagged pattern, and the green finance and ecological environment
synchronized pattern are 15 (more than), 14 (less than), and 8 (less than), respectively.
Meanwhile, regions with the ecological environmental development lagged pattern and
the green finance and ecological environment synchronized pattern are mainly with the
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primary coordination type, and regions with the green finance lagged pattern are mainly in
the basic un-coordination pattern. Therefore, the green finance lagged pattern is the main
pattern of the CCFE in the samples and less in the synchronized pattern, indicating that
there are more regions in the un-coordination relationship between green finance and the
ecological environment.

Table 4. The pattern of CCFE in the years 2003, 2009, 2015, and 2020, respectively.

Pattern 2003 2009 2015 2020

Ecological
environment

lagged

Jiangsu, Guangdong,
Zhejiang, Heilongjiang,

Hubei, Chongqing,
Guizhou, Tianjin,

Shaanxi

Shaanxi, Guizhou, Jilin,
Zhejiang, Guangdong,

Hubei, Tianjin

Guizhou, Hubei,
Tianjin, Chongqing

Heilongjiang, Anhui,
Guangdong, Jiangxi,

Zhejiang, Hubei,
Hunan, Tianjin, Fujian,

Shanghai, Shaanxi,
Chongqing

Green finance and
ecological

environment
synchronization

Jilin, Jiangxi, Sichuan,
Ningxia, Henan Chongqing, Henan

Shanghai, Shaanxi,
Fujian, Zhejiang,

Hunan, Guangdong,
Sichuan, Heilongjiang

Sichuan, Beijing

Green finance
lagged

Gansu, Liaoning, Shanxi,
Shandong, Qinghai,

Hebei, Guangxi, Anhui,
Xinjiang, Inner Mongolia,
Hainan, Hunan, Yunnan,
Beijing, Shanghai, Fujian

Gansu, Qinghai, Shanxi,
Inner Mongolia, Ningxia,

Hebei, Shandong,
Yunnan, Guangxi,
Liaoning, Hainan,

Xinjiang, Beijing, Hunan,
Anhui, Jiangsu, Sichuan,
Heilongjiang, Shanghai,

Jiangxi, Fujian

Qinghai, Ningxia,
Xinjiang, Shanxi,

Yunnan, Shandong,
Inner Mongolia, Hebei,

Liaoning, Guangxi,
Anhui, Hainan, Henan,
Jiangsu, Jiangxi, Beijing,

Jilin

Shanxi, Ningxia,
Hainan, Qinghai,

Yunnan, Shandong,
Gansu, Xinjiang,
Jiangsu, Hebei,
Guizhou, Jilin,

Liaoning, Henan, Inner
Mongolia

3.1.3. The Spatial Agglomerated Evolutionary Trend of the CCFE

Furthermore, Figure 4 shows the spatial agglomerated evolutionary trend of hot–cold
spot regions of the CCFE in 2003, 2009, 2015, and 2020. In 2003, Guizhou province in the
western region was in the high-value cluster of the CCFE, forming a hotspot region for
the coordinated development of green finance and the ecological environment. Guangxi
province in the western region was in the low-value cluster of the CCFE, forming a cold spot
region for the coordinated development of green finance and the ecological environment. In
2009, the spatial distribution of the hot–cold spot regions of the CCFE changed in an obvious
manner. Zhejiang province, Fujian province, and Guangdong province in the southeastern
economically developed regions; Hubei province, Anhui province, and Jiangxi province
in the central region; and Guizhou province in the western region were in the high-value
cluster of the CCFE, forming a hotspot region for the coordinated development of green
finance and the ecological environment. Gansu province and Qinghai province in the
western region were in the low-value cluster of CCFE, forming a cold spot region for the
coordinated development of green finance and the ecological environment. In 2015, the
spatial distribution of the hot–cold spot regions of the CCFE also changed in an obvious
manner. Fujian province and Guangdong province in the southeastern economically
developed regions; Anhui province, Hubei province, and Jiangxi province in the central
region; and Guangxi province and Guizhou province in the western region were in the high-
value cluster of the CCFE, forming a hotspot region for the coordinated development of
green finance and the ecological environment, with no cold spot regions. In 2020, the spatial
distribution of the hot–cold spot regions of the CCFE changed greatly. Fujian province
and Guangdong province in the southeastern economically developed regions and Jiangxi
province in the central region were in the high-value cluster of the CCFE, forming a hotspot
region for the coordinated development of green finance and the ecological environment.
The Inner Mongolia Autonomous Region in the western region was in the low-value cluster
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of the CCFE, forming a cold spot region for the coordinated development of green finance
and the ecological environment.

 

Figure 4. The spatial agglomerated evolutionary trend of hot–cold spot regions of the CCFE in the
years 2003, 2009, 2015, and 2020, respectively. Note: (1) The symbol (a–d) refers to the green finance
index, the ecological environment index, the coupling index between green finance and the ecological
environment, and CCFE re-spectively.

Therefore, the hot spot regions of the CCFE are mainly located in the eastern region,
while cold spots are mainly distributed in the western region; the results are basically con-
sistent with the spatial distribution of the three patterns of the CCFE in Figure 2. Compared
to other regions, the eastern coastal region is an area with a high economic development
level, especially with more green financial resources and lower carbon industrial structures;
most cities there are hot spots of the CCFE.

3.2. The Driving Force Analysis of CCFE
3.2.1. The Analysis of the Benchmark Model

According to the result of the Hausman test, reducing the impact of the endogenous
problem, this study controlled the time effect and spatial effect of the samples and adopted
the fixed-effect SDM model with a two-order lag and eco-geographical matrix to estimate
the results of the benchmark model. Meanwhile, in order to test the stability of the es-
timation results, the stepwise regression model was used; Table 5 shows the estimation
results of the benchmark model. In Table 5, the spatial correlation coefficients of spatial
rho are significantly positive at the 1% confidence level, indicating that the coordinated
development of green finance and the ecological environment in the eco-geographical
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adjacent province is conducive to promoting the coordinated development of green finance
and the ecological environment at the local level, showing a significantly positive spatial
spillover effect.

Table 5. The estimation results of the benchmark model.

Variable (1) (2) (3) (4) (5)

L.Wlniccdn 1.474 *** 1.585 *** 1.356 *** 1.018 ** 0.859 *
(3.78) (4.09) (3.33) (2.30) (1.94)

lnrurban 0.143 ** 0.234 *** 0.183 ** 0.228 ** 0.274 ***
(2.21) (3.26) (2.39) (2.19) (2.58)

lnrsecd −0.166 *** −0.172 *** −0.159 *** −0.162 ***
(−3.29) (−3.40) (−3.05) (−3.13)

lnrpatent 0.0217 0.0246 0.0281 *
(1.35) (1.50) (1.72)

lnnedu −0.0423 −0.0791
(−0.84) (−1.49)

lnrfixed 0.00875
(0.48)

W×lnrurban −1.582 *** −1.198 * −0.0603 −0.846 −0.120
(−2.60) (−1.77) (−0.07) (−0.81) (−0.11)

W×lnrsecd −1.203 * −1.751 ** −2.108 *** −2.185 ***
(−1.80) (−2.53) (−2.92) (−3.03)

W×lnrpatent −0.384 ** −0.403 ** −0.373 **
(−2.23) (−2.29) (−2.12)

W×lnnedu 0.932 1.059 *
(1.52) (1.66)

W×lnrfixed −0.611 ***
(−2.84)

Spatial rho 0.716 *** 0.694 *** 0.693 *** 0.753 *** 0.781 ***
(2.68) (2.61) (2.62) (2.79) (2.88)

R2 0.004 0.053 0.022 0.067 0.072
N 510 510 510 510 510

Note: (1) *, **, *** represent significance at the 10%, 5%, 1% confidence levels. (2) The number in parentheses is the
t-value. (3) L. refers to the first-order lag. (4) W is the spatial weight matrix. (5) N refers to the number of samples.
(6) R2 refers to the coefficient of determination. (7) The chi2(5) value of the LR test in column (5) is 29.48, with
a p-value equal to 0.0000, indicating that the SDM model chosen is more suitable than the others; in the other
columns, this conclusion is still valid.

The lag term of the CCFE is significantly positive at the 1% confidence level, indicating
that the CCFE in previous periods had a significant positive impact on the development
of the period and the coordinated development of green finance and the ecological en-
vironment has a positive cumulative transfer effect. As mentioned above, the CCFE in
China showed a steady upward trend and objectively confirmed the positive cumulative
transfer effect. The coordinated development model of green finance and the ecological
environment in previous periods can provide an improvement and innovation basis in the
future by processing the “improving–optimizing–improving- . . . ” process to continuously
promote the coordinated development of green finance and the ecological environment.

The population urbanization rate is significantly positive at the 1% confidence level,
indicating that the increase in urbanization rate is conducive to promoting the CCFE.
Currently, China is continuously developing new urbanization without sacrificing the
development of agriculture, ecology, and the environment and promoting infrastructure
integration and public services equalization between urban and rural spaces. Additionally,
ecological environment development will enter into a healthy track and improve accord-
ingly when the increase in the population urbanization rate matches the corresponding
social resources, such as the economy, medical care, education, and material resources such
as water and energy. Therefore, the development of new human-centered urbanization will
improve the development of the ecological environment and be beneficial to promoting the
coordinated development of green finance and the ecological environment.
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The percentage of secondary industries to GDP is significantly negative at the 1%
confidence level, indicating that the increase in the proportion of secondary industries is not
conducive to the development of the CCFE. The proportion increase of secondary industries
will continuously enhance ecological pollution pressures such as carbon emissions if it
ignores the structure optimization of raising the percentage of newly strategized industries,
such as the manufacturing service industry, and green low-carbon transformation, such
as the production of clean energy. Additionally, the customized secondary industries
with high carbon emissions and high waste energy will increase the compliance risk and
operation risk of market actors such as enterprises, reducing the green credit motion of
financial institutions such as banks, and this will not favor the coordinated development of
green finance and ecological development. Meanwhile, the spatially lagged coefficients
W×lnrsecd are significantly negative at the 10% (at least) confidence level, indicating that
the proportion increase of secondary industries in eco-geographical adjacent provinces will
siphon local provincial resources such as green finance, ecological talents, and technology
and be detrimental to the local development of the CCFE.

The number of granted patent applications is significantly positive at the 10% con-
fidence level, indicating that the development of the regions’ technological innovation
will promote the development of the CCFE. Improving regional technological innovation,
on one hand, can enhance the development quality of the ecological environment, using
clean energy and green buildings such as tidal energy, nuclear energy, carbon capture,
clean buildings, and incineration flue gas purification technology. On the other hand,
embedding advanced technology such as blockchain, cloud computing, artificial intelli-
gence, and big data in the innovation of financial products and services can efficiently
improve the efficiency of green finance by servicing ecological environment development
and realizing the efficient and coordinated development of green finance and the ecological
environment. The spatially lagged coefficients W×lnrpatent are significantly negative at
the 5% confidence level, indicating that the improvement of technological innovation in
eco-geographical adjacent provinces will siphon local, provincial resources such as tal-
ents and technology and be detrimental to the local development of the CCFE. Therefore,
Hypothesis 2 is verified.

3.2.2. The Heterogeneity Analysis

Furthermore, we analyzed the heterogeneity of driving forces on the CCFE. Time-wise,
we set the year 2014 as the time split point, considering the environment protection law of
China was formally implemented in 2015, and explored the impact difference of this driving
force before or after the implementation of the law. Spatially, we divided the samples into
four regions—east, center, west, and northeast—according to the National Development
and Reform Commission of China and analyzed the impact of the heterogeneity of different
factors on different regions. Table 6 shows the estimation results.

Table 6. The heterogeneity estimation results of influence factors.

Variable
(6) (7) (8) (9) (10) (11)

≤2014 >2014 East Center West Northeast

L.lniccdn 0.566 *** 0.361 *** 0.436 *** 0.507 *** 0.464 *** 0.115
(13.25) (4.82) (8.37) (7.17) (7.69) (1.01)

lnrurban 0.00583 0.0472 0.424 * −1.655 *** −0.907 *** 1.869 *
(0.04) (0.17) (1.77) (−2.62) (−2.67) (1.70)

lnrsecd −0.0715 −0.319 *** 0.0326 0.137 −0.191 0.351
(−1.16) (−3.18) (0.28) (0.82) (−1.36) (1.44)

lnrpatent −0.00470 0.0194 −0.0124 0.0358 0.129 *** −0.0288
(−0.28) (0.67) (−0.49) (0.80) (2.76) (−0.30)

lnnedu −0.0178 0.0736 −0.312 *** 0.502 ** 0.266 ** −0.400
(−0.30) (0.59) (−2.84) (2.39) (2.09) (−0.59)
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Table 6. Cont.

Variable
(6) (7) (8) (9) (10) (11)

≤2014 >2014 East Center West Northeast

lnrfixed 0.0346 −0.0833 *** −0.155 *** −0.0830 −0.137 * −0.0758 **
(1.05) (−3.22) (−2.82) (−1.57) (−1.66) (−2.00)

W × lnrurban −1.145 ** 6.191 ** −0.325 1.516 * 1.044 * −2.882 *
(−2.15) (2.41) (−0.73) (1.75) (1.88) (−1.69)

W × lnrsecd −1.027 *** −3.170 *** −0.103 −0.412 * −0.00163 −0.813 *
(−4.46) (−2.87) (−0.66) (−1.69) (−0.01) (−1.80)

W × lnrpatent 0.102 0.370 −0.0307 −0.0684 −0.183 ** 0.0474
(1.62) (1.16) (−0.90) (−0.81) (−2.18) (0.35)

W × lnnedu 0.234 * −0.754 0.361 ** −0.395 −0.327 0.429
(1.81) (−0.53) (2.33) (−1.52) (−1.57) (0.59)

W × lnrfixed −0.107 −0.321 0.299 *** 0.196 * 0.332 ** 0.225 **
(−0.93) (−1.09) (2.67) (1.91) (2.07) (2.08)

Spatial rho 0.535 *** 1.168 ** 0.496 *** 0.397 *** 0.321 ** 0.331 *
(4.65) (2.36) (5.26) (2.59) (2.15) (1.72)

R2 0.689 0.044 0.387 0.799 0.609 0.002
N 330 180 170 102 187 51

Note: (1) *, **, *** represents significance at the 10%, 5%, 1% confidence levels. (2) The number in parentheses is
the t-value. (3) L., R2, W, N are similar to the above.

From the perspective of time heterogeneity, in the years after 2015, the percentage of
secondary industries and the percentage of fixed investments are significantly negative
at the 1% confidence level, indicating that the increase in the proportions of secondary
industries and fixed investments is not conducive to the development of the CCFE after
2015. After 2015, the implementation of the national environment protection law obviously
increased the trade cost of illegal environmental activities such as environmental disruption
and ecological pollution. Currently, the industry proportion of high energy consumption,
high pollution, and wastewater in secondary industries is also high in China; increasing
traditional secondary industries will raise the operational cost of enterprises and enhance
the risk pressure of green financial institutions such as commercial banks, decoupling the
development of the CCFE. In addition, the spatially lagged coefficients W×lnrsecd are still
significantly negative at the 1% confidence level and are not affected by the time changes.

From the perspective of regional heterogeneity, the population urbanization rate is
significantly positive at the 10% confidence level in the eastern region and the northeastern
region and significantly negative in the western region. The result indicates that the
increase in the population urbanization rate in the new urbanization is conducive to the
development of the CCFE in the eastern and northeastern regions and not in the western
region. As mentioned above, the eastern region in China is an economically developed
area, and the development of new urbanization can promote the high-quality development
of the CCFE, while the northeastern region has incremental development at a low level.
Meanwhile, the western and central regions face serious constraints of ecological protection
issues, especially the low-carbon transformation pressure of green industries, ecological
fragility such as soil erosion, and an overly high proportion of heavy industries in the
upper Yellow River Basin; the slowing construction of new urbanization has restricted
the development of CCFE correspondingly. Additionally, the spatially lagged coefficients
W×lnrurban in the central and western regions are still significantly negative at the 10%
confidence level and significantly negative at the 10% confidence level, indicating that the
increase in the population urbanization rate in eco-geographically adjacent provinces has a
spatial positive spillover effect on local provinces in the central and western regions and a
negative spatial spillover effect on the northeastern region.

The number of granted patent applications is significantly positive at the 1% confidence
level in the western region, indicating that the development of technological innovation
is conducive to the development of the CCFE in the western region. Additionally, the
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spatially lagged coefficients W×lnrpatent in the western region is significantly negative at
the 5% confidence level, indicating that the development of technological innovation in
eco-geographically adjacent provinces has a spatial negative spillover effect on the local
provinces; the siphon effect is more obvious in the western region.

The number of students of high education per 100,000 inhabitants in the population
in the eastern region is significantly negative at the 1% confidence level and significantly
positive at the 5% confidence level in the central and western regions, indicating that
there should be more emphasis on the structure and not the scale of talents in the eastern
region; strengthening the scale of talents in the central and western regions is conducive to
promote the development of the CCFE correspondingly. Additionally, the spatially lagged
coefficients W×lnnedu in the eastern region are significantly negative at the 1% confidence
level, indicating that the expansion of high education resources in the eastern region has a
spatial positive spillover effect, promoting the development of the CCFE in local provinces.
Similar to the results above, the proportion of fixed investments is significantly negative at
the 10% confidence level in the eastern region, western region, and northeast region, and
the spatially lagged coefficients W×lnrfixed are significantly negative at less than the 10%
confidence level.

3.2.3. The Analysis of the Spatial Spillover Effect

In addition, according to Formula (7) and the results in Table 5, Table 7 shows the total
spatial effect, direct effect, and indirect effect of the CCFE.

Table 7. The estimation result of the spatial spillover effect.

Variable
(12) (13) (14) (15) (16) (17)

SR_Direct SR_Indirect SR_Total LR_Direct LR_Indirect LR_Total

lnrurban 0.268 *** −0.188 0.080 0.266 ** −0.115 0.151
(2.56) (−0.28) (0.11) (2.09) (−0.07) (0.08)

lnrsecd −0.167 *** −1.183 *** −1.350 *** −0.233 *** −2.664 * −2.897 *
(−3.29) (−2.78) (−3.06) (−2.98) (−1.6) (−1.68)

lnrpatent 0.026 ** −0.218 ** −0.192 ** 0.016 −0.428 −0.412
(1.62) (−2.1) (−1.77) (0.79) (−1.39) (−1.28)

lnnedu −0.073 0.640 0.567 −0.043 1.261 1.218
(−1.5) (1.54) (1.39) (−0.71) (0.98) (0.92)

lnrfixed 0.006 −0.359 *** −0.353 ** −0.012 −0.749 −0.761
(0.34) (−2.57) (−2.46) (−0.47) (−1.53) (−1.5)

lnrurban 0.268 *** −0.188 0.080 0.266 ** −0.115 0.151
(2.56) (−0.28) (0.11) (2.09) (−0.07) (0.08)

Note: (1) *, **, *** represents significance at the 10%, 5%, 1% confidence levels. (2) The number in parentheses is
the t-value. (3) SR and LR refer to the short-term and long-term periods, respectively.

The direct effects of the population urbanization rate in the short and long term
are significantly positive at the 1% confidence level, indicating that the increase in the
population urbanization rate can promote the development of the CCFE in the inner regions.
The total effect, direct effect, and indirect effect of the proportion of secondary industries
in the long and short term are significantly negative at less than the 10% confidence
level, indicating that the enhancement of the proportion of secondary industries is not
conducive to CCFE development in the overall, local, and eco-geographically adjacent
regions. Accordingly, the direct effect of the proportion of secondary industries is larger
than the indirect effect, showing that the restricted effect is obvious in external regions. The
direct effect of the number of granted patent applications in the short term is significantly
positive at the 5% confidence level, and the total effect and indirect effect in the short term
are significantly negative at the 5% confidence level, indicating that the improvement of
technological innovation is not conducive to the development of the CCFE in the short
term. Particularly, the inhibitory effect of technological innovation is especially obvious in
the local region, while the promoted effect is significant in the eco-geographically adjacent
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region. The total effect and indirect effect of the proportion of fixed investments in the short
term are significantly negative at the 5% confidence level, indicating that increasing the
proportion of fixed investments will restrict the development of the CCFE in the overall
sample and eco-geographically adjacent provinces.

4. Discussion

This article analyzes the evolutionary trend of the CCFE from 2003 to 2020 in China,
and the results show that the CCFE in China is at a primary stage, with a fluctuating
upward trend. Spatially, the CCFE shows spatiotemporal evolutionary characteristics,
such as higher values with fewer changes in the eastern region and lower values with
more changes in other regions. Most regions are dominated by the primary coordination
type, followed by the basic un-coordination type, and there are fewer regions with the
middle un-coordination type and the middle coordination type. Correspondingly, the green
finance lagged pattern is the main type in all samples, and few regions have reached the
economic-ecological synchronized pattern. Consistent with Zhang et al. (2022) [56], it is
believed that green finance and environmental performance in China are in the primary
coordinated stage, with a spatial distribution pattern of orderly decrease from east to west.
Using the Getis Ord Gi* index, we analyzed the hot–cold spot evolutionary trend of the
CCFE, and the result showed that the hot spots of CCFE are concentrated in the eastern
region, such as the Pearl River, with an “increase–decrease” development trend in the
spatial space, while the cold spots are located in the western region, such as the upper
Yellow River Basin, with a stable spatial space. Similar to the results of Lv et al. (2021) [57],
it is believed that there is a development gap in green finance, especially in the eastern
region, with a polarization phenomenon.

The spatial Durbin model was used to analyze the driving force of the CCFE. The
development of the CCFE in eco-geographically adjacent provinces shows a significantly
positive spatial spillover effect and a cumulative transfer effect. Enhancing the population
urbanization rate is conducive to the development of the CCFE, and the promoted effect
is obviously significant in the eastern and northeastern regions, while it is negative in the
western region. Actually, the development of the ecological environment and urbanization
in the western regions is relatively lower than in other regions [58]; this has restricted
CCFE development accordingly. The overly high proportion of secondary industries is not
conducive to the development of the CCFE [59], especially after 2015. The improvement in
regional technological innovation is conducive to CCFE development [60,61]. However,
technological innovation shows a competitive effect that is especially obvious in the western
region. Additionally, the high education resources in the eastern region are not conducive
to the development of the CCFE, and the positive spatial spillover effect is significantly
obvious in the eco-geographically adjacent province. In contrast, the high education
resources in the central and western regions are conducive to the development of the CCFE.
In addition, the proportion of fixed investments is not conducive to the development of the
CCFE in the eastern region, western region, and northeastern region, showing a positive
spillover effect in eco-geographically adjacent spaces.

Finally, according to the spatial Durbin model, we found the spatial spillover effects
of different driving forces. The increase in the population urbanization rate promotes
the development of the CCFE in the sample, significantly reducing ecology and natural
resource pressures such as water for humans, similar to the findings of Kassouri (2021) [62].
The increase in the proportion of secondary industries is not conducive to the development
of the CCFE, and the direct effect of the proportion of secondary industries is more obvious
than the indirect effect. In contrast, the restricted effect of the proportion of secondary
industries in the development of the CCFE is stronger in the external regions [63]. The
improvement of technological innovation in the short term has a negative impact on the
development of the CCFE, and the restricted effect on the local level is more obvious, pro-
moting the development of the CCFE in eco-geographically adjacent provinces. In addition,
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the increase in the proportion of fixed investments is not conducive to the development of
the CCFE in the overall sample and the eco-geographically adjacent provinces.

However, our study has several limitations. Firstly, the study period was from 2003 to
2020. For data limitation, we did not extend the data to 2021 or before 2003, and statistical
bias may underestimate the development of the CCFE. Second, limiting data accessibility,
green finance was not calculated by more micro-related indicators in the green finance
field, such as provincial green investments and loans. This might have resulted in the
underestimation of the green finance impact. Third, this article analyzed the macro driving
force of the CCFE directly but did not emphasize the factors and mechanism of any aspect
deeply. Therefore, we may have to empirically analyze the driving force of one or more
micro aspects in the future.

5. Conclusions

This article analyzes the overall characteristics, spatiotemporal distribution patterns,
and evolutionary characteristics of the spatial clustering and driving force of the CCFE,
and the results can be concluded as follows:

(1) The CCFE in China is at the primary stage, with a fluctuating upward trend, show-
ing spatial distribution characteristics, such as being higher in the eastern region
and lower in other regions. Additionally, there are more regions with the types of
primary coordination and basic un-coordination and fewer regions with the middle
un-coordination and middle coordination types. Moreover, most regions dominated
with the green finance lagged pattern, and fewer regions reached the finance-ecology
synchronized pattern.

(2) The hot spots of the CCFE are located in the eastern region, such as the Pearl River,
showing an “increase–decrease” development trend in the spatial space. Additionally,
the cold spots of the CCFE are concentrated in the central and western regions, such
as the Yellow River Basin, with a stably spatial space.

(3) There is a positive spatial spillover effect in the eco-geographically adjacent space
in the development of the CCFE, with a significant cumulative transfer effect. The
population urbanization and the number of granted patent applications have a signifi-
cant positive impact on the CCFE, and the proportion of secondary industries has a
significant negative impact. Spatially, the proportion of secondary industries and the
number of granted patent applications have a negative impact on the development
of CCFE in the eco-geographically adjacent space. Meanwhile, the influence and
spatial effect of different factors on the development of the CCFE have an obvious
heterogeneity in the different time and spatial ranges.

6. Policy Implications

Realizing the synchronized development of green finance and the ecological envi-
ronment is an important direction of China’s green finance development and ecological
environment protection in the “14th-Five-Year-Plan” period. Combined with the conclu-
sions above, some policy implications are as follows:

(1) Continuously promote the coordinated development of green finance and the eco-
logical environment. On one hand, in top-level rule design, it is necessary to take
improvements in ecological environment quality as the fundamental goal and pro-
mote the quality development of green finance [64]. Green development should be
closely integrated with the development targets of China in the 14th-Five-Year-Plan
period. The production and service innovation of green finance should be combined
with goals such as energy conservation, emission reduction, and clean production at
each stage to place green finance into the micro construction circle of the ecological en-
vironment. On the other hand, it is necessary to accelerate green finance innovation to
promote the high-quality construction of the ecological environment. In the national
and provincial green finance reform and innovation demonstration zones, innovative
experience as a model, production, service, and technology of green finance should
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be continuously explored to create a replicable and popularized model of coordinated
development of green finance and the ecological environment, playing on positive
cumulative transfer effects of CCFE.

(2) Classify and orderly complement the developmental shortcomings of green finance
and the ecological environment. In one aspect, under the premise of continuously en-
hancing innovations such as green bonds and green securities, the eastern developed
region should focus on the construction of the ecological environment, emphasize
environmental issue governance such as soil erosion, soil salinization, water pollution,
haze, and carbon emission, and supplement the infrastructure construction of rural
environmental protection. Meanwhile, the eastern region should raise their regu-
latory standards and accelerate the transmission velocity of low-carbon industries.
In other aspects, under the premise of reinforcing the construction of the ecological
environment, the central and western regions should comprehensively use green
financial tools such as green standards, environmental risk management [65], and
fiscal discounts to improve the high-quality development of green finance. Especially
in the key fields of current green technology, such as carbon capture and storage, they
should strengthen the support of green finance.

(3) Strengthen the cooperation and the regional demonstration effect of coordinated
development. China should take full advantage of the coordinated development
of green finance and ecological environment development in different regions and
deeply embed the coordination relationship between green finance and the ecological
environment to create a healthy interactive development [66]. On one hand, it should
continuously take advantage of the demonstration and leading effects of national
green finance reform and innovation zones such as Guangzhou and Zhejiang, pro-
mote the green finance model, green credit resources, and green technological talent
spillovers into the periphery region, and improve the high-quality development of
green finance in adjacent regions. On the other hand, it should continuously take
advantage of the demonstration and leading effects of national ecological environ-
ment zones such as Fujian, Jiangxi, Guizhou, and Hainan, replicate and promote the
demonstration experience, such as water resource and environmental governance,
rural living environment governance, ecological protection and restoration, ecologi-
cal poverty alleviation, and ecological compensation, and improve the high-quality
development of the ecological environment in adjacent regions.

(4) Fully release the element dividends, such as population, green industry, and tech-
nological innovation. Authorities in the eastern region, such as the Zhejiang and
Guangdong authorities, should optimize the talent structure in green finance and
the ecological environment and introduce high-level talent to the field of technolog-
ical innovation and green corporation governance. The government in central and
western regions should expand the talent scale in the coordinated development of
green finance and the ecological environment and encourage and support the inno-
vation and entrepreneurship of talent from eastern economically developed regions.
Additionally, on the premise of adhering to the high-quality development of the real
economy, the decision-makers should enhance the percentage of green industries,
such as clean energy, green transportation, and green buildings, accelerate the green
and low-carbon transformation of industrial structures [67], reduce emissions such
as carbon emissions, and build a carrier for the coordinated development of green
finance and the ecological environment. In addition, policymakers should strengthen
innovation in technology, such as big data and cloud computing, promote the in-
novation of green service models and products, and improve the service efficiency
of green finance. Moreover, it should enhance the basic research on applications
such as the large-scale utilization of renewable energy, energy conservation, power
batteries, and new power systems; accelerate technological innovation in electrical
safety, high-efficiency photovoltaics, low-cost carbon dioxide capture, utilization and
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storage, and large-capacity energy storage; and improve the efficiency of different
technology services for ecological environment construction.
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Abstract: Concern has been expressed in many parts of the world that community relations in rural
areas are breaking down, making issues such as rural environmental degradation harder to resolve
without external regulation. Guanxi is a specific Chinese idiom for characterizing social networks,
as a broad term to represent existing relations among people, which can be loosely translated as
“relationship”. Based on a case study of an underdeveloped mountainous area of Southern China,
this paper examined the problem from the perspective of guanxi, and explored the impacts of
internal group differentiation catalyzed by pig farming pollution and the subsequent influences
on the distribution of costs and benefits of different shareholders. It was found that the guanxi
in the village were changed from blood relationship centered to economic interest centered. This
disparity exerts a significant influence on the distribution of costs and benefits of pollution control
and exacerbates environmental inequalities. This means that pig farmers dominated the narrative
of pig farming pollution, while the ordinary villagers chose to suffer without protesting, which
hinders the advancement of pollution control, and pig farmers took the benefits of weak pollution
control and managed to transfer the external cost to others, while others became direct victims.
The paper concludes that the rich become richer and the poor become poorer in both economic
and environmental perspectives. It is strongly suggested that guanxi should be integrated into the
consideration and decision-making process of rural environmental governance in order to guarantee
the efficiency and efficacy of its implementation.

Keywords: environmental equality; guanxi network; pig farming pollution; cost and benefit sharing;
China

1. Introduction

Environmental problems in rural or farming areas have become a major obstacle for
creating a “beautiful countryside” and implementing the Rural Revitalization Strategy
in China [1,2]. Increasing rural environmental pollution has been shown to threaten the
physical and mental health of farmers, as well as regional ecological safety; this poses a
serious challenge for state-led rural environmental governance, which has, thus far, failed
to address the complex challenge of balancing economic development and environmental
pollution control in rural areas [3]. Pig farming pollution is a big challenge for rural
environmental protection and sustainable development in rural China. For example, in 2017,
689 million pigs were sold, and the chemical oxygen demand of the livestock and poultry
industry reached 100.55 million tons, accounting for 93.8% of the total emissions from
agricultural sources. Even though national policies for the control of livestock and poultry
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pollution were introduced and related public investments increased, many problems remain
unsolved, while new problems and conflicts emerge [4–7].

One easily observable—yet often neglected—factor here is rural guanxi networks.
Many scholars note that “guanxi” are extremely important in underdeveloped rural areas of
developing countries, particularly when they serve as a mechanism for addressing problems
in the transformation of rural society, in the absence of official laws and regulations [8,9].
According to Grootaert’s study on rural Indonesia [10], guanxi networks assist the poor
more, because for them, returns on guanxi are higher than they are for the rich. Meanwhile,
some scholars find that in rural areas, the rich or the elite have much stronger guanxi
networks than the poor, and that the benefits they obtain from them are much greater than
those obtained by the poor [11]. In the field of rural environmental governance, studies
find that difficulties in implementing rural environmental policies can be attributed to rural
guanxi networks, and that these are also closely related to rural social inequities [12]. The
traditional guanxi is a very important factor in driving rural environmental improvement
in China [13].

Guanxi networks are embedded in every aspect of rural society [9,13–15]. As a
localized society in nature, rural China’s development and governance mechanisms have
been profoundly shaped by guanxi networks [16–18]. In the context of rapid urbanization
and dramatic rural transformation in China, traditional mechanisms are disintegrating,
while market mechanisms have not yet taken shape; therefore, guanxi networks still play
an important role [13,19]. Specifically, the influence of guanxi networks on the governance
of public rural affairs is highly likely to trigger new social inequalities, thereby further
affecting governance efficiency and even social stability. However, these problems have not
received adequate attention—practically or theoretically.

Thus, this study attempted to answer the following two issues based on a case study
of an underdeveloped mountainous area of Southern China:

(1) how do the guanxi networks among the villagers change by livestock farming?
(2) how do guanxi networks shape the way in which the costs and benefits of pig farming

are distributed?

2. Literature Review

Guanxi is frequently mentioned in Chinese society, and is also an indispensable anal-
ysis perspective [20]. After comparing the social system of China and that of the West,
Studies found that Chinese society is neither individual-based nor society-based, but
guanxi-based [21]. A large part of the literature suggests that guanxi networks appear
particularly important to understand the economy, politics, and culture of Chinese rural so-
ciety [21–23] Literally, it is similar to “relationship”, but with more emphasis on connection
and interaction. It is regarded as both “social networks” and “social capital” [16,22], espe-
cially in Western literature. In a Chinese context, guanxi also refers to “private contacts”.
Studies summarize its fundamental characteristics: (1) as constituted by relations among
different actors and may be deemed a series of social contacts of actors; (2) these contacts
are of a relatively long duration; and (3) its main function is to offer mutual assistance in
need [24].

The controversy surrounding the definition of guanxi remains, and more studies are
starting to apply the concept of guanxi inter-disciplinarily because of its strong explanatory
power [20,25]. Thus, the purpose of this study was not to provide an accurate understand-
ing of guanxi or relationships, but to use its common understanding with special emphasis
on its function and subsequent impacts on rural environmental governance. Based on
existing research, our starting point was that guanxi networks comprise interpersonal rela-
tionships between individuals and their peers on the basis of ethics, emotions, and interests;
it also represents social contacts produced and reproduced in a constant exchange process.

It has been widely discussed that guanxi contributes significantly to rural societies.
For example, studies find that guanxi can significantly promote the development of rural
enterprises [26]. During the process of urbanization and industrialization, guanxi networks
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also boost rural labor mobility [27]. In addition, guanxi is critical for the implementation
of top-down policies [28] and improves the efficiency and efficacy of rural public goods
supply [15].

However, the influence of guanxi networks on rural environmental governance has
not attracted much attention [13,29,30]. Unlike relationship networks in Western cultures,
guanxi networks in China are not official organizational ones, even though they play a
crucial role in rural governance, such as by organizing environmental movements and
promoting their success [23]. It has been widely recognized that Chinese top-down en-
vironmental governance is faced with serious challenges in rural areas. For example,
environmental governance may lead to conflicts between local demands and those priori-
tized by the central government [31,32]. Furthermore, there are other factors that weaken
the government’s policy enforcement capability in rural areas, such as the dispersed,
non-point sources of environmental pollution, difficulties in identifying and monitoring
pollution sources, the high costs of information access, and the excessive number of actors
involved [33,34]. Consequently, more attention should be paid to the rural community
itself. Hodge (2001) recommended that agricultural environmental policy should estab-
lish a broader institutional framework between different organizations and individuals,
including considering rural informal institutions [35]. North (1990) demonstrated that
guanxi networks exist as a form of informal rural institution [36]. Therefore, it appears
particularly important to explore environmental governance within rural communities
from the perspective of guanxi networks [37,38]. Considering the cultural “fertile soil” for
the development of guanxi in rural China, it is particularly important to understand the
economy, politics, and culture of Chinese rural society from the perspective of guanxi [39].

Rural environmental management is a typical regional public good, and many studies
center on its efficiency and efficacy [2,40,41]. Yet, existing studies have not conducted
in-depth analyses on the distribution of cost and benefit related to rural environmental
treatment among different stakeholders, even though some might be beneficiaries, while
others are victims [42]. Hanson argued that an overall high efficiency does not guarantee
equality [43]; instead, in the overwhelming majority of cases, unbalanced distribution
results in environmental inequalities [44]. For example, considering products/services
that are harmful to the environment, the poor often take greater environmental risks to
achieve cost-effectiveness, and are unable to enjoy the benefits of environment-friendly
products/services [45]. This indicates that the costs of environmental policies dispropor-
tionately fall upon low-income groups, while the benefits of environmental policies are
often largely reaped by high-income groups [46].

At present, Chinese rural society has become seriously stratified, meaning that the
disparity between villagers in income, occupation, and social capital, among other factors,
has brought about unequal access to resources, services, and social status. Moreover, it
differentially affects villagers’ benefits from the supply of rural public goods (i.e., roads
and environmental governance) [31]. It is therefore imperative to systematically investigate
the influence of guanxi networks among different groups in Chinese rural society and its
effects on the costs and benefits of industry growth and pollution from pig farming, and
their distribution.

While not related specifically to China, solving the rural environmental pollution
through various ways in many developing countries, such as top-down ways and bottom-
up ways, is important. This paper offers a new perspective for better understanding the
interaction of guanxi networks and rural environmental governance in China. This may
help others to better understand why policy fails in rural pollution prevention. A lack of
understanding of guanxi results in an ineffective control of animal waste and the failure of
environmental regulations. Instead, improving trust-based networks is a better option to
control pig farming pollution and promote environmental justice in China, as well as in
similar societies in other countries.
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3. Materials and Methods

3.1. Study Area

The target village for our case study was S village, located in the undeveloped moun-
tainous area in northern Fujian Province, China. The village comprises 248 households,
which are divided into 6 villager groups, with a total of 998 villagers. In 2015, its per capita
annual income was around 5900 RMB. In 2020, S village had 890 villagers, and its per capita
annual income was around 8100 RMB. The village has hardly any collective fiscal revenue,
and the situation was exacerbated by the rapid urbanization process. The large scale of
population hollowing out led to the collapse of this traditional community, significantly
weakening the influence and appeal of the village collective.

In the early 1990s, the pig farming industry was first introduced to S village, and
developed rapidly. At the time, many rural migrant workers, who had been working in
cities, returned to farm pigs in the village area because of its relatively high profits. Later,
the village saw the constant expansion of the scale of pig farming; however, no pollution
treatment facilities were built, and pig excrement and urine were discharged directly into
local rivers. The local government adopted a series of measures to control this pollution, for
example, ordering unqualified households to demolish their farms and subsidizing other
households to construct biogas digesters. However, these measures did not work well;
on the contrary, as soon as the restrictive government policies were relaxed, the industry
rebounded. Many demolished pigpens reappeared, becoming larger and more numerous,
causing increasingly serious environmental pollution. The nearby river was sometimes
reported to be black and smelly. The village’s drinking water sources were contaminated
by waste water several times (subsequently, villagers used mountain spring water instead),
which adversely affected the health of villagers.

3.2. Data Collection

The data in this study were collected mainly through long-term observations at the
village, in-depth interviews, and questionnaire surveys. First, since 2013, a research team of
at least four researchers stayed in the village for about two weeks every quarter to observe it.
By living together with the villagers, we were able to understand the production, lifestyles,
and interpersonal relationships within the community. While observing the principles
of understanding and recognizing our respondents’ rights to confidentiality and privacy,
we generated data in the form of photos, videos, and village field survey reports, among
other data.

Second, a questionnaire survey involving the entire village was conducted from March
2013 to July 2014. All the households (except those unavailable at that time, such as migra-
tion workers) were visited and questionnaires were completed face to face, considering
the literacy issues among villagers. A total of 110 questionnaires were collected, of which
64 were from farmers (refers to ordinary villagers who do not have pigs), and 46 from
pig farmers.

Third, based on the information gained from observation and the questionnaire survey,
semi-structured interviews were carried out with key figures in the village using a snowball
sampling method. In S village, the main stakeholders included pig farmers, farmers, village
committee cadres, and officials of the township government. We conducted 55 interviews,
including the village cadres and reputable clan figures. All the interviews were transcribed
when finished and translated into English. Deep reading of transcripts was applied for
coding and analyzing.

Finally, data from official reports and supplementary interviews by telephone calls
were also analyzed. To clarify any ambiguities and double check quantitative data, the lead
researcher called the village cadres, reputable clan figures, and some villagers on occasion,
from April to December 2016, January 2019, and July 2021.

Based on all the data above, we conducted qualitative research based on a case study.
This paper illustrates the role of guanxi in mobilizing resources in rural environmental strug-
gles in China following the bidirectional mechanism framework of guanxi—socioeconomic
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impacts–environmental behaviors. The extent to which village-level guanxi networks have
survived the increasingly narrow market-focused interests of specific villager groups, such
as the differentiation between pig farmers and farmers, was analyzed and the subsequent
economic, environmental, and social costs and benefits of pig farming were estimated.
Finally, the environmental behavior and governance of the villagers were analyzed. While
qualitative methods were used, they were mainly used to show the functions of guanxi net-
works.

4. Results

4.1. Changing of Guanxi Networks and the Differentiation of Households
4.1.1. The Changing of Guanxi Networks

S village used to be clan-dominated, with characteristics typical of traditional com-
munities. Clan relations played significant roles in traditional rural society to provide
many common goods, like roads and education, especially in the Fujian province where
clan relations were strong. For example, when a family in difficulty seeks help, it mainly
resorts to neighbors, relatives, and friends. Public commodities at a village level, such
as the construction of bridges and roads, were also supplied mainly through collective
action, which is described by the Chinese saying “those with money contribute money and
those with strength give strength.” Addressing changes in rural society, the director of the
Women’s Federation in this village said:

Nowadays, community relations and village regulations are generally unimportant,
because people are just judged on their fortune rather than their moral character. (Female,
46, village director of the Women’s Federation)

However, traditional community governance has been seriously challenged by rapid
urbanization and industrialization since the 1980s. As an undeveloped mountainous village,
S village used to depend heavily on rice planting, a labor-intensive but low-output crop. The
population hollowing out continued among the younger generation and able-bodied men,
and households became atomized, driven by maximization of private interests, which led
to the collapse of the community. Due to its rapid growth, the pig farming industry became
the pillar industry and a major income source for many farmers; this turned out to reshape
the community with its economic power. Driven by profits, people joined the industry
eagerly. However, not every household had the same opportunities. According to the data
from our interviews, there are underlying requirements for pig farming: economically,
a large initial capital should be available for investment in building pigsties and buying
piglets; socially, information sources on markets, technology, and the availability of types
of services are necessary. For farmers with no industry experience and who depend heavily
on the community, these prerequisites are beyond their capabilities; therefore, they have to
seek help from their guanxi network. In fact, the growth of pig farming in S village can be
attributed to relatives or friends “passing on experience, helping, and guiding newcomers.”
As farmer (non-pig farmer) C stated in the survey,

Pig farming in the village depends completely on relatives or friends... because people
who have good relationships often discuss the situation with the price of pigs, farming
techniques and government policies together. The main reason why most ordinary
agricultural households do not raise pigs is that they do not have start-up funds or people
to give them technical guidance...These things require help from nearby pig farmers.
(Male, 52, farmer)

Catalyzed by the pig farming industry, the traditional blood relation-based guanxi
was gradually replaced by economic interest-centered guanxi. As a result, interpersonal
contacts, social morality, and the supply of village-level public commodities were changed
significantly. Villagers were always busy making money rather than bonding with each
other. When they were short of something, such as labor, they did not seek help from their
neighbors or relatives, but rather paid to hire workers. As the compiler of the clan pedigree
in the village put it:
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“Over these years, people have just done their own thing . . . They just maintain so-so
relationships with other villagers in this village, and only greet each other, and their
relationships with each other are not so close as before. For example, if a family happened
to be eating and another person came by, then the host would invite the visitor to dine
and drink together. But now the visitor will refuse to dine even if the host adds a pair of
chopsticks.” (Male, 56, compiler of the clan pedigree)

We further discovered that the main reason why villagers are unwilling to eat in other
people’s homes is because they are afraid of owing favors (i.e., “I will invite you next
time”). This reflects a more pecuniary interest-based relationship, and almost everyone just
associates with people they get along with. There are many kinds of guanxi networks in
rural China caused by different factors, and this research focused on the guanxi network
caused by pig breeding.

4.1.2. The Characteristics of Guanxi Networks in Different Groups

The village was divided by two guanxi groups: pig farmers and farmers. As our survey
shows, in S village, there are 46 pig farmers, including 22 large-scale ones, 22 scattered
(“san yang”) households, and four households that gave up raising pigs by demolishing
their pig farms in July 2014, as they wanted to move to the city. With high incomes, these
groups are better able to attract capable people, including young people, to join them. The
average age of the pig farming group is 48 years old, and they are mostly men (74% of pig
farmers are men). Farmers, who were “excluded” from the sector in the village are the
group that do not raise pigs. The traditional industry of S village was crop production,
which was highly labor intensive in this mountainous area and brought in little income.
Our survey indicated that farmers are 51 years old on average. Our findings indicated
that pig farmers are younger, which means that the pig farming industry has a certain
attractiveness (Table 1).

Table 1. The scale of each group.

Item Sample Class
Farmers Pig farmers

Percentage (%) Mean Value Percentage (%) Mean Value

Family scale
Not less than 4 42.2

5.3
45.7

5.25 to 8 51.5 47.8
Over 8 6.3 6.5

Educational level
Primary school and lower 68.8

/
67.4

/Junior middle school and above 31.2 32.6
Junior college and above 0.0 0.0

Gender
Man 62.5

/
73.9

/Woman 37.5 26.1

Age
Not less than 40 20.3

51.2
21.7

48.441 to 50 34.4 41.3
Over 50 45.3 40.0

Meanwhile, different groups have different kinds of guanxi networks. Pig farmers
have stronger guanxi networks and are more capable than farmers who access external
resources. As Table 2 indicates, each pig farmer has an average of 1.9 relatives, who are
similarly engaged in the industry and earning an average annual household income of
76,349 RMB. The survey indicated that the villager cadres in S village are hardly separable
from the pig farming group (17% of pig farmers are or were village cadres). Moreover,
all the village cadres in S village are pig farmers, and as “capable people” in the village,
pig farmers who successfully make money are more likely to be elected as village cadres.
The village cadres were therefore categorized in the “pig farmers” group. In contrast,
the number of relatives of farmers is 1.6, and their average annual household income is
54,840 RMB. There is a positive correlation between the scales of the resources. As the
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pig farming sector has grown, the difference in the return for crop production and animal
husbandry has further widened the economic gap between pig farmers and non-farmers.

Table 2. The capability of each group.

Item Sample Class
Farmers Pig Farmers

Percentage (%) Mean Value Percentage (%) Mean Value

Gross income

Not Less than 10,000 12.5

54,840.6

7.6

76,349.1
10,001 to 50,000 64.1 59.1
50,001 to 100,000 20.3 24.1

Over 100,000 3.1 8.2

Pig breeding by
relatives

None 45.3
1.6

30.4
1.91 to 5 46.9 59.1

Over 5 7.8 10.5

Village cadres or
not

No 87.5
/

82.6
/Were 10.9 4.3

The proportion of Christianity 1.6 13.1

We also found that pig farming shaped the nature of guanxi in different groups. For
the pig farmers, the guanxi network is growing, driven by the economic benefits—this
means that they are self-enforcing, being perpetrators; the farmers’ guanxi networks are
shrinking, turning them into victims. Through the industry chain, pig farmers are more
able to extend their relationships vertically and associate with people outside their family.
As a result, they were able to acquire more information and take advantage of resources.
Farmers mostly engage in traditional agriculture and associate with a limited group of
older people on the basis of blood and geographical relationships; this constrains their
access to information and resources. Our interview material indicated this clearly:

The scope of our associations is limited to our village or some relatives and friends...But
pig farmers have much greater interpersonal relationships than us. We often see them
inviting their friends to dine and drink at home. Some large pig farming households, in
particular, have extremely good relationships with the town government, village cadres,
pig dealers and so on. (Male, 49, farmer)

These different guanxi networks have an impact on the effectiveness of pollution
control in the following ways.

(1) Pig farmers gradually expand the scope of their external associations and take ad-
vantage of their powerful guanxi to get close to government officials. Through these strong
guanxi networks, they are able to obtain information and resources relating to governance
policies—for example, biogas digester subsidies or the planned scope of demolition—or
the timing of inspections. Some government officials can use their power over pollution
control to make a profit. In this way, environmental governance is transformed into a
power-for-money deal, and for this reason many top-down pollution control measures are
not really implemented. For example, in an interview, a pig farmer indicated:

Whenever the Spring Festival and other festivals come, I always give some cigarettes and
wine to village cadres, and some precious tea to the town leader in charge of this village.
My son is the driver for a leader of this town. So other pig farmers also seek connections
with my son. (Male, 50, pig farmer)

(2) Some pig farmers work with each other to resist pollution control. Given their
shared economic interests and close relationships within the group, pig farmers have a
greater incentive to seek the maximization of group interests. For example, during surprise
inspections launched by the government, these households are often informed in advance,
and some backyard pig farmers drive their pigs to the pigpens of farmers with larger
facilities that they have good relationships with, to thereby bypass the requirements to
construct pollution control facilities or biogas digesters.
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(3) Farmers have weak guanxi networks and are gradually marginalized in terms of
rural public affairs. They are not able to raise pigs themselves or to escape the impact of
the pollution caused by other villagers, who do. Facing the strong pig farming group, they
can only choose to “keep silent” for the following reasons. First, they must have at least
some social contact with pig farmers; they prefer to become a “silent majority”, rather than
cause offense, so as to maintain these relationships and put a good face on things. Second,
because they are still based on kinship relations, the guanxi networks of farmers are looser
and they are marginalized in terms of their ability to speak out on village affairs, especially
in contrast to pig farmers. Third, pig farmers have a lot economic power, and farmers must
often rely on them for job opportunities or to borrow money, or in other ways. For example,
pig farmers may give the dissatisfied victims of pollution some pork, or pay them to work
on their farms. As this village is not rich, most farmers who do not raise pigs have accepted
pollution, instead of choosing to resist it, as long as they can get some benefits from their
pig farming neighbors.

It follows that these different guanxi networks place various groups in the position
of being “perpetrators” or “victims”, in terms of their relationship to pollution control.
Although pig farmers are the perpetrators of pollution, they can rely on the benefits from
pig farming to further strengthen their guanxi networks; farmers, however, end up as
“victims” of environmental pollution. Meanwhile, government-led top-down policies
persist, even though they are not really implemented, due to the powerful influence of
the pig farmers. The vast majority of pig farmers have not even constructed the most
basic facilities (such as biogas digesters), and the disadvantaged position and silence of
farmers that are excluded from the sector means that government policy is not supported
from below.

4.2. Influence of Different Guanxi Networks on the Distribution of Costs and Benefits of
Pollution Control

The “perpetrator–victim” situation described in the preceding section is just an external
characterization of the unsatisfactory effects of pollution control. The different guanxi
networks among these two groups also create a situation of “prosperity and poverty”,
mainly through their influence on the way that the costs and benefits of pollution control
are shared. Although all the members of S village are victims of pig farming pollution,
some groups are more capable of evading the consequences of environmental pollution
and environmental risks, while others bear a disproportionate share of the costs.

4.2.1. Costs and Benefits to Pig Farmers

The benefits gained by pig farmers come mainly from selling pigs. Although the labor
opportunity cost of raising pigs is low, the returns are quite high; this is why many villagers
are willing to raise pigs instead of leaving the village for work. We performed telephonic
follow-up interviews with some villagers in January 2019 and July 2021, and analyzed the
returns on pig farming for 2015 and 2016; the results are shown in Table 3. In terms of pig
cost, the gross cost per head of pig on average was 1300 RMB (feed cost 1100 RMB, disease
prevention 150 RMB, water and electricity costs 20 RMB, and loss due to pigs that died of
disease 30 RMB), the labor input and environmental cost was not calculated. We found
that every pig brought a profit of 950 RMB in peak season. Moreover, small-scale farmers
could make a net annual profit of 30,000 RMB, and large-scale farmers a net annual profit
of 50,000 RMB.

These economic benefits are realized on the basis that environmental costs and social
costs are not considered, even though these are considerable. Pig farmers in S village
mostly have sties with cement floors, on which excrement and urine accumulate, causing a
strong odor. Pig farmers wash the excrement and urine away with clean water twice a day,
usually at 8:00–9:00 a.m. and 4:00–5:00 p.m. The waste water is discharged directly into
nearby rivers. In this way, they gain an economic advantage by exploiting the ecological
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environment of the village without paying any cost. The wealth of this group ultimately
originates from the loss of natural and social resources.

Table 3. Costs and benefits of pig farmers.

Costs/Benefits Contents Data Standard Remarks

Breeding cost

Feed cost
The cost of young pigs 200 RMB, the
cost of medium pig 500 RMB, pig
rearing large cost 1000 RMB.

The average weight of a piglet
is 15–30 kg, a medium pig is
50–60 kg, and a large pig is
100–130 kg.

Labor cost

one labor wage is 1500–2000
RMB/month; 8 pigs or more require
1 laborer to be responsible for feeding
and management.

/

Environmental cost

Cost of treatment facilities
(biogas digesters etc.)

The average cost of a biogas digester
is 900 RMB/square meter; it costs
about 10,000 to 20,000 RMB to build a
biogas digester.

Only talk about the
construction cost, ignore the
manual processing and
post-maintenance.

External cost Loss of neighborhood relations in the
community. /

Other costs

Depreciation cost of pig house
The cost of building a pig house is
70–90 RMB/square meter, and it will
run for about 10 years.

The land belongs to the
individual contracted land of
pig farmers.

Other

Disease prevention is 150 RMB,
charges for water and electricity are
20 RMB, and loss due to pigs that
died of disease is the equivalent of
30 RMB.

/

Benefits
Peak season The price of a pig is 14–16 RMB/kg, a

small part is 18–20 RMB/kg. /

Off-season The price of a pig is 8–12 RMB/kg. /

Government subsidies Environment subsidies
The government will provide a
subsidy of 1200 RMB when the biogas
digester is checked and accepted.

/

When faced with breeding pollution control, pig farmers’ income was unchanged,
but they experienced a substantial increase in the cost. If governance is required in terms
of discharge standards, the pig farmers must bear the costs of aquaculture waste water
treatment. For example, it costs approximately 10,000–20,000 RMB to build a biogas
digester (the government gives a subsidy of 1200 RMB for every biogas digester), and this
is equivalent to the profit that can be made from 40–80 heads of pigs. Because of the lack of
supervision and penalties, as well as the mismatch between the costs and benefits, most pig
farmers do not construct biogas digesters, but choose to directly—and illegally—discharge
waste water into rivers and streams.

4.2.2. Costs and Benefits of Farmers

Farmers bear the brunt of the costs of pollution related to pig farming. The direct
losses include a decrease in agricultural production due to pollution, and the pollution
of water sources used for drinking and household activities, which means higher costs
to buy water. The indirect losses include a drop in the value of their property, as well
as the negative social impact. Pollution from pig farming has made S village virtually
uninhabitable, and the disappearance of development opportunities has led to a sharp
decline in the value of real estate. Moreover, the worsening relationships and conflicts over
pig farming are also an invisible burden on villagers, as we discuss further below.
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In the early years of the development of pig farming, farmers derived some benefits
from it; for example, they could acquire pig manure and urine to use as fertilizer. However,
after the scale of the industry expanded, only few farmers got the chance to work as
wage laborers on large-scale farms, which paid approximately 1500–2000 RMB/month,
while most farmers suffered various direct and indirect losses. Because most pig farmers
in S village “save” the cost of treating waste water and directly discharge nearly all pig
excrement and urine into rivers, the bodies of water approximate to pig farms have suffered
severe eutrophication. The water is not fit for drinking and cannot even be used to irrigate
farmland. In our survey, many farmers reported that “our crops die from excessive pig
farming waste water”, “rice seedlings grow well but bear no fruit”, and other problems.
One farmer complained that crop losses were a heavy burden, because he did not have any
other source of income:

My crops are affected by waste sludge and water from nearby pig farming households, and
my rice is all damaged by the excessive phosphorus and nitrogen content in the irrigation
water, which is over the standard. I got no harvest this year! (Male, 48, farmer)

Water sources for household use are also polluted, and water costs are higher. Waste
water from pig farming not only affects irrigation water, it also contaminates water in deep
wells and rivers through surface and underground penetration. S village therefore has
to draw on drinking water from sources higher up the mountain, which has significantly
increased the cost of the water supply. The use of polluted surface water and underground
water by people or animals is still very difficult to avoid, which might cause potential
health problems. A female farmer we interviewed said:

Nearly all the wells, from which we used to fetch water, could no longer be used. Our
current drinking water comes from a mountain (where there are no farms) very far from
the village. We laid pipes from that mountain to our homes. The costs were equally shared
by our villagers, including pig farmers and other farmers. (Female, 42, farmer)

Farmers’ indirect losses are mainly of three types: (1) Property loss. Pollution from
pig farming has made S village almost uninhabitable. Heavy pollution accelerated the
hollowing out of the rural population, especially those with knowledge and wealth. Even
the pig farmers themselves have moved to cities with the money they earned, leaving hired
workers in the village. Although the market value of rural housing is not available as
these transactions are forbidden according to China’s laws, it usually takes more than 100
thousand RMB to build a modest house in the village; however, it is highly possible that
houses in S village have become negative assets due to the serious pollution. (2) Collapse
of community. The irregular development of the pig farming sector has fostered a money-
oriented attitude in S village, undermining traditional clan rules and community virtues.
There have been many conflicts over pig farming in the community and relationships
among different groups have deteriorated. For example, the pig farm of resident R is
located near the home of farmer T. T has been complaining to R about the pollution for a
long time.

“You are too unconscionable. Your conscience has been eaten by dogs. If your farm had
been there for a year or two, I would not complain to you. But you have been raising pigs
for so long here and your farm has always been making that smell. How are we supposed
to live here? Do you want me to die in your pigpen?”

Pig farmer R countered farmer T by saying:

“This plot of land is mine. I constructed the farm on my own land. If you are dissatisfied
with the farm, will you give me another plot of land to build a farm? Moreover, it’s hard
for us to make money, like a gamble! You complain this way every day. So no wonder
that our pigs do not grow well. You envy my good luck. If you have the ability, you can
raise pigs. I would let you to build a similar farm next to our home!”

(3) Loss of development opportunities. As General Secretary Xi Jinping of China puts
it, “Clear waters and lush mountains are invaluable assets.” When serious pollution from
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pig farming destroys the ecological environment, villagers are deprived of their future, and
later generations of the right to development. Unfortunately, however, short-term interests
still play the leading role in decision-making in the consciousness of most villagers.

4.2.3. Influence of Guanxi Networks on the Cost and Benefit Sharing of Different Groups

As can been seen in the above analysis, pig farmers do not bear the costs of environ-
mental governance caused by pollution, but often cause innocent farmers to bear more of
these costs. The crux of the matter lies in that the pig farmers and farmers are very different
in terms of the guanxi networks they can draw on to pursue their interests. As a result, the
rich have become richer and the poor have become poorer, and for village S, inequalities in
rural environmental governance have worsened.

Specifically, pig farmers transfer the costs of pollution by taking advantage of their
relatively strong guanxi networks; in this way, they minimize their direct losses from
pollution. If the waste water was to be discharged according to the official standard, they
would have to pay for the treatment costs, and their net profits would be greatly reduced. In
the case of a sudden decrease in pork prices, they might suffer a loss. Pig farmers, therefore,
do everything they can to avoid bearing increased environmental costs (for example, giving
township government officials gifts, and performing small favors for the victim group at
the Spring Festival and other festivals), and even ingeniously transfer the costs of pollution
control to the public. These actions have led to serious negative externalities. Moreover,
pig farmers also avoid indirect losses, such as exposure to environmental pollution, by
migrating elsewhere in the region. In S village, large-scale pig farmers often damage the
environment more seriously, but they have more economic strength, and therefore greater
ability to cope with supervision. They have not engaged in raising pigs themselves for a
long time and they no longer live in the village. For example, in recent years, some pig
farmers have purchased housing in cities in the district or prefecture that have a better
environment, thereby avoiding the impact of pollution on their daily lives; this behavior
has contributed to a rapid rise in house prices in the local prefecture and district. Pig
farmers are therefore not exposed to the negative effects of pollution on their health.

Farmers bear more pollution costs because of their weak guanxi networks. On the one
hand, this discourages them to protest or fight back, as they feel nobody would listen to
them or support them. They take it for granted that those rich pig farmers have the power
to monopolize the right to speak and suppress others. Further, farmers sometimes seek
help from pig farmers, such as borrowing money for emergencies or receiving occasional
petty favors; these victims can be seen as the “silent majority”. On the other hand, due to
their poor financial conditions and weak guanxi network, farmers are rarely able to move
to cities to avoid the environmental risks. Thus, they have to stay in the village and bear
the costs of environmental governance, hoping that ecological remediation may eventually
be possible.

In conclusion, different groups in S village share the costs and benefits of pollution
related to pig farming in very unequal ways, and this result is mainly due to different
groups’ guanxi networks. The wealth of pig farmers ultimately originates from the conver-
sion of natural and social resources. Compared with farmers, pig farmers have stronger
guanxi networks, receive more environmental benefits, and generate greater environmen-
tal pressure. In the face of pollution control, pig farmers transfer the costs of pollution
by taking advantage of their relatively strong guanxi networks, who have mastered the
community’s right to control the relationship between individuals. These strong guanxi
networks serve the maximum demand of the interests of pig farmers, but play a negative
role in rural environmental governance. A study by Du et al. [2,10] agreed that the guanxi
network is the third resource allocation method in rural China, in addition to government
and market allocation.

Under the influence of this warped guanxi network, rural environmental governance
suffers a double loss: the environment is not governed, and the economic growth is not
sustainable. For pig farmers and farmers, both have suffered losses: the environment
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continues to deteriorate, leading to stricter government supervision and governance mea-
sures; finally, more stringent cultured control measures will be adopted to shut down
pig farms. In March 2017, the pig farms were forcibly demolished by the local govern-
ment. The case of rural environmental governance in S village, our results show that the
guanxi network-led bottom-up governance and government-led top-down governance still
need to find a valid combination path to further promote efficient and sustainable rural
environmental governance.

5. Discussion

Previous studies found that Guanxi has a significant influence on environmental
governance, but the conclusions are different [47]. Some researchers believe that high level
social capital have a significant and negative impact on environmental pollution [48–50],
while other studies draw opposite conclusions [13,51,52]. Specifically, the social capital
plays a role through the impact on environmental behavior [53]. In the present study, we
found that pig breeding enhanced the guanxi network of pig farmers, which directly led
to the gradual deterioration of rural environmental pollution. This finding supports the
conclusion that guanxi is not conducive to promote rural environmental protection. The
polluter-pays principle is difficult to implement in rural pig breeding China because of pig
farmer guanxi networks [54].

Different guanxi networks affect the way in which the costs and benefits of pollution
control are shared. As a result, the rich have become richer and the poor have become
poorer, and environmental inequalities have worsened [55,56]. The relevant literature
showed that stronger social relation networks may lead to stronger willingness to protect
the environment [57]. However, it has actually a precondition that the social norms are
strong [53,58,59]. Because of the lack of social norms, pig farmers accrue economic advan-
tage by massively transferring environmental costs and become “wealthy perpetrators”
while farmers that are forced to bear serious pollution and costs becoming “poor victims”.

This study reflects on the nature and strength of the dyadic personal relationships
and networks that are at the heart of Chinese rural culture, and the extent to which they
could offer a new way of thinking about rural policy more generally. As this suggests, the
role of guanxi and other informal institutions must not be ignored in rural environmental
governance. In the changes and differentiation of guanxi in the current rural areas, we
should pay more attention on local characteristics and even adopt uniform, institutionalized
measures to address the rural environment, such as environmental regulation and ecological
remediation policies, which have been proposed to address these issues. Besides, guanxi
networks lead to costs and benefits being shared among different groups, which, in turn,
leads to environmental inequities. Farmers, as the environmentally vulnerable groups,
should be should be targeted by government policies.

In concluding, therefore, this paper offers new insights to an extant literature on
global rural change. At its core, the issue is that not only is traditional class habitus and
place identity declining in rural areas, but that it is being replaced by new, plural forms
of network and association that challenge not only local cultures, but also the institutions
that have provided stable governance. This is a significant finding given the governance
of pollution from pig farming and others, in China and elsewhere, that often drive rural
environmental issues through top-down governance and control regulations. At a time
when rural society in China is being transformed, we should recognize the influence of
guanxi networks on the sharing of costs and benefits of control of pollution from pig
farming, and which have some effect on rural environmental equalities. As rural society
develops, along with improvements in institutional frameworks, guanxi networks should
come to play a weaker role in rural environmental governance. In this situation, institutions
will need to play a role in reducing the environmental inequalities induced by different
guanxi networks.

In present study, we wanted to discover the changing of guanxi networks and the
impact on the sharing of costs and benefits through a long period of observation, and
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the rural environmental inequality by pig farming pollution. The qualitative method
enabled extensive insights into these issues—why the guanxi networks have changed,
why the government treatment did not take effect, and why the farmers did organize and
collectively do something.

However, the study has some limitations. First, the long-term observations at the
village, in-depth interviews, and questionnaire surveys in this study were only conducted
in S village, and thus the transferability of the results to other areas may be limited due to
complex guanxi networks. Second, the study only considered the guanxi network of pig
farmers and farmers, and other guanxi networks were ignored. Third, due to environmental
cost, depreciation costs of pig houses are difficult to measure precisely, and we did not
pay much attention to the precise measurement of cost benefits. Additional research is
necessary and should use quantitative or experimental research methods to assess the
cost and benefit of rural environment pollution governance through the perspective of
guanxi networks.

6. Conclusions

In the quick transformation period in rural China, pollution from livestock and poultry
breeding is not a simple environmental or economic problem. Guanxi plays an important
role in the rural environmental pollution governance. Pig farming shaped the nature of
guanxi in different groups. For the pig farmers, their guanxi networks are growing, while
the farmers’ guanxi networks are shrinking. The different guanxi networks have an impact
on the effectiveness of rural environmental pollution governance, and affect the way in
which the costs and benefits of pollution control are shared; the rich have become richer
and the poor have become poorer, and environmental inequalities have worsened. At a
time when rural society in China is being transformed, we should recognize the influence
of guanxi networks on the sharing of costs and benefits of controlling pollution related to
pig farming, which and have some effect on rural environmental inequalities.
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Abstract: Promoting the coordinated development of ecological environment and technological
innovation is significant to the development of a green economy. In this study, we construct an index
system of ecological environment, technological innovation, and green economy based on the panel
data of 30 provinces and cities in China from 2005 to 2016, using the entropy weight method, the
coupling coordination model, and the panel vector autoregressive model (PVAR) to calculate the
comprehensive development levels of ecological environment, technological innovation, and green
economy and the coordination degree between ecological environment and technological innovation,
and then further explore the impact of the coordinated development level of ecological environment
and technological innovation on the development of a green economy. The research results include:
First, from 2005 to 2016, the comprehensive development levels of ecological environment, technolog-
ical innovation, and green economy in China’s 30 provinces and cities achieved different degrees of
improvement as a whole. Among them, the comprehensive development level of green economy was
the highest, followed by the development level of technological innovation, and the comprehensive
development level of ecological environment was the lowest. Second, from 2005 to 2016, the coordi-
nation degree between ecological environment and technological innovation in China’s provinces
and cities increased year by year, but on the whole, the coordination degree between ecological
environment and technological innovation in various regions was in a state of imbalance. Third, there
was a long-term equilibrium relationship among the coordinated development levels of ecological
environment, technological innovation, and green economy. Fourth, through pulse analysis and
Monte Carlo simulation, we found that the coordinated development level of ecological environment
and technological innovation had a lagging positive impact on green economy. Finally, we provide a
summary of the results of this study.

Keywords: ecological environment; technological innovation; coupling coordination; green economy

1. Introduction

Since the reform and opening up in 1978, China’s economy has grown rapidly with
China becoming the largest developing country; China’s GDP exceeded 100 trillion yuan in
2020, second only to the United States in overall economic strength [1]. However, during
the process of economic development, a serious environmental crisis has appeared in China
in recent years; according to statistics, economic losses caused by environmental pollution
account for 2–3% of the gross domestic product (GDP) every year. In addition, China’s
economic growth rate is facing increasing downward pressure. In order to cope with the
environmental crisis and enhance the power of economic development, China proposes
to vigorously develop green economy (GE) and technological innovation (TI), in order to
achieve sustainable economic and social development through vigorously developing a
green economy and scientific and technological innovations. Technological innovation is
the driving force for high-quality development of a green economy [2], and an ecological
environment (EE) is an important guarantee for high-quality development of a green econ-
omy [3]. Protecting an ecological environment and promoting technological innovation
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play important driving roles in developing a green economy. However, it is still unclear
how the coordination degree between ecological environment and technological innovation
affect a green economy. Analyzing the impact of the coordination level between ecological
environment and technological innovation on green economy is of practical significance for
China’s high-quality development. In this study, we evaluate the comprehensive develop-
ment levels of ecological environment, technology innovation, and green economy, and
then evaluate the coordination degree between ecological environment and technological
innovation and analysis the impact of coordination level between ecological environment
and technological innovation on green economy. Finally, based on the research findings,
we provide some policy suggestions.

The arrangement of this paper is as follows: First, we identify and describe the related
research by searched and reading the literature related to the relationships among ecological
environment, technological innovation, and green economy from the Web of Science
database. Then, we introduce the research methods and data sources; explain the entropy
method, the coupling coordination model, and the PVAR model; and design an index
system of environmental, technology innovation, and green economy. Next, we display
and discuss the results, which include assessing thecomprehensive development levels
of environment, technological innovation and green economy; assessing the coordination
degree between environment and technological innovation; and analyzing the impact of the
coordination level between environment and technological innovation on green economy.
Finally, we summarize the research findings.

2. Literature Review

At present, there are many studies on the relationship between ecological environment
and economic development. Among them, Shi et al. (2019) measured and analyzed the
coupling coordination and spatio-temporal heterogeneity of economic development and
ecological environment in 17 tropical and subtropical regions from 2003 to 2016 by using
a geographical and time weighted regression (GTWR) method, and found that there was
significant spatio-temporal heterogeneity between economic development and ecological
environment with most regions belonging to the economic lag type [4]. Zhu et al. (2021)
took Guangdong Province of China as an example, and established a model of the coordina-
tion degree between ecological environment and economic development, then analyzed the
coordination degree between ecological environment and economic development in Guang-
dong Province. They found that the coordination degree showed an increasingly high
trend, which indicated that with the rapid economic development of Guangdong Province,
more and more attention had been paid to environmental protection [5]. In addition, some
scholars have used an improved entropy weight method to calculate the coupling and coor-
dinated development of high-quality economic development and ecological environment
in the Yellow River Basin of China from 2008 to 2018, and found that high-quality economic
development, ecological environment quality, and their coupling and coordination level in
the Yellow River Basin showed different degrees of improvement [6].

Regarding the relationship between technological innovation and economy, as early
as the last century, some scholars had proven the role of technological innovation in
promoting economic growth through research [7]. Later, scholars studied the specific
impact of technological innovation on economic development. Among them, Liu, C. (2016)
suggested that technological innovation was an important driving force for a country’s
sustainable economic development and social progress, and technological innovation could
be achieved through R&D investment, thereby achieving sustainable economic growth [8].
Wang et al. (2020) found that technological innovation could drive the transformation of
the economic development mode, and economic development provided financial support
for technological innovation, which showed coordination [9]. Some scholars have proposed
to use technological innovation to promote the development of agricultural economy, and
have pointed out that it was necessary to promote the role of technological innovation
in the transformation of agricultural economic development from various aspects such
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as policy, investment, organizational construction, and the creation of an entrepreneurial
environment [10].

Regarding the relationship between ecological environment and technological innova-
tion, research on the relationship between them is also relatively early. For example, Frank
(1997) and others proved that technology research was helpful to protect the ecological
environment and put forward the concept of “ecological innovation” [11]. Chen (2010) and
others explored the impact of technological innovation efficiency on the ecological environ-
ment by constructing a technological innovation index system and using data envelopment
analysis (DEA) [12]. From the perspective of input and output, other scholars have used
collected panel data to evaluate the green technology level and environmental governance
performance of provincial enterprises in Anhui Province from multiple dimensions [13]. In
addition, regarding the relationships among ecological environment, technological innova-
tion, and green economy, most studies have focused on measuring the relationship between
two of the three [14,15], while there are few studies on the relationships among the three.
Among them, Zhao et al. (2021) used an entropy weight method, coupling coordination
model, and gravity model to study the spatio-temporal coupling coordination relationship
and spatio-temporal characteristics of the economy, energy, and ecological environment in
the Yellow River Basin of China [16].

After reviewing the literature, we found that existing studies have mainly focused on
analyzing the relationships between ecological environment and technological innovation,
between ecological environment and economic development, as well as between techno-
logical innovation and economic development. Few studies in the literature have analyzed
the relationships among ecological environment, technological innovation, and economic
development together. Therefore, based on the panel data of 30 provinces and cities in
China from 2005 to 2016, in this study, we construct an index system of ecological environ-
ment, technological innovation, and green economy by using the entropy weight method,
a coupling coordination model, and a PVAR model to explore the impact of the coordi-
nated development level of ecological environment and technological innovation on green
economy, and finally put forward policy suggestions according to the research findings.

3. Research Methods and Data Sources

The purpose of this study is to analyze the impact of coordinated development of
ecological environment and technological innovation on green economy. The research
design mainly consisted of two parts. In the first part, we measure the level of coordinated
development between ecological environment and technological innovation. In the second
part, based on the calculation results of the coordination level of ecological environment
and technological innovation, we analyze the impact of their coordination level on green
economy. However, before the above analysis, it is necessary to evaluate the comprehen-
sive development levels of ecological environment, technological innovation, and green
economy separately. Therefore, the specific research design included three parts: First, it is
necessary to evaluate the comprehensive development levels of ecological environment,
technological innovation, and green economy. Then, the coordination level of ecological
environment and technological innovation needs to be calculated. Finally, the impact of the
coordination level between ecological environment and technological innovation on green
economy is analyzed.

3.1. Index System for Ecological Environment, Technological Innovation, and Green Economy

Comprehensive development level is a description of the development state of a thing.
At present, to evaluate the comprehensive development levels of ecological environment,
technological innovation, and green economy, scholars have either used a single index to
measure, or they have designed an index system, and then used factor analysis, the analytic
hierarchy process, and other methods to calculate the data in the index system, and finally,
evaluated the development levels of ecological environment, technological innovation, and
green economy. In this study, an index system is designed to evaluate the comprehensive
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development levels of ecological environment, technological innovation, and green econ-
omy. This is mainly because an index system can comprehensively investigate the state of
ecological environment, technological innovation, and green economy.

In terms of ecological environment, referring to the existing studies [17,18], in this
study, we decompose the ecological environment into three first-level indicators: environ-
mental pollution generation, environmental pollution control, and natural environment
foundation. We build eleven secondary-level indicators, which include industrial solid
waste generation (ten thousand tons), total wastewater discharge (ten thousand tons), total
sulfur dioxide discharge (ten thousand tons), industrial solid waste investment (100 mil-
lion yuan), industrial wastewater treatment investment (100 million yuan), wetland area
(ten thousand hm2), and forest coverage (%), etc. (see Table 2). In terms of technological
innovation, based on the existing research [19–21], we divide technological innovation into
three first-level indicators, which include investment in scientific and technological innova-
tion, the output of technological innovation, and technological innovation effectiveness,
and secondary-level indicators which include the proportion of enterprises that include
Research and Experimental Development (R&D) institutions (%), the full-time equivalent
of ten thousand R&D personnel, the number of scientific papers (article), the number of
patent authorizations (items), the sales revenue of new products (ten thousand yuan) and
the export value of high-tech products (100 million yuan), etc. (see Table 2). In terms of
green economy, based on existing studies [22,23], we divide economic growth into three
first-level indicators, which include economic growth scale, economic growth structure,
and economic growth benefits [22,23]. Based on first-level indicators, we build thirteen
secondary-level indicators, including GDP (100 million yuan), industrial production value
(100 million yuan), tertiary industry added value as a percentage of GDP (%), retail sales
of consumer goods per capita (yuan), income gap (yuan), urbanization rate (%), etc. (see
Table 1).

Table 1. Index system for EE, TI, and GE.

Total System First Indicator Secondary Indicator

Ecological environment

Environmental pollution
generation

Industrial solid waste generation (ten thousand tons), total
wastewater discharge (ten thousand tons), total sulfur

dioxide discharge (ten thousand tons)

Environmental pollution control

Completion of investment in forestry fixed assets
(100 million yuan), investment in industrial waste gas

treatment (100 million yuan), industrial solid waste
investment (100 million yuan), industrial wastewater

treatment investment (100 million yuan)

Natural environment foundation
Wetland area (ten thousand hm2), area of nature reserve
(thousand hm2), total groundwater resources (a hundred

million m3), forest coverage (%)

Technological innovation

Technological innovation
investment

The full-time equivalent of R&D personnel per
10,000 people, the proportion of R&D expenditure in GDP

(%), the proportion of enterprises with R&D institutions (%),
the proportion of R&D expenditure in main business

income (%)

Scientific and technological
innovation output

Number of scientific papers (article), number of patents
(items), technology market turnover (100 million yuan)

Scientific and technological
innovation effectiveness

Sales revenue of new products (ten thousand yuan), export
value of high-tech products (100 million yuan), energy
consumption per unit GDP (ton of standard coal/ten

thousand yuan), labor productivity (ten thousand
yuan/person)
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Table 1. Cont.

Total System First Indicator Secondary Indicator

Economic growth

Economic growth scale

GDP (100 million yuan), industrial production value
(100 million yuan), social fixed asset investment (100 million

yuan), financial development level, fiscal revenue (ten
thousand yuan)

Economic growth structure

The proportion of the added value of the tertiary industry in
GDP (%), the proportion of the added value of the

secondary industry in GDP (%), and the retail sales of
consumer goods per capita (yuan)

Economic growth benefits

Per capita GDP (yuan), income gap (Yuan), urbanization
rate (%), kilometer density (km/10,000 square meters), total
savings of urban and rural residents (100 million yuan),per
capita GDP (yuan), income gap (Yuan), urbanization rate
(%), kilometer density (km/10,000 square meters), total
savings of urban and rural residents (100 million yuan)

3.2. Comprehensive Evaluation of Ecological Environment, Technological Innovation, and
Green Economy

In this study, it is necessary to comprehensively evaluate the comprehensive devel-
opment levels of ecological environment, technological innovation, and green economy.
We chose the entropy method to evaluate the comprehensive development levels of en-
vironment, technological innovation, and green economy. The purpose of the entropy
method is to objectively determine the weight of indicators through the dispersion degree
of indicators in the samples. Generally speaking, the smaller the information entropy of
an indicator is, the higher the degree of aggregation of the indicator, and the greater the
role of the indicator on behalf of the whole indicator system. Therefore, the weight of the
indicator is also higher. The specific process is as follows:

First, the original data need to be standardized to eliminate the impact of different mea-
surement units and dimensions on the indicators. The calculation formulas are as follows:

Positive indicator : ykij =
xij − min

(
xij
)

max
(

xij
)− min

(
xij
) (1)

Negative indicator : ykij =
max

(
xij
)− xij

max
(
xij
)− min

(
xij
) (2)

where xij represents sample value; max (kij) and min (xij), respectively, represent maximum
and minimum values in the sample data.

Second, the entropy method in the objective weighting method is used to calculate the
weight of each index as follows:

pkij =
yij

∑m
i=1 yij

; ekj =

[
− 1

ln(m)

] m

∑
i=1

pijlnpij (3)

wj = (1 − ei)/
m

∑
i=1

(1 − ei) (4)

Finally, the comprehensive development levels of ecological environment (UE), tech-
nological innovation (UT), and green economy (UG) are calculated. The specific calculation
formulas are as follows:

U =
m

∑
i=1

wijyij ;
m

∑
i=1

wij = 1 (5)
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3.3. Coupling Coordination Model

Coupling originally comes from physics and refers to the interaction between two or
more objects. At present, the coupling coordination degree model is widely used to analyze
the coordination development level between different systems [24]. In this research, we
analyze the coordinated development correlation between ecological environment and
technological innovation through the coupling coordination model. The specific calculation
formulas are as follows:

C = 2

√
UE × UT

(UE + UT)
2 , C ∈ [0, 1] (6)

T = αUE + βUT , α + β = 1 (7)

D =
√

C × T, D ∈ [0, 1] (8)

In Equation (6), UE is ecological environment, UT is technological innovation, and C
is system coupling degree which can reflect consistent development between ecological
environment and technological innovation. The larger C is, the higher the coupling and
the better the synergy effect between ecological environment and technological innovation.
When C = 0, the coupling degree between ecological environment and technological inno-
vation reaches its lowest, indicating that the two systems are independent. When C = 1, the
coupling degree between ecological environment and technological innovation reaches its
peak, which shows that the two systems are in an orderly development state. However, a
higher coupling degree can also be obtained when ecological environment and technologi-
cal innovation are at a low level. Therefore, the coordination degree model is established
based on the coupling degree model to explore the coordinated development level between
ecological environment and technological innovation, as shown in Equations (7) and (8).

In Equations (7) and (8), T denotes a comprehensive evaluation index that can reflect
the overall synergistic effect of ecological environment and technological innovation. It also
reflects the impact of comprehensive development level on cooperative dispatching, which
are undetermined coefficients. In this study, we assumed α = β = 0.5; D is coordination
degree. The greater the value of D, the higher the degree of coordination between ecological
environment and technological innovation, and the better coordinated development level
of the two systems.

In this study, we divide the coordinated development level of ecological environment
and technological innovation by referring to the research of previous scholars [25,26] (see
Table 2).

Table 2. Classification of coordination degree.

Stage Antagonistic Stage Run-In Stage Coordination Stage

Coordination
degree 0 ≤ D < 0.4 0.4 ≤ D < 0.8 0.8 ≤ D < 1.0

D 0 ≤ D < 0.1 0 ≤ D < 0.2 0.2 ≤ D < 0.3 0.3 ≤ D < 0.4 0.4 ≤ D < 0.5 0.5 ≤ D < 0.6 0.6 ≤ D < 0.7 0.7 ≤ D < 0.8 0.8 ≤ D < 0.9 0.9 ≤ D≤ 1.0

Classification Extreme
imbalance

Serious
disorder

Moderate
Disorder Mild disorder On the verge of

maladjustment
Barely

coordinated
Primary

coordination
Intermediate-
coordination

Good
coordination

Quality
coordination

3.4. Panel Vector Autoregressive Model

Sims (1980) established a single dimensional vector autoregressive model (VAR) to
describe the impact of variables on a specific variable [27]. A characteristic of this model is
that all variables are regarded as endogenous variables, that is, each endogenous variable
is taken as a function of the lag value of all endogenous variables in the system to construct
the model, and therefore, truly reflects the interaction between each variable. However, the
VAR model does not support panel data. Therefore, later, Holtz Eakin, Newey, and Rosen
(1988) extended it to panel data structure (PVAR) [28]. PVAR considers the individual and
time fixed effects, increases the precision of estimation, and any and no presuppositions
are made about the relationship among variables. In particular, no assumptions are made
about the direction of mutual causation among variables. Therefore, in this study, we
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used the PAVR model to analyze the impact of the coordination level between ecological
environment and technological innovation on green economy [29]. The PVAR model is
as follow:

Yit = β0 + αi +
p

∑
j=1

β jYt−j + εit (i = 1, 2, 3, . . . . . . , 30 , t = 1, 2, 3 . . . . . . , 12) (9)

where i represents province; t represents year; Yit includes two column vectors, namely
coordinated development level (CO) between ecological environment and technological
innovation and green economy (EC); β0 represents intercept term; p represents lag order, βj
represents parameter matrix of lag j order; αi represents variable of individual fixed effects;
and εit represents random disturbance term.

3.5. Data Sources

The data used in this study were derived from the China Statistical Yearbook (2006–
2017) [30], the China Science and Technology Statistical Yearbook (2006–2017) [31], the
China High Technology Statistical Yearbook (2006–2017) [32], the China Demographic and
Employment Statistical Yearbook (2006–2017), and the China Economic and Social Data
Research Platform [33,34]. Some data also came from the website of the National Bureau of
Statistics and local statistical bulletins [35].

4. Results

4.1. The Comprehensive Development Levels of Ecological Environment, Technological Innovation,
and Green Economy

The comprehensive calculation model is used to calculate the comprehensive develop-
ment levels of ecological environment, technological innovation, and green economy in
30 provinces and cities. The results are shown in Tables 3–5 and Figure 1.

Table 3. The comprehensive development levels of ecological environment.

Province 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Beijing 0.04 0.06 0.06 0.05 0.03 0.02 0.03 0.03 0.07 0.04 0.07 0.07
Tianjin 0.04 0.03 0.03 0.03 0.03 0.02 0.05 0.01 0.04 0.05 0.06 0.03
Hebei 0.14 0.05 0.05 0.06 0.1 0.04 0.05 0.03 0.04 0.05 0.05 0.04
Shanxi 0.08 0.15 0.15 0.18 0.13 0.11 0.08 0.06 0.08 0.04 0.06 0.04

Inner Mongolia 0.09 0.12 0.13 0.13 0.14 0.09 0.11 0.08 0.28 0.18 0.2 0.2
Liaoning 0.06 0.06 0.07 0.06 0.05 0.04 0.03 0.02 0.07 0.05 0.13 0.07

Jilin 0.09 0.07 0.08 0.08 0.08 0.08 0.05 0.03 0.04 0.04 0.06 0.06
Heilongjiang 0.07 0.08 0.11 0.09 0.15 0.11 0.08 0.04 0.14 0.11 0.18 0.17

Shanghai 0.01 0.05 0.01 0.02 0.02 0.01 0.01 0.01 0.02 0.04 0.05 0.1
Jiangsu 0.09 0.08 0.12 0.09 0.08 0.03 0.06 0.04 0.13 0.06 0.14 0.15

Zhejiang 0.04 0.06 0.06 0.05 0.06 0.03 0.03 0.03 0.09 0.1 0.19 0.18
Anhui 0.03 0.04 0.05 0.04 0.04 0.03 0.02 0.02 0.05 0.04 0.07 0.17
Fujian 0.19 0.1 0.05 0.05 0.04 0.04 0.03 0.03 0.08 0.07 0.2 0.19
Jiangxi 0.09 0.08 0.08 0.08 0.13 0.08 0.06 0.03 0.06 0.05 0.11 0.11

Shandong 0.2 0.13 0.14 0.23 0.12 0.1 0.16 0.09 0.06 0.07 0.19 0.16
Henan 0.13 0.09 0.12 0.12 0.05 0.05 0.03 0.01 0.07 0.04 0.07 0.07
Hubei 0.05 0.05 0.06 0.05 0.08 0.06 0.02 0.02 0.06 0.06 0.09 0.32
Hunan 0.11 0.13 0.1 0.1 0.12 0.12 0.08 0.19 0.08 0.07 0.11 0.11

Guangdong 0.15 0.13 0.12 0.08 0.07 0.06 0.05 0.06 0.08 0.07 0.19 0.13
Guangxi 0.08 0.06 0.12 0.1 0.11 0.18 0.14 0.12 0.3 0.32 0.33 0.18
Hainan 0.05 0.06 0.05 0.05 0.07 0.03 0.05 0.02 0.05 0.06 0.06 0.07

Chongqing 0.05 0.04 0.07 0.08 0.06 0.03 0.04 0.01 0.05 0.04 0.08 0.06
Sichuan 0.16 0.15 0.19 0.18 0.2 0.06 0.09 0.05 0.12 0.12 0.17 0.16
Guizhou 0.05 0.09 0.07 0.09 0.07 0.05 0.08 0.02 0.05 0.05 0.07 0.06
Yunnan 0.1 0.11 0.12 0.11 0.07 0.07 0.04 0.03 0.08 0.11 0.14 0.09
Shaanxi 0.04 0.03 0.06 0.04 0.09 0.07 0.07 0.04 0.07 0.05 0.08 0.07
Gansu 0.08 0.11 0.12 0.07 0.13 0.08 0.05 0.07 0.07 0.07 0.07 0.1

Qinghai 0.12 0.14 0.14 0.15 0.2 0.17 0.15 0.08 0.18 0.21 0.3 0.21
Ningxia 0.03 0.05 0.05 0.05 0.05 0.02 0.02 0.02 0.03 0.06 0.04 0.05
Xinjiang 0.12 0.15 0.15 0.15 0.16 0.11 0.09 0.06 0.16 0.12 0.18 0.17
Average 0.09 0.09 0.09 0.09 0.09 0.07 0.06 0.05 0.09 0.08 0.12 0.12

367



IJERPH 2022, 19, 6994

Table 4. The comprehensive development levels of technological innovation.

Province 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Beijing 0.08 0.11 0.18 0.23 0.31 0.42 0.42 0.46 0.47 0.52 0.59 0.58
Tianjin 0.06 0.07 0.1 0.14 0.14 0.23 0.23 0.21 0.26 0.29 0.33 0.34
Hebei 0.01 0.02 0.03 0.04 0.05 0.09 0.09 0.08 0.09 0.1 0.11 0.11
Shanxi 0.01 0.02 0.03 0.04 0.04 0.09 0.08 0.07 0.08 0.09 0.1 0.1

Inner Mongolia 0.02 0.02 0.03 0.03 0.03 0.08 0.07 0.05 0.06 0.06 0.07 0.08
Liaoning 0.02 0.03 0.06 0.07 0.09 0.12 0.12 0.12 0.13 0.15 0.17 0.18

Jilin 0.01 0.02 0.03 0.03 0.04 0.06 0.06 0.06 0.06 0.07 0.07 0.08
Heilongjiang 0.01 0.02 0.03 0.03 0.05 0.07 0.07 0.07 0.07 0.08 0.09 0.09

Shanghai 0.05 0.06 0.11 0.16 0.21 0.32 0.32 0.31 0.34 0.37 0.41 0.42
Jiangsu 0.09 0.11 0.15 0.22 0.27 0.37 0.37 0.35 0.4 0.44 0.49 0.49

Zhejiang 0.07 0.08 0.12 0.16 0.17 0.29 0.29 0.25 0.28 0.31 0.35 0.36
Anhui 0.03 0.04 0.05 0.07 0.08 0.16 0.16 0.13 0.14 0.15 0.17 0.17
Fujian 0.02 0.03 0.06 0.07 0.09 0.16 0.15 0.13 0.17 0.18 0.21 0.22
Jiangxi 0.01 0.02 0.03 0.04 0.04 0.07 0.06 0.06 0.07 0.08 0.09 0.09

Shandong 0.03 0.04 0.07 0.1 0.11 0.17 0.17 0.16 0.18 0.2 0.22 0.23
Henan 0.01 0.02 0.03 0.04 0.05 0.09 0.08 0.07 0.07 0.08 0.09 0.09
Hubei 0.04 0.05 0.06 0.08 0.08 0.12 0.12 0.13 0.13 0.14 0.16 0.16
Hunan 0.02 0.03 0.04 0.06 0.07 0.12 0.11 0.1 0.1 0.11 0.12 0.13

Guangdong 0.06 0.08 0.12 0.17 0.22 0.3 0.3 0.28 0.36 0.4 0.43 0.44
Guangxi 0.01 0.01 0.01 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.04
Hainan 0.01 0.01 0.02 0.02 0.03 0.05 0.05 0.04 0.06 0.06 0.07 0.07

Chongqing 0.02 0.03 0.05 0.07 0.07 0.14 0.13 0.11 0.12 0.13 0.16 0.16
Sichuan 0.01 0.02 0.03 0.03 0.04 0.11 0.11 0.08 0.05 0.06 0.07 0.07
Guizhou 0.01 0.01 0.01 0.01 0.01 0.04 0.04 0.03 0.03 0.03 0.03 0.03
Yunnan 0.01 0.02 0.02 0.03 0.03 0.06 0.06 0.05 0.06 0.06 0.07 0.07
Shaanxi 0.02 0.03 0.05 0.06 0.07 0.15 0.14 0.13 0.1 0.11 0.13 0.13
Gansu 0.01 0.01 0.02 0.03 0.03 0.06 0.06 0.05 0.04 0.05 0.06 0.06

Qinghai 0.01 0.01 0.02 0.02 0.02 0.06 0.05 0.03 0.04 0.05 0.05 0.05
Ningxia 0.01 0.02 0.03 0.04 0.04 0.1 0.09 0.06 0.07 0.08 0.09 0.1
Xinjiang 0.01 0.01 0.02 0.02 0.02 0.07 0.06 0.04 0.05 0.05 0.06 0.06
Average 0.026 0.04 0.05 0.07 0.08 0.14 0.14 0.12 0.14 0.15 0.17 0.17

Table 5. The comprehensive development levels of green economy.

Province 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Beijing 0.3 0.26 0.28 0.34 0.48 0.52 0.47 0.52 0.56 0.62 0.71 0.84
Tianjin 0.2 0.24 0.32 0.36 0.41 0.49 0.49 0.54 0.59 0.63 0.76 0.84
Hebei 0.14 0.19 0.23 0.29 0.38 0.45 0.49 0.55 0.6 0.6 0.74 0.85
Shanxi 0.17 0.21 0.23 0.28 0.4 0.45 0.47 0.55 0.51 0.65 0.75 0.83

Inner Mongolia 0.16 0.2 0.23 0.3 0.41 0.48 0.53 0.59 0.66 0.66 0.72 0.79
Liaoning 0.18 0.22 0.25 0.33 0.41 0.48 0.51 0.58 0.64 0.66 0.66 0.67

Jilin 0.17 0.23 0.25 0.28 0.38 0.43 0.42 0.56 0.56 0.64 0.75 0.86
Heilongjiang 0.18 0.21 0.21 0.28 0.37 0.44 0.47 0.54 0.59 0.66 0.73 0.84

Shanghai 0.17 0.23 0.3 0.37 0.44 0.51 0.49 0.51 0.52 0.56 0.64 0.84
Jiangsu 0.17 0.22 0.25 0.31 0.41 0.48 0.48 0.53 0.59 0.66 0.72 0.78

Zhejiang 0.16 0.22 0.27 0.37 0.45 0.53 0.53 0.56 0.66 0.68 0.69 0.79
Anhui 0.16 0.21 0.23 0.3 0.39 0.45 0.44 0.5 0.55 0.65 0.76 0.89
Fujian 0.12 0.17 0.19 0.28 0.4 0.43 0.46 0.52 0.59 0.69 0.76 0.82
Jiangxi 0.13 0.16 0.18 0.23 0.31 0.39 0.41 0.46 0.52 0.59 0.68 0.86

Shandong 0.18 0.22 0.24 0.29 0.38 0.45 0.47 0.54 0.58 0.65 0.73 0.84
Henan 0.19 0.23 0.26 0.29 0.37 0.42 0.4 0.51 0.58 0.65 0.73 0.84
Hubei 0.14 0.18 0.19 0.27 0.39 0.45 0.45 0.5 0.57 0.65 0.75 0.87
Hunan 0.13 0.16 0.2 0.28 0.38 0.44 0.45 0.49 0.56 0.64 0.75 0.88

Guangdong 0.17 0.22 0.27 0.33 0.4 0.44 0.47 0.53 0.58 0.65 0.7 0.84
Guangxi 0.18 0.2 0.21 0.26 0.35 0.42 0.44 0.51 0.59 0.67 0.78 0.89
Hainan 0.13 0.18 0.22 0.27 0.33 0.44 0.49 0.56 0.61 0.69 0.78 0.84

Chongqing 0.13 0.19 0.22 0.31 0.39 0.46 0.48 0.54 0.59 0.68 0.76 0.84
Sichuan 0.13 0.16 0.18 0.26 0.36 0.44 0.49 0.54 0.62 0.68 0.75 0.77
Guizhou 0.14 0.17 0.17 0.21 0.34 0.43 0.36 0.58 0.46 0.51 0.56 0.65
Yunnan 0.11 0.22 0.17 0.21 0.31 0.4 0.53 0.43 0.47 0.55 0.63 0.76
Shaanxi 0.19 0.21 0.24 0.31 0.38 0.45 0.5 0.55 0.62 0.69 0.78 0.74
Gansu 0.15 0.19 0.21 0.27 0.42 0.5 0.47 0.55 0.63 0.69 0.76 0.7

Qinghai 0.15 0.18 0.2 0.23 0.39 0.47 0.44 0.51 0.57 0.64 0.71 0.81
Ningxia 0.14 0.18 0.2 0.22 0.32 0.38 0.41 0.47 0.54 0.59 0.64 0.86
Xinjiang 0.18 0.22 0.26 0.34 0.36 0.41 0.4 0.59 0.67 0.74 0.78 0.84
Average 0.16 0.20 0.23 0.29 0.38 0.45 0.46 0.53 0.58 0.64 0.72 0.82
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Figure 1. Comprehensive development levels of EE, TI, and GE (2005–2016).

Combining Tables 3–5, it can be seen that from 2005 to 2016, the comprehensive devel-
opment levels of ecological environment, technological innovation, and green economy in
China achieved various degrees of improvement as a whole. The average annual compre-
hensive development level of ecological environment increased from 0.09 to 0.12, increasing
by 133.3%. The development level of technological innovation increased from 0.03 to 0.17,
with a huge growth rate of 566.7%. The average annual comprehensive development
level of green economy increased from 0.16 to 0.82, and the growth rate also reached an
alarming 512.5%. It can be seen that from 2005 to 2016, the comprehensive development
level of the green economy improved the most, the development level of and technolog-
ical innovation was second, and the comprehensive development level of the ecological
environment improved the least. This shows that China has indeed achieved great success
in transforming its development model and moving towards high-quality development.
China’s green economy development trend has achieved good results. China has always
paid attention to the country’s technological innovation capabilities, and has achieved good
results by continuously supporting the development of high-tech industries. Although the
development of the ecological environment has also been improved, it has not achieved the
obvious effect, China still needs to invest more in ecological and environmental protection.

As can be seen from Figure 1, the comprehensive development levels of China’s
ecological environment, technological innovation, and green economy generally shows a
continuous development trend from 2005 to 2016. The development curve of green economy
shows a steady upward trend year by year, the comprehensive curve of technological
innovation shows a slow rise at first, then a slight decline, and then a slow upward trend,
showing a slow rise as a whole. Specifically, it gradually increased slightly from 2005 to
2010, began to decline after reaching a small peak in 2010, and gradually increased two
years later from 2012 to 2016. The ecological environment curve shows a trend of first falling
and then rising, and generally shows a slow development trend. Specifically, it continued
to decline from 2009 to 2012, and the lowest point in 2012 was 0.05, and then slowly
fluctuated until 2016, with the annual average rising from 0.09 to 0.12. It can be found that
the fluctuation trends of the technological innovation curve and the ecological environment
curve are relatively close, and the two intersected once in 2009. The two are quite different
from the green economic curve, which shows a rapid upward trend. This shows that, as
compared with the rapid development of China’s green economy, the development trend of
technological innovation and ecological environment is not satisfactory. Although China’s
technological innovation has made progress in recent years, there are still “bottlenecks” in
high-tech industries, and many cutting-edge technologies have not been broken through.
With the rapid development of China’s economy, all types of environmental pollution have
also followed, resulting in significant harm to the ecological environment. Even if the
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Chinese government advocates vigorously developing green economy and environmental
protection, the actual results are not good.

4.2. Coordination Degree between Ecological Environment and Technological Innovation

By using the coupling coordination model, the coordination degree between ecological
environment and technological innovation is calculated as described below (see Table 6).

Table 6. Coordination degree between ecological environment and technological innovation.

Province 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Beijing 0.16 0.2 0.22 0.23 0.22 0.22 0.24 0.24 0.3 0.27 0.32 0.32
Tianjin 0.16 0.16 0.17 0.19 0.17 0.18 0.23 0.14 0.23 0.24 0.26 0.21
Hebei 0.15 0.13 0.14 0.16 0.19 0.17 0.18 0.15 0.17 0.18 0.19 0.18
Shanxi 0.13 0.16 0.19 0.2 0.19 0.22 0.2 0.18 0.2 0.17 0.2 0.18

Inner Mongolia 0.14 0.15 0.17 0.18 0.17 0.2 0.21 0.18 0.25 0.23 0.25 0.25
Liaoning 0.14 0.14 0.18 0.17 0.18 0.19 0.18 0.15 0.22 0.21 0.27 0.23

Jilin 0.13 0.13 0.15 0.15 0.16 0.18 0.16 0.14 0.16 0.16 0.18 0.19
Heilongjiang 0.12 0.13 0.17 0.17 0.21 0.21 0.19 0.16 0.22 0.22 0.25 0.25

Shanghai 0.11 0.17 0.14 0.17 0.18 0.16 0.17 0.16 0.19 0.25 0.27 0.32
Jiangsu 0.21 0.22 0.26 0.27 0.27 0.24 0.28 0.25 0.34 0.28 0.36 0.37

Zhejiang 0.17 0.19 0.2 0.21 0.23 0.22 0.21 0.2 0.28 0.3 0.36 0.36
Anhui 0.12 0.14 0.16 0.17 0.17 0.19 0.18 0.16 0.2 0.2 0.24 0.29
Fujian 0.18 0.17 0.16 0.17 0.17 0.2 0.19 0.17 0.24 0.24 0.32 0.32
Jiangxi 0.13 0.14 0.16 0.16 0.19 0.19 0.18 0.14 0.18 0.18 0.23 0.22

Shandong 0.2 0.19 0.22 0.27 0.24 0.26 0.29 0.24 0.23 0.24 0.32 0.31
Henan 0.14 0.14 0.17 0.18 0.15 0.18 0.16 0.12 0.19 0.16 0.2 0.2
Hubei 0.15 0.16 0.17 0.18 0.2 0.21 0.17 0.15 0.21 0.21 0.24 0.34
Hunan 0.16 0.18 0.18 0.2 0.21 0.24 0.22 0.27 0.21 0.2 0.24 0.24

Guangdong 0.21 0.22 0.24 0.24 0.25 0.26 0.24 0.25 0.29 0.29 0.38 0.34
Guangxi 0.11 0.11 0.14 0.14 0.15 0.19 0.18 0.17 0.22 0.23 0.24 0.21
Hainan 0.1 0.11 0.12 0.13 0.15 0.14 0.15 0.12 0.17 0.18 0.18 0.19

Chongqing 0.13 0.13 0.17 0.19 0.18 0.18 0.19 0.13 0.2 0.19 0.24 0.22
Sichuan 0.15 0.15 0.19 0.2 0.21 0.2 0.22 0.18 0.2 0.21 0.23 0.23
Guizhou 0.09 0.11 0.12 0.13 0.13 0.15 0.17 0.1 0.13 0.14 0.16 0.15
Yunnan 0.12 0.15 0.16 0.18 0.16 0.18 0.15 0.14 0.19 0.21 0.22 0.2
Shaanxi 0.13 0.12 0.16 0.15 0.2 0.22 0.22 0.19 0.21 0.2 0.22 0.22
Gansu 0.12 0.14 0.15 0.15 0.18 0.18 0.17 0.17 0.17 0.17 0.18 0.2

Qinghai 0.12 0.13 0.16 0.16 0.17 0.22 0.21 0.16 0.21 0.22 0.25 0.23
Ningxia 0.1 0.12 0.14 0.14 0.14 0.16 0.14 0.12 0.16 0.19 0.17 0.19
Xinjiang 0.12 0.13 0.16 0.16 0.17 0.21 0.19 0.16 0.21 0.2 0.23 0.23

It can be seen from Table 6 that coordination degrees between ecological environment
and technological innovation increase year by year from 2005 to 2016, but on the whole,
the coordination degrees between ecological environment and technological innovation in
various regions were in a state of imbalance. Taking 2005, 2010, and 2016 as examples, in
2005,coordination degrees between ecological environment and technological innovation
in China’s provinces and cities ranged from 0.09 to 0.21, and most were in a seriously
unbalanced state. By 2010, as compared with 2005, the coordination degrees between
ecological environment and technological innovation in China’s provinces cities had slightly
improved, ranging from 0.14 to 0.22, and were still in a serious state of imbalance. By 2016,
the coordination degrees between ecological environment and technological innovation
in China’s provinces and cities further improved, ranging from 0.19 to 0.36, and were
in a state of moderate imbalance. It can be seen that although the coordination degrees
between ecological environment and technological innovation in China’s provinces and
cities show an upward trend year by year, coordination levels have always been in a state
of serious imbalance.

4.3. Analysis of the Impact of Coordination Degree between Ecological Environment and
Technological Innovation on Green Economy
4.3.1. Unit Root Test

First, a unit root is used to test stationary; it examines whether a variable is in the same
order and a single integer or not, to avoid deviation of estimation results from the existence
of pseudo regression. It can be seen from Table 7 that the original data of the coordinated
development level (CO) is not stable. In order to achieve a single integration of the same
order, we performed first-order difference processing on the coordinated development
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level (EC) data. The results show that the green economy data of all regions are stable after
the first-order difference, and the co-integration test can be carried out. Similarly, the unit
root test of green economy data shows that the original data and the first-order difference
data are stable. It can be seen that the coordinated development degree and green economy
are stable after the first-order difference.

Table 7. Unit root test results.

Variable
LLC

Inspection
IPS

Inspection
ADF

Inspection
PP

Inspection
Conclusion

CO −2.85 *** 0.48 −5.04 −5.17 unstable
ΔCO −4.81 *** −4.81 *** 6.83 *** 8.89 *** smooth
GE −5.83 *** −3.94 *** 3.74 *** 1.52 smooth

ΔGE −7.17 *** −8.17 ** 5.88 ** 36.64 *** smooth
Note: *** means p < 0.001; ** means p < 0.01.

4.3.2. Co-Integration Test

According to the unit root test, there is a single integration of the same order between
the coordinated development level and green economy. Therefore, a co-integration test can
be performed to test whether or not a long-term equilibrium relationship exists between the
two. According to the co-integration test method of Pedroni, we tested two variables. The
results are shown in Table 8. According to the results of the Pedroni co-integration test, the
results are not significant, based on the statistics of Panel v, Panel rho, and Group PP, while
they are significant at the 1% level in the Group ADF statistics. and they are significant at
the 0.1% level in the statistics of Panel ADF, Panel PP, and Group rho. According to the
results of the Johansen co-integration test, there is at least one co-integration relationship. In
conclusion, there is a long-term equilibrium relationship between the level of coordinated
development and the green economy.

Table 8. Co-integration test results.

Test Method Test Statistics Test Result Conclusion

Pedroni

Panelv-Statistic −2.42

Co-integration correlation

Panelrho-Statistic 0.56
PanelPP-Statistic −6.31 ***

PanelADF-Statistic −2.58 ***
Grouprho-Statistic 1.72 ***
GroupPP-Statistic −7.28

GroupADF-Statistic −2.02 **

Johansen
None 177.7 *** Co-integration correlation

Atmost1 276.4 ***

Note: *** means p < 0.001; ** means p < 0.01.

4.3.3. Optimal Lag Order Test

It is necessary to discover optimal lag order to test the panel vector autoregressive
model. The test results of the maximum lag order of the PVAR model are shown in Table 9.
Among them, AIC, BIC, and HQIC show that the PVAR model with a lag order of two
should be constructed.

Table 9. Test results of optimal lag order.

Lag AIC BIC HQIC

1 −4.83 −4.04 4.51
2 −5.13 * −4.23 * −4.77 *

Note: * means p < 0.05.
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4.3.4. Granger Causality Test

After the co-integration relationship test, it is found that there is a long-term equi-
librium relationship between coordinated development level (CO) and green economy
(GE). Therefore, the Granger causality test can be performed to explore a causal relation-
ship [30,31]. The specific test results are shown in Table 10. According to the test results,
the original hypothesis that green economy is not the cause of an increase in coordinated
development level is rejected at the significance level of 0.1% between coordinated devel-
opment level (CO) and green economy (GE), and the original hypothesis that coordinated
development level is not the cause of green economy is rejected at the significance level
of 0.1%. This shows that there is a Granger causality relationship between coordinated
development level (CO) and green economy (GE) after the first-order difference at the
significance level of 0.1%.

Table 10. Granger causality test results.

Null Hypothesis Observations df chi2 Statistics Conclusion

GE is not the cause of L_CO 270 2 7.21 *** Reject the null hypothesis
CO is not the cause of L_GE 270 2 32.33 *** Reject the null hypothesis

Note: *** means p < 0.001.

4.3.5. Pulse Response Analysis

In this study, we used the impulse response function and the Monte Carlo simulation
method to study the impact of the coordination of ecological environment and technological
innovation on green economy. In the simulation process, the number of periods set by the
model is 15 and the number of repetitions of data simulation is 500; the impulse response
function results are shown in Figure 2. The abscissa represents the number of lag periods;
the ordinate represents the corresponding degree; the two curves at the top and bottom
represent the upper and lower bounds of 95% confidence interval, respectively; and the
middle curve represents the point estimation value of impulse response function.

Figure 2 represents the impulse response results of the coordinated development
level and green economy. Figure 2a,d, respectively, show the response of coordinated
development level and green economy to the impact of one standard deviation unit; both
reach their peak in the current period and show a maximum positive response. Then,
the impact gradually weakens and approaches zero response in Phase 1. Then, the green
economy has a negative impact on the coordinated development level, and the negative
impact gradually increases and reaches the maximum in Phase 2. Since then, the negative
impact gradually weakens and approaches zero. Figure 2b shows the dynamic impact
of green economy on the level of coordinated development. It can be seen from the
Figure 2 that the coordinated development level has a significant negative response to
green economy in the current period and reaches the maximum negative response, but then
the negative impact of green economy on the coordinated development level gradually
weakens. In phase 2, the impact of green economy on the coordinated development level is
close to zero, then, presents a positive impact and reaches the maximum positive impact
in phase 3, and then, the impact gradually weakens, close to zero. Figure 2c shows the
dynamic relationship between the level of coordinated development and the impact of
green economy. After the impact of a standard deviation of the current green economy,
the initial response of the level of coordinated development is zero, but then there is a
positive response, which gradually increases, reaches a peak in phase 2, and then gradually
approaches zero, indicating that the level of coordinated development has a lagging positive
impact on green economy.
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(a) (b) 

  
(c) (d) 

Figure 2. Corresponding results of pulses: (a) GE response to GE shock; (b) GE response to CO shock;
(c) CO response to GE shock; (d) CO response to CO shock.

5. Conclusions and Prospect

5.1. Conclusions

Based on the panel data of 30 provinces and cities in China from 2005 to 2016, in this
study, we adopt the entropy weight method, coupling coordination model, and PAVR
model to analyze the impact of coordinated development of ecological environment and
technological innovation on green economy. The research finding include: First, from 2005
to 2016, the level of ecological environment, technological innovation, and green economy
in 30 provinces and cities in China has achieved varying degrees of improvement. Among
them, the level of green economy is the highest, followed by technological innovation, and
the level of ecological environment is the lowest. This is mainly because China has increased
economic stimulus and investment in technological innovation and the Chinese government
attaches more importance to the economy and technology than to environmental protection.
Second, the levels of coordination degree between ecological environment and technological
innovation increased year by year from 2005 to 2016, but on the whole, the degree of
coordination between ecological environment and technological innovation in different
regions was unbalanced. Thirdly, the coordination degree between ecological environment
and technological innovation has a backward positive impact on green economy, that is,
coordinated development between ecological environment and technological innovation
has a positive impact on the development of green economy, but the coordination level
of the two is low, and therefore, it plays a small role in promoting the development of
a green economy. This shows that China needs to promote the development of a green
economy by promoting technological innovation and environmental protection. Based on
the above results, it can be found that improving the coordination level of technology and
ecological environment can promote the development of green economy, but China’s work
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on ecological environment is still insufficient as compared with technological innovation
and the development of green economy.

5.2. Research Limitation and Prospect

Based on China’s provincial panel data, we conducted an empirical analysis by using
the coupling coordination model and panel vector autoregressive model. Our results
show that the coordinated development level of China’s ecological environment and
technological innovation is increasingly important to the development of green economy,
which provides theoretical support for the sustainable and healthy development of a green
economy. However, there are still some shortcomings. First, in this study, we did not
analyze various regions in China, and the research time was only ten years. In the future,
if conditions permit, China could be divided into specific regions, and research could
be carried out according to different regional characteristics to explore the impact of the
coordinated development level of ecological environment and technological innovation
in different regions on the development of green economy. At the same time, the research
period could be appropriately increased. Second, econometric models are diverse and
complex. In this study, we only used the coupling coordination model and panel vector
autoregressive model. Therefore, using other models to study this topic should become a
research direction in the future.
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Abstract: This study focuses on the social integration of the pre-1970 first-generation migrants in
reformist China, who were born before the year 1970 while getting old in the destination cities. The
pre-1970 first-generation migrants are not a homogeneous group but are composed of: (a) those
over 45 years old and still working but facing age discrimination; and (b) the elderly granny as
nanny assuming the domestic and child-care work for their sons or daughters in the destination
cities. We conceptualized and re-defined the aging migrants’ social integration into three dimensions
(i.e., participation practices, communication contacts, and subjective perceptions), and used the 2017
Migrant Dynamics Monitoring Survey (MDMS) data from Beijing to measure and explain the varied
integration levels among a total of 1267 aging migrant samples in the Beijing metropolis. It is proven
that housing tenure matters and housing tenure entitlement would be conductive to beefing up
aging migrants’ integration. However, informal housing should not be “stigmatized” as a segregated
world, since those dwelling in the informal housing have reported a higher probability of perceiving
a fully integrated status (namely subjective well-being, SWB) than those living in the dormitory-like
housing. Additionally, an employment-income paradox is found, which shows that higher economic
achievement is NOT equivalent to a higher social integration status for the aging migrants.

Keywords: aging migration; housing tenure; social integration; Beijing

1. Introduction

The integration and health of the aging migrants have become a global issue in
recent years and attracted much attention in both the OECD countries and the developing
world [1,2]. The aging migrants are easier exposed to integration and health risks owing to
their floating and therefore disadvantaged socioeconomic status, and a series of cultural,
institutional, and language barriers have associations with their social integration and
health-seeking behaviors. Existing studies have revealed such disadvantages, vulnerability,
and discrimination facing the aging migrants in different contexts. The healthy aging
schemes, however, have not expanded the health and quality of life-related benefit packages
to cover the entire spectrum of migrant populations (especially aging migrants) in many
countries. For instance, the World Health Organization (WHO) and its members had
created a Global Strategy and Action Plan for Ageing and Health (2016–2020), stressing that
everyone can live a long and healthy life [3]. However, this Global Strategy mentioned little
about the disadvantageous aging migrants and their integration and health benefits. In
recent years, the European Healthy Cities Network began to target the aging migrants (for
instance, migrant women of Moroccan origin aged 55 years and over in the specific context
of Rotterdam) at risk of loneliness [4]. Other case studies from Italy, Finland, Sweden,
and Ireland of the European Healthy Cities Network had proposed a whole-of-society
approach to target the vulnerable groups and their related networks (e.g., families and
migrant communities) to catalyze their integration across society [4].
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Similar to the process of population aging and increased migration that have close
associations with the demographics of Europe, the aging migrants have been an important
part of China’s urban population, too. Massive migration in China began after market-
oriented reforms at the end of the 1970s when China relaxed its hukou-based household
registration system and allowed its populations to move freely between different cities
or from rural to urban areas. This great transformation marked a historical turning point
in the 1970s. The pre-1970 generation (who were born before 1970) has been regarded
as the first-generation migrants in reformist China. Migrants who were born during the
1980s, 1990s, and 2000s are termed the “New Generation Migrants” in China, namely
the post-1980, post-1990, and post-2000 generations [5]. The existing studies noticed a
sea-change in the industrial and labor relations and societal structures faced by the new
generation of migrants [6]. Little attention, however, was given to the social integration of
the “aging first-generation migrants” (the pre-1970 generation born before the year 1970)
in China.

The pre-1970 migrants have a wide range of age cohorts in urban China: (a) those
over 45 years old and still working; and (b) de facto elderly migrants already retired.
Such an aging process deserves attention, as it would incur more risk factors for exclusion
and disease. For instance, some recent research began to stress the unemployment and
exclusion risks exposed to people over 45 years old (as a specific vulnerable group in the
employment market) in times of crisis and restructuring in both the OECD and developing
countries. A study on Spanish unemployment revealed the socio-professional context
that rejects and excludes people over 45 years old from the job market [7]. The empirical
studies in the UK confirmed this conclusion [8]. Another research on the age limit in
recruitment advertisements in China also pointed out the age discrimination against job
seekers: the upper age limit of selected four types of jobs (handyman, technician, engineer,
and manager) has a trend of convergence towards 45 years old [9]. The de facto elderly
migrants who are already retired also face difficulties adapting to the living environments,
because they assume the domestic and child-care work (namely granny as a nanny) for their
sons or daughters but have few chances for out-of-home leisure or local communication
contact. The above continuity but heterogeneity of the aging process (ranging from the
migrant labor over 45 years to the retired granny) deserves further investigation.

In this paper, we tentatively re-define the social integration dimensions of the aging
pre-1970 migrants in Beijing. The aging- and migrant-specific integration-seeking behaviors
and perceptions matter, involving (a) aging migrants’ participation in local affairs (rather
than engagement with their own clan/lineage), (b) extensiveness of communication con-
tacts (migrant-local ties, rather than within migrant networks), and (c) self-identification
and perceptions of their social integration status. The specific measures of participation,
communication contact, and perception are clarified. We then outline the key demographic,
migratory, and contextual factors that shape the differentiated social integration profiles of
the aging migrants in the transitional Beijing metropolis. Recent studies have proved that
better housing opportunities are accompanied by a higher level of social integration [10].
However, relevant studies focused only on the physical context (e.g., physical quality,
characteristics, arrangement, and environment) of housing [11], and did not mention the
housing tenure context. We innovatively list the housing tenure (as an outcome of migrants’
self-selection and socio-spatial stratification) as the contextual factor, which has associa-
tions with the social interaction behaviors and perceptions of the aging pre-1970 migrants.
This research uses the Migrant Dynamics Monitoring Survey (MDMS) data in 2017 in
the Beijing metropolis and employs logistic regression analysis to attest to whether the
housing opportunities (owning, renting, employer- or government-provided, informality)
have significant associations with the social integration of the aging pre-1970 migrants in
Beijing. In conclusion, there is a need for more attention given to the healthy aging scheme
providing the aging migrants better housing opportunities, creating a positive sense of self,
and more chances for participation, communication, and empowerment. This is important
to accommodate the needs of the growing number of aging migrants in China.
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2. Social Integration of Aging Migrants in China: Review and Conceptualization

2.1. Migration, Aging, and the Role of the Housing Regime in the Social Stratification
and Inclusion

In contrast to the Western countries, the household registration system (namely hukou)
is a particular institution that links people’s place of origin to their daily life, social services,
and welfare in China, and it has exerted an impact on the social stratification between local
vs. nonlocal hukou holders and between talented vs. less-skilled migrant workers [12,13].
The New-Styled Urbanization Plan and hukou reforms have been implemented during
the 13th Five-Year Plan period (2015–2020) to integrate migrants in terms of employment
opportunities, housing acquisition, and social services delivery [14]. The recent hukou
reform ensured that the migrants can get urban hukou in medium-sized cities (with three
million residents and below), but hukou restrictions remain strong in first-tier cities and
megacities such as Beijing. Megacities began to open their hukou doors to talented youth,
although policy makers still stress the importance of the hukou system to avoid urban ills
and population over-crowding [15].

Migrants’ integration and willingness to settle in the destination cities have become
the focus of current research on migration in China. The existing studies revealed the
positive impact of human capital and social networks on the migrants’ socioeconomic and
psychological integration [16,17]. More recent research began to compare migrants’ integra-
tion in the different neighborhood types in urban China [18–20] since neighbor networks
and socioeconomic and physical environments of neighborhoods are vital components of
integration [21–23].

China has the largest elderly population in the world and its pace of aging (i.e.,
fast-growing number and proportion of the elderly people in cities) has become rapid in
recent years. However, relatively little attention has been given to the pre-1970 generation
migrants (born before 1970), who were the first-generation migrants in reformist China
who are aging now. In recent years, researchers began to discuss the pre-1970 migrants’
social integration issues. For instance, Lin and Huang used the 2015 national scale data
issued by the China Household Financial Survey (CHFS) to analyze the cohort differences
among migrants, concerning the community environmental satisfaction and their impact
on migrants’ subjective well-being (SWB) [24]. It was found that the satisfying social
environment (rather than the physical environment) exhibited the positive associations
with happiness among the pre-1970 migrants, and at the same time, the positive associations
of a satisfying social life with SWB were more observable in the pre-1970 migrants than their
younger cohorts. It was found that the social integration (including social environment
and social life as revealed in Lin and Huang’s studies) exerts a prominent impact on the
health and quality of life of the pre-1970 first-generation migrants. However, little is known
regarding the “localized” participation and communication behaviors and perceptions of
social integration among the pre-1970 migrants, who are getting old.

The pre-1970 migrants straddle a wide range of life courses. They are facing quite
different situations under China’s retirement policy, if they are under 60 years old (mostly
still working) or over 60 years old (mostly retired). More attention needs to be put on the
sizeable aging migrants in China, including (a) de facto elderly migrants (mostly retired, liv-
ing with their sons or daughters and caring for grand-children in the destination city), and
(b) aging-but-still working migrant workers (still employed but relatively disadvantaged
compared with the post-1980 and post-1990 new generations in terms of their adaptation
to the new economies in megacities). The aging migrants are called “laopiao”, having left
the familiar environment and social networks in their hometown and floating in a desti-
nation city, either as aging migrant workers or granny as a nanny. Such aging migration
in transitional China is not for recreation or retirement purposes but is an economic or
family-unification driven migration. The aging migrants face difficulties adapting to the
living environments in megacities (such as Beijing), regardless of whether co-residing
with their children or not. If they assume the domestic and child-care work for their sons
or daughters, they have fewer chances for out-of-home leisure and local communication
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contacts [25]. As revealed, the language barrier can reduce the elderly migrants’ abilities to
build up a social network in the destination city and result in poorer health conditions [26].
The older migrants face mobile vulnerability in big cities such as Beijing, but they can
develop coping strategies to improve their socio-cultural mobility in the destination [27].
It is also found that social environment and social activities can contribute to old adults’
health in the megacities such as Shanghai [28]. Scholars have examined the impact of
different neighborhood types on the quality of life among elderly people in Nanjing and
Beijing megacities [29,30]. These aging and healthy living studies, however, have not been
extended to the aging migrants who are more disadvantaged than the local elderly people.

Less attention has been paid to the role of housing types in integration. Housing pro-
vides housing security, public services, and upward mobility opportunities (such as school
provisions organized around the catchment areas) for the migrants [31]. In China, hukou
imposes limits on the social integration of migrants, but recent studies have indicated that
the migrants tend to achieve permanent settlement through more flexible channels such as
purchasing urban housing in the destination city, even though the migrants have limited
housing opportunities than residents since that house prices are particularly high in big
cities [32,33]. Moreover, housing is a symbol of the living quality of the migrants and an im-
portant indicator and a result of social stratification in the destination city in China [34,35].
As early as the 1960s, the new Weber School represented by Rex put forward the concept of
housing class and emphasized that individual possession of housing tenure is one of the
criteria for dividing the social classes [36]. Housing type or housing choice is the primary
factor directly related to the migrants’ social stratification and inclusion, especially in tran-
sitional economies such as China with a profound housing commodification reform since
the 1990s. Interestingly, the concept of “housing type” and “community type” is seemingly
exchangeable in the previous studies on the so-called community-level integration studies.
For instance, it is proved that migrants living in the government-sponsored “affordable
housing” community exhibited a much higher level of social integration than those living
in other “rental” communities [37]. It is also found that migrants who live in “commodity
housing” neighborhoods achieve a higher level of integration, but those living in “urban
villages” cannot find a path to integrate into the mainstream city [20,38,39]. What is more
important, housing tenure itself would stimulate interaction and integration [40]. The
recent studies on neighborhood-level integration also stressed the significance of housing
tenure type. A recent empirical study on migrants in peri-urban neighborhoods in Beijing
pointed out that a low sense of belonging among migrants is not necessarily a result of
homogenous tenure, but of living with uncertainty and exclusion from the formal urban
economy, and scholars have revealed the role of tenure heterogeneity in providing a sense
of privilege and privacy [19]. It is uncertain whether this conclusion can be held in other
contexts, but housing type indeed matters in the integration process. In addition, housing
unaffordability is found negatively correlated with migrants’ mental health, and compared
with migrants who are home-occupiers, the tenant migrants are more easily excluded from
the psychological integration in the face of high rental costs [41,42]. However, we know
little about the role of housing stratification in inclusion/exclusion processes, especially
among the aging migrant populations.

2.2. Conceptualization, Framework, and Hypotheses

The existing studies on the migrants’ social integration under China’s hukou regime
have measured the willingness to settle down or not, and the willingness to make hukou
conversion or not, as a representation of the migrants’ sense of belonging and identity to
the city [43,44]. However, for older migrants, having or lacking strong ties/networks with
locals, and engaging in local affairs are profoundly important predictors of well-being and
health status. As pointed out by the Sociologist Louis Wirth, “If men of diverse experiences
and interests are to have ideas and ideals in common, they must have the ability to com-
municate”. The integration process requires the extensiveness of contact among migrant
populations and local society [45,46]. Existing studies, however, tended to define integra-
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tion to be a small network within the neighborhoods. The social integration interpretation
(as well as integration into local society in general) should build up and maintain the larger
networks (such as the city-wide housing tenure system, the urban-bound participation
activities, and perceptions) rather than neighborhood-bound within some specific mosaic-
like enclaves or the recommended socio-ethnically mixed neighborhoods. The previous
studies had tried to prove that the overall best direct predictor of social integration was
community or neighborhood [47,48]. The Western experience focused on the associations
of the mixed neighborhood with integration and believed that physical mixing can promote
interclass interaction [49]. However, Musterd, Ostendorf, and Galster pointed out it is
unclear whether a neighborhood mixing between different people does indeed result in a
higher level of integration [50,51]. The community-level mechanism of integration is still
opaque, and the analysis results vary with the specific contexts.

Ager and Strang proposed a conceptual framework for understanding integration in
2008, and they listed the key domains of integration: (a) achievement and access across the
sectors of employment, housing, education, and health; (b) practices regarding citizenship
and rights; (c) processes of social connection within and between groups; and (d) structural
barriers to such connection related to language, culture and the local environments [52].
Among them, housing is stressed as one of the most researched areas of integration, and
as important as employment and education. They paid attention to the associations that
housing has with the physical and emotional well-being, the financial security of tenancies
and ownership, their ability to feel at home, settled (as well as the continuity of relationships
associated with being settled), safe, secure and stable, and other social and cultural impact
of housing. Ager and Strang’s conceptualizations are likely to remain controversial [53],
but they can embrace the significant questions regarding the specific processes that can
facilitate integration (for instance, concerning targeted housing policies that can make
opportunities for social connection or a sense of safety) [52]. Chen and Wang adopted
Ager and Strang’s conceptual framework on what is integration and developed the three-
dimensional measurement of the Chinese new generation migrants’ social integration
process: (a) participation in community activities; (b) connection with the community, and
(c) accustomed to social norms [54]. They then used the relevant factors and processes that
facilitate integration to explain the younger migrants’ integration in Shanghai.

It is important to see the aging migrants’ integration as a practical and relational
process and multiple measurements, not a purely perceptual outcome concerning satisfac-
tion, happiness, or willingness to settle down or make hukou conversion to a destination
city. Here, as elaborated by Robert Brown (2010: 2), the social integration refers to the
range of a person’s communication contacts (regardless of individual-level, small group, or
mass communication) rather than to their frequency of communication, as the integration
process requires some extensiveness of communication contacts [46]. We can assume that
integration is itself dependent on extensive communication with the local population and
that migrants who report a variety of communication contacts with the locals differ from
those who report few or no such contacts.

Because housing choice and housing type are vital components of social stratification
statuses and city/neighbor networks, we examine the housing stratification-related inte-
gration perspectives to explain the impact of “housing tenure type” on the aging pre-1970
migrants’ “integration” in the Chinese metropolises such as Beijing. The aging migrants’
social integration is defined from three dimensions (i.e., participation practices, communi-
cation contacts, and subjective perceptions, similar to Ager and Strang’s conceptualization
and Chen and Wang’s adoption of it in the Chinese megacity contexts [52,54]):

(a) Their actual participation in local affairs (regardless of a small group-like commu-
nity/neighborhood or the mass society of a city);

(b) Communication contacts with the locals, beyond their own patriarchal family- and
clan-relationship (namely “laoxiang” as people from similar originating areas); and

(c) Migrants’ relevant perceptions of subjective well-being (SWB).
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Can a housing tenure regime be better designed to promote the aging migrants’ social
integration with their local social capital and environments? Next, we will use the survey
evidence from the 2017 Migrant Dynamics Monitoring Survey (MDMS) data in Beijing
and the logistic regression to examine this possibility by testing the relationships between
varying types of housing tenure and the strength of integration: (a) whether housing tenure
opportunities can predict the aging migrants’ social integration; and (b) which kind of
housing tenure attainment/arrangement is more conducive to (or can best support) the
integration of aging migrants in the metropolises such as Beijing?

The typical housing tenure opportunities available to the migrants in Beijing are com-
posed of: (a) self-owned commercial housing; (b) dormitory-like housing provided by
governments or employer units; (c) rental commercial housing; and (d) informal housing
involving “urban village” housing, small property housing and other types of informali-
ties [55,56]. Figure 1 displays the main housing types accessible to the migrants in Beijing,
and Figure 2 demonstrates the conceptual framework that constructs and interprets the
aging pre-1970 migrants’ integration into Beijing’s local society. As shown in Figure 2, we
construct a three-tiered measurement of integration (practical, relational, and perceptual),
and examine the main determinants of integration (from perspectives of household, migra-
tory, and housing-related) to interpret the variance of aging migrants’ integration levels.
The housing-related explanatory factors involve housing tenure types and housing expen-
diture stress. The definitions and measurements of dependent and explanatory factors will
be elaborated in Section 3, based on the data availability of the 2017 MDMS.

  
(a) (b) 

  
(c) (d) 

Figure 1. Housing tenure types accessible for migrants in the Beijing metropolis in China (a) commer-
cial housing for self-owning or renting; (b) dormitory provided by employers in the industrial park;
(c) public rented housing prepared for talented migrant workers; (d) “urban village” housing. Photos
were taken by authors.
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Figure 2. The three-tiered measurement of social integration (practical, relational, and perceptual),
and its determinants (household, migratory, and housing-related). Originated and adapted from
Ager and Strang’s conceptualization and Chen and Wang’s empirical studies in the Chinese megacity
contexts [52,54].

Considering that the pre-1970 migrants straddle a wide range of life courses, we try
to separate the whole pre-1970 migrants into two age cohort groups according to China’s
retirement policy: (a) ≥60 years old (mostly retired), and (b) pre-1970 and <60 years old
(mostly still working). They are facing quite different situations, and the housing impact
on their respective social integration would be quite different, too.

We hypothesize that:

Hypothesis 1: The insecurities of housing tenure can lower the aging migrants’ integration, and
home-owning can beef up their integration; and

Hypothesis 2: Those in a paid employment status (<60 years old) vs. those in a retired status
(≥60 years old) would indicate the differentiated integration processes faced by the aging migrants.

3. Data and Method

3.1. Research Area and Data Source

The data is derived from the 2017 Migrant Dynamics Monitoring Survey (MDMS)
collected and issued by the National Health Commission in China. This survey adopted a
stratified three-stage probability proportion to size (PPS) random sampling method and
involved the investigation questions on the migrants’ social integration in the destination
city. We selected the migrant samples collected in the Beijing metropolis. In total valid
6999 samples in Beijing, we select 1267 samples of pre-1970 generation migrants (aged
between 48 and 84 years old), who were born before 1970 and became the first-generation
migrants in reformist China but getting aging now. The migrants had lived in Beijing for
one month or more but did not get local hukou in Beijing.

We choose Beijing as the case study. First, Beijing is the most important destination city
of the Chinese domestic migration in the north, accommodating migrants with different
economic-cultural backgrounds in a diversity of housing types. Migrants’ housing choice in
Beijing was repetitively investigated in previous studies [57,58], and the Beijing metropolis
is deemed an ideal case to study the integration of diverse migrant populations including
the aging migrants. Second, Beijing itself has a large elderly population, and it is believed
that the inflow of younger migrants can slow down the process of population aging.
Policy makers paid more attention to how to serve the aging local population and attract
educated young migrants while ignoring the integration and health issues of the aging
migrant populations. For instance, recent studies investigated the role of changing the
urban environment in the everyday aging experiences in Beijing, and the surveys were
conducted on the older people living at home in Beijing [59]. It was found that the growing
housing inequality in post-reform urban China reflects how older people assess their built
environment change in the Beijing metropolis, but such studies did not focus on the aging
migrant populations. More research is needed to fill in this research gap.
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The purpose of this study is to understand the role of different housing tenure types
(i.e., self-owned housing; dormitory-like housing provided by governments or employers;
rental housing; and informal housing, see Figure 1) in the integration of the aging migrants
into the Chinese metropolises such as Beijing. The statistical analysis will be conducted in
the next section. The self-owned commercial housing is the most “secure” housing type
and a place more like a “home” for migrants. The surveyed aging migrants displayed
a higher home-owing ratio (30.1%) than an average level in the total migrant samples
(19.8%) in Beijing, due to their higher capacity to acquire an owned home after years of
adaptation and success, or due to their kids’ home-owning status in Beijing. Interestingly,
there is little variance between the proportion of aging migrants living in informal housing
(29.80%) and the average level of total migrant populations (33.6%). It is thus indicated
that the associations between housing inequality and stratification would be greater with
the aging migrants than it is in the total migrant populations. Informal housing in Beijing
is highly concentrated in Chaoyang, Haidian, and Fengtai districts in the Urban Function
Extended Districts. The map for Beijing Municipality is shown in Figure 3. Additionally,
the dormitory-like housing proportion of the aging migrants (14.7%) keeps the same as
the total migrant population (12.6%), too. However, living in the dormitories often means
sharing a room with other workers, and for this reason, dormitories would not be the first
choice for many migrant households.

 

Figure 3. Map for the Beijing Municipality and its main functional zones.

3.2. Variable Selection and Methodology

Table 1 defined the dependent variables and explanatory variables in this study.
As elaborated earlier, we construct a three-tiered measurement of integration (practical,
relational, and perceptual). The aging migrants’ social integration is defined as listed in
Table 1. The relevant questions were listed in the questionnaire of the 2017 MDMS, which
contains the specific “social integration” section.

384



IJERPH 2022, 19, 7093

Table 1. Indicators.

Indicators Descriptions Mean
Standard
Deviation

Dependent variables

1 Local affairs participation No = 0, Yes = 1 0.44 0.49

2 Communication with the
locals as the most frequent
daily contact

No = 0, Yes = 1 0.26 0.44

3 A full integration status
perceived (subjective
well-being)

No = 0, Yes = 1 0.19 0.39

Explanatory variables

• Household profiles Age (years old) Continuous variable 57.74 8.25
Gender Male = 1, Female = 2 1.43 0.50

Marital status Married = 1, Unmarried = 2 1.10 0.30

Educational attainment

Primary and below = 1,
Junior secondary = 2,

Senior/technical secondary = 3,
College and above = 4

2.22 0.96

Household monthly income
(logged, unit: yuan) Continuous variable 3.85 0.33

Employment status Employed = 1,
Unemployed or retired = 2 1.41 0.49

• Migratory status Hukou origin Rural hukou = 1,
Urban hukou = 2 1.42 0.49

Duration of stay in
Beijing (years) Continuous variable 9.73 7.73

Migrate alone or together
Yes (migrate alone) = 1, No

(migrate together with
family) = 2

1.96 0.21

Place of origin

Eastern Region = 1, North
Region = 2, Central Region = 3,

South-Western Region = 4,
North-Western Region = 5,
North-Eastern Region = 6

3.18 2.22

Destination in Beijing metropolis

Core District of
Capital Function = 1, Urban

Function Extended Districts = 2,
New Districts of Urban

Development = 3, Ecological
Reserve Development Areas = 4

2.24 0.77

• Housing-related factors Housing tenure types

Self-owned commercial
housing = 1, Dormitory-like

housing provided by
governments or

employer units = 2, Rental
commercial housing = 3,

Informal housing = 4

2.55 1.20

Housing stress (housing
expenditure-to-income ratio) Continuous variable 0.14 0.39

Note: 1. The rare samples from the South-Eastern Region (N = 4) are detected as outliers and are deleted for this
reason. 2. In the Beijing metropolis, (a) Core District of Capital Function (Inner Cities) includes Dongcheng and
Xicheng Districts; (b) Urban Function Extended Districts (Inner Suburbs) include Chaoyang, Fengtai, Shijingshan,
and Haidian Districts; (c) New Districts of Urban Development (Outer Suburbs) includes Fangshan, Tongzhou,
Shunyi, Changping and Daxing Districts; and (d) Ecological Reserve Development Areas (Mountainous Areas)
includes Mentougou, Huairou, Pinggu, Miyun and Yanqing Districts. Data source: MDMS, 2017.

385



IJERPH 2022, 19, 7093

First, from a practical dimension, we assign the value of 1 to the “local affair participa-
tion” variable, if the aging migrants had participated in the local affairs in Beijing (e.g., the
labor union, volunteers’ association, supervising or offering advice for the management of
their workplace and community, reporting to governments and giving policy making sug-
gestions, online comments and discussions on the national affairs and social news, donating,
blood donation, volunteer activities, and participating in the Party’s branch meetings and
activities). Otherwise, we give the value of 0 to the 1st tier of the dependent variable.

Second, from a relational perspective, we assign the value of 1 to the 2nd tier of the
dependent variable “communication with the locals as the most frequent daily contacts”, if
the aging migrants have chosen the local Beijingese as the primary communication contacts
instead of their own family- and clan-relationship or other populations. Otherwise, we
give the value of 0 to this tier of the dependent variable.

Third, from a subjective and perceptual definition, we assign the value of 1 to the 3rd
tier of the dependent variable “a full integration status perceived”, if the aging migrants give
full marks in the questionnaire questions concerning migrants’ perceptions of subjective
well-being (SWB). The five positive and inclusive settings of subjective well-being (SWB)
are inquired about in the five questions of the 2017 MDMS: (a) I like the city I am living in
now; (b) I pay attention to the change of this city; (c) I am willing to integrate into the local
society and become a member; (d) I think the locals are willing to accept me as one of them,
and (e) I think I am already a “local” resident. Each of the five questions is assigned 1 to
4 points to the four choices (i.e., complete disagreement, disagreement, basic agreement,
and complete agreement, respectively). If the aging migrants gave a full score of 20 for the
five questions, we consider them able to integrate fully into the local city and assign the
value of 1 to this dependent variable. Otherwise, we give the value of 0 to the 3rd tier of
the dependent variable.

Next, we examine the main determinants of integration and select three types of
attributes including household profiles, migratory status, and housing-related factors
to interpret the variance of the aging migrants’ integration level. Table 1 lists a total of
13 exploratory variables in the above three attribute groups. The focus would be put on the
impact of the different housing tenure on the social integration of the aging migrants in
Beijing. The housing tenure categories and related landscapes were mentioned earlier in
Figure 1.

3.3. Regression Model Selection

This paper uses a binary logistic regression model to study the associations of social
integration among the aging migrants with differential housing tenures. The calculation
formula is listed as follows:

log
[

p
1 − p

]
= a + b1X1 + b2X2 + b3X3 + . . . + bkXk (1)

where X1, X2, X3 . . . XK are independent variables, a is a constant term, b1, b2, b3 . . . bK
represent the regression coefficients of the respective explanatory variables.

The dependent variables are participation, communication contact, and subjective
identity, as listed in Table 1. P is the probability of being willing to integrate, and 1-P is the
probability of not planning to integrate.

Logistic regression is widely used when the dependent variables are categorical (e.g.,
No = 0, Yes = 1 as listed in Table 1). Regression results are reported in the results section.

4. Results

4.1. Descriptive Statistical Analysis

The descriptive statistics are summarized in Table 2. Most of the aging pre-1970
migrants were living in self-owned commercial housing (30.1%) and informal housing such
as “urban villages” (29.8%). Such a tenurial divide often displays a large socioeconomic
difference and a contrasting integration status.
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Table 2. Descriptive statistics of the aging pre-1970 migrants across the different housing tenure types
in Beijing.

Self-Owned
Commercial

Housing

Dormitory-
Like Housing
Provided by

Governments
or Employer

Units

Rental
Commercial

Housing

Informal
Housing

Total

Sampling 382 30.1% 186 14.7% 321 25.3% 378 29.8% 1267 100%

Dependent variables
1 Local affairs

participation
Yes 208 54.5% 88 47.3% 145 45.2% 122 32.3% 563 44.4%
No 174 45.5% 98 52.7% 176 54.8% 256 67.7% 704 55.6%

2 Communication with
locals as the most
frequent daily contact

Yes 155 40.6% 34 18.3% 67 20.9% 70 18.5% 326 25.7%
No 227 59.4% 152 81.7% 254 79.1% 308 81.5% 941 74.3%

3 Full integration
perceived (SWB)

Yes 116 30.4% 20 10.8% 49 15.3% 57 15.1% 242 19.1%
No 266 69.6% 166 89.2% 272 84.7% 321 84.9% 1025 80.9%

Explanatory variables

• Household profiles
Gender Male 181 47.4% 124 66.7% 179 55.8% 237 62.7% 721 56.9%

Female 201 52.6% 62 33.3% 142 44.2% 141 37.3% 546 43.1%
Marital Status Single 39 10.2% 27 14.5% 23 7.2% 36 9.5% 125 9.9%

Married 343 89.8% 159 85.5% 298 92.8% 342 90.5% 1142 90.1%
Education Primary and below 54 14.1% 51 27.4% 85 26.5% 132 34.9% 322 25.4%

Junior secondary 103 27.0% 82 44.1% 139 43.3% 166 43.9% 490 38.7%
Senior/technical
secondary 127 33.2% 48 25.8% 67 20.9% 65 17.2% 307 24.2%

College and above 98 25.7% 5 2.7% 30 9.3% 15 4.0% 148 11.7%
Employment status Employed 61 16.0% 164 88.2% 237 73.8% 283 74.9% 745 58.8%

Unemployed or
retired 321 84.0% 22 11.8% 84 26.2% 95 25.1% 522 41.2%

• Migratory status
Hukou origin Rural hukou 82 21.5% 144 77.4% 217 67.6% 294 77.8% 737 58.2%

Urban hukou 300 78.5% 42 22.6% 104 32.4% 84 22.2% 530 41.8%
Migrate alone or not Migrate alone 10 2.6% 19 10.2% 13 4.0% 15 4.0% 57 4.5%

Migrate together with
family 372 97.4% 167 89.8% 308 96.0% 363 96.0% 1210 95.5%

Place of origin Eastern Region 77 20.2% 41 22.0% 80 24.9% 85 22.5% 283 22.3%
North Region 121 31.7% 66 35.5% 84 26.2% 120 31.7% 391 30.9%
Central Region 53 13.9% 36 19.4% 82 25.5% 73 19.3% 244 19.3%
South-Western Region 19 5.0% 10 5.4% 23 7.2% 29 7.7% 81 6.4%
North-Western Region 26 6.8% 8 4.3% 13 4.0% 4 1.1% 51 4.0%
North-Eastern Region 86 22.4% 25 13.4% 39 12.2% 67 17.7% 217 17.1%

Destination in Beijing
metropolis

Core District of
Capital Function 38 9.9% 34 18.3% 58 18.1% 34 9.0% 164 12.9%

Urban Function
Extended Districts 256 67.0% 112 60.2% 220 68.5% 143 37.8% 731 57.7%

New Districts of
Urban Development 57 14.9% 29 15.6% 28 8.7% 166 43.9% 280 22.1%

Ecological Reserve
Development Areas 31 8.1% 11 5.9% 15 4.7% 35 9.3% 92 7.3%

Note: The rare samples from the South-Eastern Region (N = 4) are detected as outliers and are deleted for this
reason. Data source: MDMS, 2017.

The aging migrants living in owned housing have probably the family members (e.g.,
spouse, kids, son/daughter-in-law), who have already acquired Beijing hukou. Compared
with the other three types of housing, these aging occupiers demonstrate the obvious
advantages in all the practical, relational, and perceptual dimensions of integration, report-
edly, 54.5% participate in the local affairs, 40.6% list communication with the locals as a
prominent daily contact means, and 30.4% regarding themselves fully integrated into local
society. This more inclusive status can be evidenced by the fact that 84.0% of these aging
home-occupiers have got retired or are unemployed, and 78.5% of them have an urban
origin (instead of a rural origin), as listed in Table 2.

A comparative study on the integration level is quite illuminating, between the aging
migrants living in (a) dormitory-like housing provided by the governments or employers,
(b) rental commercial housing, and (c) informal housing. It is believed that those in informal
housing are more disadvantaged and segregated. However, the relational and perceptual
measurements of integration (communication contacts index and SWB index in Table 2)
in the informal housing are reported at the same level or even higher than that in the
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dormitory-like housing provided by the governments or employers. The values of SWB are
also the same between those living in rental commercial housing and informal housing.

It is impressive that those living in the formal housing are congregated in the Urban
Function Extended Districts in Beijing, while those in informal housing are present mostly
in the New Districts of Urban Development in Beijing (see Table 2). A massive demolition
of urban villages in Haidian, Fengtai, and Chaoyang Districts since 2009 can explain such a
geographical disparity between the formal and informal housing in Beijing [60].

4.2. Regression on the Pre-1970 Migrants’ Integration Status

We have tested how to partition the whole pre-1970 migrants into two cohorts (majority
still working vs. majority being retired), who are at two very distinct life stages. In sum,
48–59 years old are more likely in a still working status (labor force ratio as high as 78.2%),
and this situation is consistent with China’s retirement policy that men retire at 60 and
women retire at 55. We thus select 60 years old as a threshold to stratify the whole pre-1970
migrants into (a) 48–59 years old cohort and (b) ≥60 years old for further comparative
studies. The majority (78.2%) of the 48–59 years old age cohort are still working. According
to the 2017 MDMS, it is reported that among the still working 48–59 years old age cohort,
59.7% of them are factory workers in the secondary industry assuming hard physical
labor jobs. 8.3% of them came to Beijing to continue their agricultural activities. Only
7.4% of them are white-collars with more decent jobs in the governments, enterprises, and
institutions. Few (0.6%) are engaged in the service work. The remaining 2.2% of them
engage in flexible work.

Table 3 summarizes the main findings from the regression analysis. We will elaborate
on the analysis results in the three models on the three-tiered measurement of social
integration (practical, relational, and perceptual), respectively.

4.2.1. Explaining the Practical Dimension of Aging Migrants’ Integration

Participation in local affairs (a binary variable: yes or no) is an indicator of aging
migrants’ integration measured by their actual participation practices (regardless of a small
group-like community/neighborhood or the mass society of a city).

First, in the whole pre-1970 migrant population, the regression results in Table 3
display that a younger age (p < 0.05, OR = 0.976), higher educational level (significant,
OR < 0.7), an employed status (p < 0.1, OR = 1.390), a longer stay in Beijing (p < 0.001,
OR = 1.043) would be the significant indicators for those more active in local participation.
Among all the indicators, human capital is the strongest to predict the aging migrants’
probability of participation in local affairs. Well-educated aging migrants are more active in
local affairs participation. The probability of local affairs participation in poorly educated
populations (primary and below) is merely 0.251 times (p < 0.001), compared with those
with a college degree and higher. It is thus proved that a lower educational background
presents a significantly negative correlation to participation. Housing tenure type is proved
the second strongest indicator to explain the variance of aging migrants’ local affairs
participation. Homeowners are more likely to participate in the local affairs in Beijing than
those living in informal housing (p < 0.001, OR = 2.641).

Second, the regression analysis on the two age cohorts (48–59 years old and ≥60 years
old) has reported the similar findings that younger age (p < 0.001, OR = 0.908; p < 0.05,
OR = 0.942), higher educational level (significant, OR < 0.6), and a longer stay in Beijing
(significant, OR = 1.041, OR = 1.061) are the significant indicators for those more active in
local participation. The employed status is an insignificant factor when modeling the two
age cohorts. There has been a decisive divide in employment status between the two age
cohorts, and for this reason, the within-group variance of employment status in each age
cohort becomes minor. Moreover, the housing tenure factor displays different associations
with the participation in local affairs in Beijing. For instance, for the 48–59 age cohorts who
are still working, living in the dormitory-like housing indicates a significantly higher odds
of local affairs participation than living in the owned homes.
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4.2.2. Explaining the Relational Dimension of Aging Migrants’ Integration

From a relational perspective, we use the “whether communication with the locals as
the most frequent daily contacts” (the binary variable: yes or no) as the second dependent
variable in this study. Daily communication contact is an important means for the aging
migrants to integrate into mainstream society.

First, in the whole pre-1970 migrant population, regression results in Table 3 show that
the female aging migrants (p < 0.1, OR = 0.759), those better educated (p < 0.05, OR = 0.490),
an urban hukou origin (p < 0.05, OR = 0.599), and the longer stay in Beijing (p < 0.001,
OR = 1.040) are more likely to list the local Beijingese as the primary communication contacts
(instead of their own family- and clan-relationship or other populations). It is also found
that geographical and locational-related factors matter. It is reported in Table 3 that the
aging migrants whose place of origin shares similarities (in terms of customs, cultures, and
languages) with Beijing are more easily inclusive in this contact dimension. Those from
the South-Western Region in China (p < 0.05, OR = 0.400) face more barriers to integration.
Beijing as a destination city is more inclusive for those migrating from vast North China.
Moreover, those choosing a residential location in Beijing’s more peripheral Ecological
Reserve Development Areas (significant, OR < 0.5) are more probably interactive with
the local Beijingese. Aging migrants living in the urban centers are more easily excluded
from the local people’s network. However, these peripheral areas are more inclusive, as
native people in peripheries hold an “outsider identity” in the capital-city culture which is
urban-center-dominated. In addition, Ecological Reserve Development Areas are located
in the nature-human interface, creating a better contact and recreation atmosphere for the
aging migrants. More research can be conducted to explore the inter-variance of integration
between different locations within a metropolis.

The impact of housing tenure type on the aging migrants’ daily communication
contacts is significant (p < 0.05, OR = 1.909), but not as prominent as those when modeling
the associations with local affairs participation. Compared with those in informal housing,
homeowners are significantly more interactive and communicative with the local Beijingese
(p < 0.05, OR = 1.909). However, such a contact difference is insignificant between those
living in the dormitory-like housing (provided by governments or employer units), rental
commercial housing, and informal housing.

Second, the regression analysis on the two age cohorts (48–59 years old and≥60 years old)
has reported that the gender is insignificant. The education level and hukou origin are in-
significant for older age cohorts (≥60 years old), but remain significant for younger still
working age cohorts (48–59 years old); higher educational level (significant, OR < 0.5), and
urban hukou origin (p < 0.05, OR = 0.588) are the significant indicators for still working
groups’ daily communication contacts. The longer stays in Beijing (significant, OR = 1.044,
OR = 1.037) are a significant indicator for both age cohorts’ daily communication contacts.
The similarity or disparity between the place of origin and Beijing also plays a significant
role in the older or younger age cohorts’ local communications. A similar inter-variance of
integration between different locations within a metropolis is reported, too, in the modeling
of the two age cohorts (48–59 years old and ≥60 years old). However, housing is found to
have different associations with the younger or older cohorts’ daily communication con-
tacts. For instance, when younger still working age cohorts (48–59 years old) are living in
the owned homes, they have significantly higher odds of local communications than those
living in informal housing. However, when older age cohorts (≥60 years old) are living in
the dormitory-like housing, they would report the highest odds of local communications.
The complicated two- or three-generation co-living status can explain such a difference for
the retired migrant populations.

4.2.3. Explaining the Perceptual Dimension of Aging Migrants’ Integration

Subjective well-being (SWB) is a widely used integration indicator in previous studies.
Interestingly, human capital did not report significant associations of educational levels
with the aging migrants’ integration.
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First, in the whole pre-1970 migrant population, the subjective identity of retired
or unemployed aging migrants is significantly stronger than that of their still working
peers (p < 0.05, OR = 0.574)—that is, the probability of a full integration status perceived
(SWB) among bread earners is only 57.4% of that for the retired or unemployed aging
migrants. Age discrimination against job seekers has a trend of convergence towards
45 years old [9]. Disadvantaged aging migrants face more difficulties adapting to the age
limit in the employment markets. However, those who have retired may have more pride
than the migrant workers, as they dwell with kids who have probably already acquired
Beijing hukou. In addition, a longer stay in Beijing (p < 0.001, OR = 1.044) predicts a higher
probability of full integration status perceived (SWB) by the aging migrants. Those living in
the “Urban Function Extended Districts” report the lowest probability (61.4%) to perceive a
fully integrated status (SWB), compared with those in the Ecological Reserve Development
Areas (p < 0.1, OR = 0.614). A rampant migrant enclave demolition in the Urban Function
Extended Districts can explain this result [60].

The homeowners report the highest probability of perceiving a fully integrated status
(SWB), compared with those living in informal housing (p < 0.05, OR = 1.923). Interestingly,
those dwelling in the dormitory-like housing (from governments or employers) report
a lower ratio of perceiving a fully integrated status (SWB) than those living in informal
housing, despite that the regression coefficient is insignificant. More case studies are needed
to explore the specific reasons behind it.

Second, the regression analysis on the two age cohorts (48–59 years old and ≥60 years old)
has reported that a longer stay in Beijing can predict a higher probability of full integration
status perceived (SWB) in both the two age cohorts. The employment status is still significant
for older age cohorts (≥60 years old), but insignificant for younger still working age cohorts
(48–59 years old)—that is, the odds of the full integration status perceived (SWB) among the
bread earners in the older age cohorts (≥60 years old) is merely 15.5% of that for the retired
or unemployed peers. It is also reported that the education level is significant for younger
still working age cohorts (48–59 years old); a higher educational level can predict a higher
odds of full integration status perceived (SWB) for still working groups. Interestingly,
housing tenure is insignificant for the older age cohorts’ (≥60 years old) full integration
status perceived (SWB), but home-owning plays a significant role to predict the higher
odds of the full integration status perceived (SWB) among the younger still working age
cohorts (48–59 years old). Among the older age cohorts who have retried, homeowners
in Beijing are probably their sons or daughters. The household-level tenure- and hukou
structure within the two- and three-generation relationships can shed light on this nuance.

5. Discussion

5.1. Reinterpreting Social Integration in the Chinese Urbanizing Regime

One of the most classic theories concerning social integration is assimilationism,
which was originally put forward by the Chicago School during the prosperous Western
industrialization and immigrant flow-in periods before World War II [61]. Social integration
has been defined as a process of fusion, in which immigrants and locals adopt the memories,
sentiments, and attitudes of one another, and through such incorporation form a common
cultural life. Interestingly, the Chicago School drew on Emile Durkheim and Herbert
Spencer’s thoughts to understand the complex processes of socio-spatial differentiation that
involve both social fragmentation and social integration (namely the secondary institutions
performing the crucial social integration functions) and at the same time can achieve relative
stability and equilibrium.

In the post-World War II studies in the OECD countries, social integration refers to a
person’s sense of belonging or attachment. As defined by Keyes (1998: 122), integration
is “the extent to which people feel they have something in common with others who
constitute their social reality, as well as the degree to which they feel that they belong to their
communities and society” [62]. As revealed by Fischer in his review of the social integration
literature, the older adults, homeowners, the better educated, the wealthy, women, whites,
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longtime residents, and people with children were found to be more socially integrated
than their younger, renting, less-educated, poorer, male, nonwhite, short-term residents,
and childless counterparts [63]. In addition to those social status characteristics, urbanism
has close associations with social interaction, too, though no clear consensus exists. For
instance, Fischer suggested that people in urban centers are just as socially integrated
and satisfied with their lives as suburban residents if analysis controls for socioeconomic
and demographic factors [63]. Community and investments in it have associations with
social integration, too. Long-term residents and homeowners are found more likely to
participate in local events and have friends, and for this reason, home ownership and
length of residence are treated as indicators of social ties and integration [64–66].

However, new waves of immigration in the post-World War II had transformed Amer-
ican cities into spaces of ethnic diversity and reproduced a highly differentiated social
landscape in contemporary metropolises such as Los Angeles. One of the central interests
of urban studies has been the quest to understand the extent of social isolation or social
segregation, which is the opposite of social integration. The Los Angeles School drew from
Marxist, poststructuralist, and postmodern theories to interpret the city as a highly differ-
entiated, conflictual, and divided space. Social isolation or social segregation represents
a breakdown of social integration that otherwise can provide social support or a sense of
belonging. The social and spatial dimensions of integration (or lack of it) are considered
interchangeable in the emerging “divided cities” in the USA, but Musterd, Ostendorf, and
Galster pointed out it is still unclear whether more social contact or neighborhood mixing
between different people does indeed result in a higher level of integration [50,51,67]. The
UK attracted most immigrants from former colonies in the post-World War II period but
triggered some serious conflicts, too. The focus is on how to establish social unity and
welfare equality in a culturally diverse society. Adachi defined social integration as a
situation in which social unity co-exists with cultural diversity, and people with different
backgrounds can share the same concept of society [68].

Under the profound impact of the hukou system, the definition and demonstration of
social integration in China are different from that in the Western contexts. For instance,
the existing studies on the massive internal migration in China paid much attention to the
integration, permanent settlement, and hukou transfer initiatives. However, little attention
is given to the integration of the pre-1970 first-generation migrants, who were born before
the year 1970 and getting old in the destination cities. The pre-1970 migrants have a wide
range of age cohorts in urban China: (a) those over 45 years old and still working but facing
the age discrimination challenges in employment markets; and (b) de facto elderly migrants
who are already retired but also facing the difficulties adapting to living environments in
the destination city, because they assume the domestic and child-care work for their sons
or daughters but have few chances for out-of-home leisure or local communication contact.

In this study, we have adopted and improved Ager and Strang’s conceptualization
of social integration, as well as Chen and Wang’s migrant integration analysis framework
in the Chinese megacity contexts [52,54], and then re-defined aging migrants’ social in-
tegration in an innovated triple dimension (i.e., participation practices, communication
contacts, and subjective perceptions). We use the social integration data from Beijing’s
aging migrant samples, which were collected from the 2017 Migrant Dynamics Monitoring
Survey (MDMS), to measure and explain the varied integration levels among a total of
1267 aging migrant samples. The three dimensions of social integration in the Chinese
urbanizing context can fill the practical, relational, and perceptual/psychological aspects in
conventional social integration studies.

5.2. Main Findings

First, the housing tenure security has proven to be a strong indicator to explain the
variance of aging migrants’ local affairs participation (Hypothesis 1). When explaining
the local affairs participation of all the pre-1970 migrants, the practical-dimensional inte-
gration stays almost the same when living in a dormitory-like housing (provided by local
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governments or employer units) or a rental commercial housing acquired from markets
(OR = 1.607, OR = 1.645, respectively). It thus indicates that the formality/informality is an
important indicator of aging migrants’ local affairs participation. However, the variance of
suppliers (governments, employers, markets) is not a convincing indicator of integration
levels. Home occupation matters in integration. The associations between tenure and
local affairs participations vary with the different age cohorts. For instance, in all pre-1970
migrant populations, homeowners are more likely to participate in local affairs than those
living in informal housing. A similar conclusion stands when it refers to the older age
cohorts who are above 60 years old and mostly retired. Interestingly, the analysis did
not detect a significant variance of tenure-participation nexus between home-owning and
informal housing dwelling for the 48–59 age cohorts who are still working. For the 48–59
age cohorts, living in the dormitory-like housing indicates the significantly higher odds of
local affairs participation than living in the owned homes. A relatively low proportion of
the 48–59 age cohorts in well-paid occupations can explain the homeowning-participation
paradox in the still working groups.

Second, the analysis results also show that the life cycle matters (Hypothesis 2), and
the analysis reveals the employment-income paradox in explaining aging migrants’ social
integration in Beijing. In the whole pre-1970 migrants in Beijing, a higher income level
predicts a lower probability of local affairs participation (p < 0.05, OR = 0.610), which
was in contradiction with previous research findings. The bread earners report a higher
ratio for local affairs participation (p < 0.1, OR = 1.390) than those retired or unemployed,
while the income level has an opposite association with local affairs participation (p < 0.05,
OR = 0.610). Such an employment-income paradox is interpretative when there exists
a large group of retired migrants, living with their sons or daughters and caring for
grandchildren in the destination city. Their aggregated household income is reported high,
but “granny as a nanny” has little time for out-of-home leisure and local communication
contacts, when assuming domestic and child-care work for sons or daughters. This reported
high-income status is accompanied by the specific segregation status, as “granny as a
nanny” has left their familiar environment and social networks in their hometown while
floating in the destination city. This demonstrates that higher economic achievement is
NOT equivalent to a higher social integration status for the aging migrants in a great
metropolis such as Beijing.

Third, we can also detect a complex interplay between housing tenure heterogeneity
and life cycle heterogeneity (Hypothesis 1 × Hypothesis 2). For instance, for the whole
pre-1970 migrant population, the homeowners are significantly more interactive and com-
municative with the local Beijingese (p < 0.05, OR = 1.909) than those in informal housing.
However, housing is found to have different associations with the different cohorts’ com-
munication contacts. Homeownership is still a significant indicator for the younger still
working age cohorts’ (48–59 years old) local communication contacts. Yet when it comes
to the older age cohorts (≥60 years old), those living in the dormitory-like housing have
reported the highest odds of the local communications. Further research is needed to
explore the two- or three-generation co-living structure. More detailed household-level
data analysis can explain this nuance. It is also found that housing tenure is insignifi-
cant for the older age cohorts’ (≥60 years old) full integration status perceived (SWB),
but home-owning plays a significant role to predict higher odds of the full integration
status perceived (SWB) among the younger still working age cohorts (48–59 years old).
Among the older age cohorts who have retried, homeowners in Beijing are probably their
sons or daughters. The household-level tenure- and hukou structure within the two- and
three-generation relationships can shed light on this nuance.

6. Conclusions

The data analysis findings are illuminating to guide follow-up studies. First, housing
tenure matters. The securities of migrants’ housing tenure (i.e., migrants as home-occupiers
in the destination cities) can significantly beef up their integration, while the insecurities
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of housing tenure (e.g., informal housing) can lower their integration. Housing tenure
entitlement is therefore conducive to beefing up the aging migrants’ integration. This
research result can fulfill the findings from previous studies. For instance, Lin et al. divided
housing into different types, and then put them into three models to measure the migrants’
urban attachment [69]. Yang et al. also used different types of urban villages in Shenzhen
as an independent variable to analyze their impact on the migrants’ social integration [70].
Our empirical study contributed to another case study on Beijing’s pre-1970 migrants,
and further supported the conclusion that the housing tenure security and entitlement are
conducive to the aging migrants’ social integration process.

Second, different indicators exert a differentiated impact on the three-tiered mea-
surement of social integration (practical, relational, and perceptual). For instance, the
associations of human capital with integration are significant in the practical and rela-
tional dimensions, but insignificant in the perceptual dimension. The contrast between
the paid employment status vs. those in a retired status (see the indicator of “employ-
ment status”) has indeed reported the differentiated impact on integration processes, and
this differentiation is significant in the practical and perceptual dimensions, but insignif-
icant in a relational dimension. This research also pointed out an employment-income
paradox, which shows that higher economic achievement is NOT equivalent to a higher
social integration status for the aging migrants. Their aggregated household income is
reported high, but the “granny as a nanny” faces segregation problems in terms of local
affair participation. More detailed surveys on representative migrant households would be
helpful to figure out the specific mechanism behind such an employment-income paradox
on integration. It is also reported that the still working migrants have less satisfaction or
pride than their retired peers in the perceptual dimension of integration. The retired groups
may dwell with their kids who have probably already acquired the Beijing hukou, and
probably, for this reason, a retirement status indicates a higher probability of full integration
status perceived (SWB). The family data of the 2017 MDMS shows that: (a) among all the
pre-1970 samples, 224 households are co-living between the granny/grandpa and the
grandson/granddaughter (approaching 20% in all the targeted pre-1970 samples); and (b)
interestingly, among them, 115 grandsons/granddaughters hold the local Beijing hukou.
Such a unified three-generation family structure can support the saying of “granny as a
nanny”, which is a popular “laopiao” phenomenon in Beijing. Further research is needed to
probe into the complicated hukou arrangement within a family and its impact on the aging
people’s social integration.

Finally, is informal housing a sign of segregation? The answer is uncertain and varies
with specific case studies. As reported in Table 2 concerning with communication contacts
index and SWB index, those dwelling in informal housing have reported the same or
even higher level of integration, compared with those living in the dormitory-like housing
provided by the local governments or employers. The regression results also report that the
contact variance is insignificant between those living in informal housing, dormitory-like
housing, and rental commercial housing. It is also reported that those dwelling in the
dormitory-like housing have a lower ratio of perceiving a fully integrated status (SWB) than
those living in informal housing, despite that its regression coefficient is insignificant. Is it
reasonable to justify the dispossession by stigmatizing informal housing as a segregated
world [71]? More empirical studies are needed to reveal the relational and functional nature
of the so-called “informal” property rights in transitional China.

This research contributed another empirical study on Beijing’s aging migrants to social
integration studies. First, the aging of the global population is the most important medical
and social demographic problem worldwide. The World Health Organization (WHO) has
defined healthy aging as a process of maintaining the functional ability to enable well-being
in older age. This article focuses on social integration as crucial to measuring the healthy
aging of migrants, filling for the practical, relational, and perceptual/psychological aspects
(see Figure 2) of healthy aging studies. The second contribution is the findings on the
housing tenure impact on the social integration of the pre-1970 first-generation migrants
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in reformist China. Hypothesis 1 on housing tenure heterogeneity is proved in our study.
However, it is found that those living in the informal housing have a higher probability of
perceiving a fully integrated status (subjective well-being, SWB) than those living in the
formalized dormitory-like housing. These findings shed light on the housing formalization
policies in megacities in China: the physical demolition of migrant enclaves would also cut
down their active social bonding and positive subjective well-being, which deserves more
attention in policy making. More comparative studies on the social impact of informal
migrant enclaves in the fast-urbanizing countries (i.e., China, India, and Latin America)
can shed light on the global debates on “ageism and urbanization” [72]. For instance, is the
destination city age-friendly, and how can we promote the urbanization pattern through
the lens of old age? Third, our research reveals the geographies of aging among migrants,
and different situations between younger (48–59 years old) and older (≥60 years old) of the
pre-1970 cohorts. Hypothesis 2 on the life cycle heterogeneity is proved, too. This nuance
of aging migrants deserves more attention in further studies.

As elaborated above, the strengths of this research are manifested: (a) a more compre-
hensive definition of aging migrants’ social integration, filling for the practical, relational,
and perceptual/psychological aspects (see Figure 2) of healthy aging studies; (b) critical
thinking on the role of informal housing and migrant enclaves in the migrants’ integration
that can shed more light on the global debates on “ageism and urbanization”; and (c) the
nuance of aging migrants in terms of “housing tenure heterogeneity” (Hypothesis 1) and
“life cycle heterogeneity” (Hypothesis 2) in their social integration processes. The weakness
of this study is that we have started to pay attention to the complicated life cycle and the
family-based hukou package that have exerted profound impact on the aging migrants’
integration into Beijing. However, we did not investigate and reveal their mechanism
at a more detailed household scale. Further research can depict the specific impact of
life cycle and household-level strategies (such as the hukou package within a family and
three-generation relations) on the aging migrants’ social integration. Policy makers should
take some conservative interventions in the informal housing management, including
providing more age-friendly environments, facilities, and services in the migrant enclaves.
The age-friendly hukou reforms are needed, too, to entitle more benefits for the two- or
three-generation migrant households.
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Abstract: Clarifying the efficiency of investment in environmental pollution control is conducive
to better control of environmental pollution. Based on panel data of 30 provinces and cities in
China from 2008 to 2017, this study combines the three-stage super-efficient SBM-DEA model and
the Global-Malmquist-Luenberger index to measure the efficiency of investment in environmental
pollution control in China and analyze regional differences. The results show that: First, the in-
vestment efficiency of environmental pollution control in China shows a rising trend year by year,
but there are significant differences among provinces and regions; the presence of random factors
and environmental variables makes the control efficiency underestimated. Second, excluding the
effects of both, the national investment efficiency of environmental pollution control has improved
significantly, but still has not reached the optimal effect; the gap between provinces and regions has
narrowed while the investment efficiency of environmental pollution control has improved, and
there is still an unbalanced situation. Third, the main driver of the year-on-year improvement in
China’s environmental pollution control efficiency is technological progress; compared with north-
eastern China, technological progress has a more significant role in promoting eastern, central, and
western China. Finally, based on the results, this paper focuses on making suggestions to promote
environmental pollution control in China in terms of making regional cooperation, making good en-
vironmental protection investment and strengthening environmental protection technology research
and development.

Keywords: environmental pollution control investment efficiency; three-stage DEA; super-efficient
SBM; Global-Malmquist-Luenberger index; regional differences

1. Introduction

Since the reform and opening up in 1978, China has experienced rapid economic
growth. From a poor and backward developing country to become the second largest
economy in the world and has the largest foreign exchange reserves in the world. However,
the process of industrialization and urbanization has also brought serious environmental
pollution problems [1], which is becoming increasingly serious and directly affects the
daily lives of residents as well as the long-term development. Nearly half of China’s water
sources cannot be used for drinking water, and the water quality of large reservoirs and
lakes is generally poor [2]. The annual generation of industrial solid waste is among the
highest in the world, and white pollution caused by plastic packaging and agricultural
films can be seen everywhere [3,4]. While the economy is developing rapidly, it is urgent to
seek a harmonious relationship between humans and the environment. It is noteworthy
that the Chinese government has long been aware of the destruction of the environment
due to various types of pollution, and a large amount of funds and various policies have
gradually tilted toward the field of environmental pollution management. From 1981
to 2017, the investment in environmental protection increased from 2.5 billion yuan to
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953.89 billion yuan. The increasing scale of environmental protection investment amount
has failed to address the root cause of environmental pollution problems, and the effect of
environmental pollution management in China is still not optimistic, with different degrees
of environmental pollution problems in various provinces. However, the actual situation of
the efficiency of investment in environmental pollution management in China’s regions and
provinces is currently unclear. There are differences in environmental protection investment
efforts, environmental protection awareness, and environmental protection policies among
regions, and how to accurately evaluate the efficiency of their investment in environmental
pollution control while taking into account these external differences is of great relevance
to the Chinese government in formulating environmental protection policies.

With the rapid development of China’s economy, environmental pollution has become
increasingly serious. The Chinese government also recognized this early and attached great
importance to the treatment of environmental pollution, and continuously increased the
investment in environmental pollution treatment [5]. Is China’s environmental pollution
control investment efficiency gradually improving? China is a vast country with differences
in economic volume and resource endowment in different regions, and environmental
policies are supported differently in each region [6]. Are there regional differences in
the efficiency of investment in environmental pollution control in China? Economically
developed provinces have more investment in environmental protection, more research and
development in environmental protection technology, higher education level and higher
awareness of environmental protection, while economically backward provinces have
relatively less investment in environmental protection [7]. Are there regional differences in
the efficiency of investment in environmental pollution control in China? This paper takes
30 provinces and cities in China from 2008–2017 as the research object (due to the problem of
missing data in Tibet, Hong Kong, Macao and Taiwan, they are excluded from the research
object), selects input and output indicators by referring to scholars’ studies, and uses the
super-efficient SBM model and the Global-Malmquist-Luenberger index to analyze the
current situation of investment efficiency in environmental pollution control in China. The
main research objectives of this study include the following: First, to evaluate the efficiency
of investment in environmental pollution control in China; second, to clarify the changing
trend of investment efficiency of environmental pollution control in China; then, comparing
the differences in environmental pollution control efficiency among different regions; finally,
identifying the main factors that affect the efficiency of environmental pollution control.
Based on the research findings, relevant suggestions are made for environmental pollution
control in China.

The arrangement of this paper is as follows: It first sorts out the related research
about the efficiency of environmental pollution control. Afterwards, it introduces the
research methods and data sources of this paper. Next, it displays and discusses the specific
research results. Finally, it puts forward the research findings and corresponding policy
recommendations and summarizes the shortcomings of this paper.

2. Literature Review

The research about the efficiency of environmental pollution control can be traced back
to the end of the last century. Scholars used different methods to study the efficiency of envi-
ronmental pollution control from various perspectives. In terms of research methods, they
can be divided into two main categories. The first category is Data Envelopment Analysis
(DEA) based on inputs and outputs. Reinhard (2000) was one of the first scholars to apply
environmental variables to DEA input-output analysis, and they used the DEA method to
measure environmental efficiency on dairy farms in the Netherlands and explained that
the DEA method is capable of calculating any form of environmental efficiency score [8].
Mandal, S.K et al. (2010) used DEA analysis to estimate the environmental efficiency of the
Indian cement industry by using the combustion of coal for cement production to produce
a large amount of carbon dioxide as an undesired output [9]. Cecchini et al. (2018) used the
DEA model and combined the results of life-cycle analysis to estimate the environmental
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efficiency and CO2 reduction potential of 10 dairy farms in Umbria, Italy, proposing that
the marginal emission reduction costs showed a positive correlation with the measured
environmental efficiency scores [10]. Other scholars constructed a system of input-output
indicators based on provincial panel data in China and used DEA to evaluate the efficiency
of eco-environmental management in rural China [11]. The second category is Stochas-
tic Frontier Analysis (SFA) for regression equation analysis. For example, some scholars
estimated the input efficiency of industrial environmental management in China using
SFA models based on data from three types of industrial wastes and explored the overall
characteristics of input efficiency [12]. Other scholars used stochastic frontier analysis
(SFA) models to analyze the effects of energy consumption and environmental pollution on
the efficiency of technological innovation in industrial enterprises [13]. Moreover, some
scholars have used the improved DEA method to measure the efficiency of environmental
governance. Goto et al. (2014) used three modified data envelopment analysis (DEA)
models to assess the operational and environmental efficiency of regional industries in
Japan [14]. Xiao S et al. (2019) conducted a study on environmental efficiency using
three-stage DEA [15]. There is also Zou et al. who proposed to measure the regional
environmental efficiency in China using non-desired outputs through the SBM model [16].
Among the methods to evaluate the efficiency of environmental pollution control, besides
the two mainstream methods of DEA and SFA, other scholars have used methods to as-
sess the economic efficiency of investments. For example, Akoto et al. (2020) used the
net present value (NPV) and financial benefit-cost ratio (FBCR) methods to evaluate the
environmental impact and economic profitability of several bioenergy sources [17]. Zhao
et al. (2021) used the internal rate of return index (IRR) to study the waste treatment system
in Beijing and made effective recommendations to improve the energy recovery efficiency
of the waste treatment system [18].

The research results of these studies are beneficial to environmental pollution man-
agement, but they still have shortcomings. From the literature, it can be seen that the
traditional DEA method and SFA method are the main choices of the pollution control
efficiency evaluation method in the existing studies. First, these research methods adopted
by scholars are either subject to large random errors and environmental factors, or they
can only be scaled down equivalently in terms of input-output adjustment, which cannot
guarantee the objectivity of efficiency evaluation results, or they only focus on analyzing
investment efficiency of environmental pollution control at the static level. Second, there
is a lack of research on the efficiency of environmental pollution control investment in
different regions of China by combining the three-stage super-efficiency SBM-DEA model
with the Malmquist index method. Therefore, in order to fill the above research gaps, this
paper tries to combine these two approaches and conduct empirical analysis based on
panel data of 30 provinces in China from 2008 to 2017, analyze the level of pollution control
investment efficiency and its change characteristics in China from the overall level, and
compare regional differences. Eastern China has a large population and the highest level
of economic development. Central China is not as economically developed as Eastern
China and has the second largest population, but has great development potential. Western
China has a vast territory, the smallest population density, and the third highest level of
economic development. In contrast, northeastern China has the smallest population and
a smaller economy, but has a developed heavy industrial sector. In 2018, eastern China
accounted for 51.75% of the national share of GDP and had 11 large cities (with a resident
population of more than 5 million people); northeastern China, with 5.03% of the national
GDP, had 4 large cities; central China, with 25.76% of the national GDP, had 3 large cities;
and western China, with 17.10% of the national GDP, had 4 large cities [19,20]. Comparing
the efficiency difference of environmental pollution control investment among different
regions can provide policy recommendations for environmental pollution control in China.

403



IJERPH 2022, 19, 7252

3. Materials and Methods

3.1. Research Methods
3.1.1. First Stage Super-Efficient SBM Model

The global super-efficient SBM (Slacks-based model) model with variable scale payoffs
was proposed by Tone (2001) [21]. This model avoids the absence of feasible solutions and
“technical regression” in the case of variable payoffs of scale; it ensures accurate efficiency
results without the need for uniformity of scales. The equation is shown in (1).
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where, n denotes the number of decision-making units (DMU), i.e., yu represents the
number of provinces; x represents the data in the input index m; yd represents the data in
the desired output index s1; yu represents the data in the non-desired output index s2; λ
represents the weight of DMU; ρ denotes the efficiency value of environmental pollution
control, ρ ≥ 1, which means the efficiency is relatively effective. Larger ρ represents the
higher level of environmental pollution control.

3.1.2. Second Stage Stochastic Frontier SFA Model

The stochastic frontier SFA (Stochastic Frontier Analysis) model proposed by Aigner,
Lovell, and Schmidt (1977) [22] was used to quantify the errors and find the most influential
stochastic factors and environmental errors. The true input and output values are calculated.
With the input orientation, if there are n decision-making units (DMU), the initial slack
value equation for i inputs of each DMU is shown in (2).

Sin = fi(Zn; βi) + Vin + Uin (2)

where i = 1, 2,..., M, n = 1, 2,..., N. represents the nth decision-making unit (DMU) ob-
servable external environmental variables; βi represents the parameter vector of external
environmental factors; fi(Zn; βi) represents the effect of external environmental variables
on the input redundancy slack values, usually taken as fi(Zn; βi) = βiZn; Vin represents
the effect of random factors, following N

(
0, σun

2); Uin represents the effect of internal
management status and input size, following N

(
0, σun

2); Vin and Uin are independent of
each other. The regression results obtained from the calculation are used to adjust the input
values of other relatively inefficient DMU, and Equation (3) is as follows:

(Xin)
∗ = Xin + [maxn(βiZn)− βiZn] + [maxn(Vin)− Vin] (3)

where, Xin represents the actual input value; (Xin)
∗ denotes the adjusted input value;

[maxn(βiZn)− βiZn] represents that all decision-making units (DMU) are in a homoge-
neous environment; [maxn(Vin)− Vin] represents the random error term that will be
adjusted to the same condition for all DMU.
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3.1.3. The Third Stage after Adjustment Is again Substituted into the Super-Efficient
SBM Model

It is brought into the global super-efficient scale payoff variable SBM model, i.e.,
Equation (1), for calculation to obtain more objective and accurate efficiency values and for
empirical analysis.

3.1.4. GML (Global-Malmquist-Luenberger) Index
The efficiency values measured by the super-efficient SBM are only static descriptions,

while the GML index is a good complement to the SBM model and can dynamically
analyze the changes in efficiency values between two years before and after. Therefore, the
GML index proposed by Oh (2010) is introduced to measure the changes and influencing
factors of governance efficiency in different periods and to conduct dynamic comparative
analysis among regions [23]. The GML index can be further decomposed into the technical
efficiency change index (EC index) and the technical progress change index (TC index),
which respectively represent the contribution of technical efficiency improvement and
technical improvement to the improvement of environmental pollution control efficiency
in the period from t to t + 1 of the evaluation decision-making unit (DMU). The formula is
shown in (4).

GML(xt+1, yt+1, bt+1, xt, yt, bt) =
E(xt+1,yt+1,bt+1)

E(xt ,yt ,bt)

=
Et+1

(xt+1,yt+1,bt+1)
Et(xt ,yt ,bt)

×
[

E(xt+1,yt+1,bt+1)

Et+1 (xt+1,yt+1,bt+1)
× Et(xt ,yt ,bt)

E(xt ,yt ,bt)

]
= EC × TC

(4)

3.2. Variables Selection
At present, many studies have been carried out on the efficiency of environmental pollution

management in academia, and on the basis of the excellent results of related scholars [24–29], con-
sidering the typicality, accessibility, and feasibility of relevant variable indicators, environmental
pollution management is divided into three first-level indicators of input variables, output variables,
and external environmental variables, and finally constructed into an indicator system containing 11
three-level indicators(See Table 1 for details).

Table 1. Investment efficiency indicators of environmental governance.

Tier 1 Indicators Tier 2 Indicators Tier 3 Indicators

Input variables
Financial input

Industrial pollution control investment
(billion yuan)

Urban environmental pollution management
infrastructure investment amount (billion yuan)

Material input
Household garbage harmless treatment plants (seat)

Urban sewage treatment plants (seat)

Output variables

Industrial emissions treatment

general solid waste comprehensive utilization
(million tons)

The number of industrial waste gas pollution
treatment facilities (sets)

Living pollution treatment
Household garbage harmless treatment rate (%)

Urban sewage treatment rate (%)

Environmental variables

Government environmental support efforts The proportion of environmental pollution
treatment investment in GDP (%)

Local economic development level GDP (billion yuan)

Socialization level Urbanization rate (%)
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3.3. Data Sources
This paper selects the data of 30 provinces and cities in China from 2008 to 2017 for the

analysis (see Table 1 for detailed indicators). All data are from the official information released
by the National Bureau of Statistics, mainly including the China Statistical Yearbook (2009–2018),
China Environmental Statistical Yearbook (2009–2018) and the official information data of various
provinces. Based on the exist studies and the situation of China’s economic and social development,
the provinces covered in this study can be divided into four regions, the eastern region (Beijing,
Tianjin, Hebei, Shanghai, Jiangsu, Zhejiang, Fujian, Shandong, Guangdong, Hainan), the northeastern
region (Liaoning, Jilin, Heilongjiang,), the central region (Shanxi, Anhui, Jiangxi, Henan, Hubei,
Hunan), and the western region (Inner Mongolia, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan,
Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang) [30–32].

4. Results

4.1. First Stage Initial Super-Efficient SBM Analysis
The initial efficiency of environmental pollution control investments in 30 provinces and cities

from 2008–2017 was measured by using the global super-efficient payoffs of scale variable SBM
model, and the results are shown in columns 3, 4 of Table 2, and Figure 1.

Table 2. Efficiency averages and rankings by province from 2008 to 2017.

Region Province
Stage 1 Stage 3

Average Efficiency Ranking Average Efficiency Ranking

Eastern China

Beijing 0.443 25 0.534 30
Tianjin 0.852 8 0.904 7
Hebei 0.977 3 0.986 5

Shanghai 0.727 11 0.792 15
Jiangsu 0.490 22 0.719 21

Zhejiang 0.665 13 0.760 18
Fujian 0.549 19 0.739 19

Shandong 0.640 16 0.817 14
Guangdong 0.655 15 0.736 20

Hainan 0.956 5 1.004 2

Northeastern China
Liaoning 0.684 12 0.894 8

Jilin 0.388 28 0.582 28
Heilongjiang 0.301 30 0.562 29

Central China

Shanxi 0.956 4 0.991 4
Anhui 0.768 10 0.885 9
Jiangxi 0.658 14 0.803 14
Henan 0.575 18 0.767 16
Hubei 0.389 27 0.658 25
Hunan 0.474 23 0.677 24

Western China

Nei Monggol 0.533 20 0.842 11
Guangxi 0.581 17 0.769 17

Chongqing 0.833 9 0.869 10
Sichuan 0.495 21 0.694 22
Guizhou 0.866 7 0.822 12
Yunnan 0.946 6 0.941 6
Shaanxi 0.436 26 0.692 23
Gansu 0.449 24 0.600 27

Qinghai 1.009 1 0.998 3
Ningxia 0.993 2 1.018 1
Xinjiang 0.341 28 0.626 26

406



IJERPH 2022, 19, 7252

Figure 1. Change in the average value of efficiency in the first stage from 2008 to 2017.

From the inter-provincial comparison in Table 2, there are obvious inter-provincial differences
in the efficiency of investment in environmental pollution control in China. Qinghai Province has
the highest level of investment efficiency of environmental pollution control, ranking first with
an efficiency value of 1.009; Heilongjiang Province has the lowest level of efficiency, ranking last
with an efficiency value of 0.301. The investment efficiency of environmental pollution control of
economically developed provinces does not rank as high as one might expect, such as Shanghai
ranking eleventh and Guangdong Province ranking fifteenth. On the contrary, some of the less
developed provinces ranked more highly in investment efficiency of environmental pollution control,
such as Qinghai Province and Ningxia Hui Autonomous Region ranked first and second, and Yunnan
and Guizhou ranked sixth and seventh, respectively. This indicates that there are various factors
affecting the investment efficiency of environmental pollution treatment in each province. From
an overall perspective, there are also obvious regional differences in the efficiency of governance
investment. Among the four regions, the eastern region has the highest pollution control efficiency,
with an average efficiency value of 0.682; the western region is the second, with an average efficiency
value of 0.680; the central region has an average efficiency value of 0.637; and the northeastern region
has the lowest level of control efficiency, with an average value of 0.458. By comparing the data, we
can find that the efficiency values of the eastern region and the western region are close to each other
and rank high; the difference between the efficiency values of the eastern region and the northeastern
region is as high as 0.224. This may be due to the fact that the eastern region has developed earlier and
has sufficient economic support for environmental pollution control [33,34]. The Chinese government,
considering the balanced development between regions, has placed the development of the western
region in a strategic position and focused on local environmental protection while carrying out the
development of the western region, taking various measures to protect the ecological environment
of the western region [35,36]. Therefore, the efficiency of governance has been improving year by
year, and is approaching that of the eastern region. The industrial sector in the northeast has been
developing since the early years, and is known as “China’s old industrial base”. These industries
have caused serious environmental pollution over the years, resulting in the pollution control effect
not being very obvious [37,38].

As shown in Figure 1 from the national perspective, on average, the efficiency value was always
less than 1 from 2008 to 2017 without removing the influence of environmental factors and random
variables, which indicates that the initial efficiency of environmental pollution control in China was
always ineffective. However, with the passage of time, the overall trend shows a gradual increase.
The increasing efficiency of investment in environmental pollution control is closely related to the fact
that the Chinese government has been paying more and more attention to environmental pollution
control over the years and actively promoting the construction and improvement of environmental
protection [39,40]. The Chinese government has gradually recognized the importance of environmen-
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tal protection, proposed the goal of building a beautiful China, formulated various environmental
pollution control policies, and increased the scale of environmental protection investment [41–43].
However, the investment efficiency of environmental pollution control value has never reached 1,
indicating that the effectiveness of China’s environmental pollution control is still not optimistic and
there is still much room for improvement.

4.2. Second Stage SFA Regression Analysis
The input indicator slack variables and the three external environment variables calculated in

the first stage were substituted into the stochastic frontier regression equation (Stochastic Frontier
Analysis, SFA), and the results are shown in Table 3.

Table 3. Results of the second stage stochastic frontier regression.

Redundant Investment
in Industrial

Pollution Control

Redundant Investment in Urban
Environmental Pollution

Management Infrastructure

Coefficient
Standard
Deviation

Coefficient
Standard
Deviation

Constants −0.406374 * −3.848926 −194.687790 *** 47.858103
government environmental support efforts 2.302858 *** 0.925156 70.570078 *** 8.950301

local economic development level 0.000153 0.000058 0.001269 ** 0.000511
socialization level −0.091174 * 0.066246 1.091758 * 0.716531

sigma-squared 106.984520 *** 20.322746 10011.500000 *** 1.437268
gamma 0.295561 ** 0.127572 0.411285 *** 0.052723

loglikelihoodfunction −1094.0241 −1751.6127
LR one-sided error 46.32686 *** 30.99629 ***

Household Garbage Harmless
Treatment Plant Redundancy

Urban Sewage Treatment
Plant Redundancy

Coefficient
Standard
Deviation

Coefficient
Standard
Deviation

Constants −3.5224076 * 3.8623349 −23.451946 ** 13.765248
government environmental support efforts 0.22772769 * 0.60479266 2.6279131 * 1.9546761

local economic development level −0.00017399 ** 0.000070359 −0.000456998 ** 0.000256776
socialization level 0.059836647 * 0.064210501 0.36500775 * 0.2223983

sigma-squared 200.45879 *** 72.527272 1578.6747 ** 632.2929
gamma 0.87481371 *** 0.048841983 0.83143444 *** 0.072676693

loglikelihoodfunction −955.29407 −1308.6314
LR one-sided error 144.03577 *** 168.24658 ***

Note: “***”, “**” and “*” indicate significant at the 1%, 5% and 10% levels, respectively.

According to the regression results in Table 3, the slack variable coefficient of government
environmental support efforts input on the four inputs is positive, which indicates that government
environmental support efforts have negative impact on the four inputs. In particular, it has the greatest
negative impact on the amount of investment in urban environmental pollution control infrastructure,
far exceeding the other three inputs. This shows that although China has invested heavily in
environmental pollution, but it is not effective and there is great deal of redundancy. Investment
redundancy refers to the fact that the investment does not produce the expected results and there
is a large gap between the actual input and output levels. Investment redundancy in government
environmental investments is due to inefficient management. Duplication of functions between
government departments, implementation of environmental policies by local agencies are still at low
level, and management and planning of environmental inputs needs to be improved [44,45].

The slack variable coefficient of the local economic development level on household garbage
harmless treatment plant and urban sewage treatment plants is negative, and it is significant at the
level of 5%, which indicates that it has a positive impact on these two inputs. The slack variable
coefficient of this variable is positive for the amount of investment in urban environmental pollution
control infrastructure and the amount of investment in industrial pollution control. It indicates that
the level of local economic development has negative impact on these two inputs.
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The coefficients of slack variables of socialization level on the amount of investment in urban
environmental pollution management infrastructure, household garbage harmless treatment plants,
and urban sewage treatment plants are positive. It shows that the increase in the level of socialization
is not conducive to reducing the gap between the actual and optimal levels of these three inputs. This
may be due to the fact that with the increase of urbanization, many people gather to live in towns
and cities, which intensifies the production of domestic waste and sewage, adding to the burden of
pollution control in these areas [46]. On the contrary, this variable has positive effect on the amount
of investment in industrial pollution control. This may be due to the fact that with the increase in
urbanization, the population was increasingly gathering in cities, and the government has increased
its efforts to control industrial pollution for the sake of people’s healthy life [47].

From the above analysis, it can be concluded that the efforts of government environmental
support, the level of local economic development, and the level of socialization, have different effects
on the redundancy of various inputs to environmental pollution control. In addition, in the first
stage the efficiency of pollution control in economically developed provinces did not rank as high as
we thought, such as Shanghai ranked eleventh and Guangdong Province ranked fifteenth. On the
contrary, some less developed provinces ranked more highly in pollution control efficiency, such as
Yunnan Province and Guizhou Province ranked sixth and seventh respectively. This also indicated
that the calculation results of the first stage deviated from the actual situation. This may be due
to the large differences in random factors in terms of area size, resources, population, industrial
structure, and technological progress between different regions and provinces, which affected the
accuracy of investment efficiency in environmental pollution treatment. Therefore, it is necessary to
adjust the relevant data in the first stage input indicators, for example, the amount of redundancy
in urban environmental pollution control infrastructure investment and industrial pollution control
investment in 30 Chinese provinces and cities are adjusted, and these redundancies affect the objective
evaluation of the efficiency of environmental pollution control, and, re-calculate to arrive at a more
accurate value of investment efficiency in environmental pollution control.

4.3. Analysis of Governance Efficiency after the Third Stage of Adjustment
Based on the second stage Stochastic Frontier Analysis (SFA) regression equation calculations,

the original input index data values were adjusted and substituted into the first stage super-efficient
SBM model to produce more accurate and realistic efficiency values. The results are shown in columns
5 and 6 of Table 2 and in Figure 2. The adjusted efficiency values in the third stage show significant
changes compared to the first stage.

Figure 2. Change in the mean value of efficiency in the third stage from 2008 to 2017.

From the overall analysis of the country (see Figure 2), after adjustment, the investment effi-
ciency value of China’s environmental pollution control has increased significantly. The average
efficiency value has increased from 0.654 in the first stage to 0.789, an increase of 20.6%. This shows

409



IJERPH 2022, 19, 7252

that the existence of external environmental variables and random factors makes the value of invest-
ment efficiency of environmental pollution control underestimated. The average efficiency value
shows a gradual upward trend in ten years, and it is gradually close to 1 compared with the first
stage. This shows that China has achieved certain results in environmental pollution control in the
past ten years [48]. If the growth trend continues, China’s future environmental pollution control
investment efficiency will gradually reach a good state. Lu, W et al. (2022) study on the efficiency of
urban green development in developing countries concluded that the efficiency of environmental
pollution control investment was from 0 to 1, 0 meant no efficiency, 1 meant fully effective, if it
exceeded 0.75 was a relatively high level of efficiency [49]. Therefore, the efficiency value of 0.75
or even higher is the expected level. Government plays the main role in the environmental system,
because in China’s environmental governance system, government is in a dominant position [50].
The Chinese government has launched a series of treatment measures in the areas of air pollution
control, water environmental protection, soil protection, and domestic pollution control. In 2016, the
Chinese government conducted a hard-fought battle against environmental pollution and released
the “13th Five-Year Plan for the Implementation of Environmental Impact Assessment Reform”,
which focuses on improving environmental quality and enhancing the effectiveness of environmental
impact assessment in a comprehensive manner [51]. In 2017, the Chinese government issued the
Opinions on the Delineation and Strict Compliance of Ecological Protection Red Line, which was
expected to basically establish the ecological protection red line system within three years [52]. In
2018, China introduced regulations for the Environmental Access Conditions for Domestic Waste In-
cineration and Power Generation Construction Projects, which can improve the efficiency of domestic
waste and wastewater treatment by regulating land use for waste treatment facilities, incineration
technology, project water use, waste transportation, exhaust gas pollution control measures, and
equipment [53,54].

Analysis from the perspective of provinces (see columns 5 and 6 of Table 2), the gap in in-
vestment efficiency of environmental pollution control between provinces has narrowed. Among
the 30 provinces studied, 24 provinces, or 80% of all provinces, have changed their investment
efficiency of environmental pollution control rankings. In the first stage, Qinghai Province ranked
first in investment efficiency of environmental pollution control, and after adjustment, the efficiency
value of Ningxia Hui Autonomous Region improved by 3%, surpassing the first place achieved
by Qinghai Province; the efficiency of Inner Mongolia Autonomous Region improved by 9 places,
with an increase of 58%; Beijing dropped from the first stage ranking 25 to 30th place, with a 20%
decrease in efficiency value. This shows that the development of different provinces, environmental
policies and other factors affect the efficiency of environmental pollution control in each province [55].
From a practical point of view, although there is a gap in environmental investment efficiency of
environmental pollution control between provinces, it is not as large as in the first phase.

From the analysis of each region (Figure 1, Figure 2 comparison), it was different from the large
fluctuation in the first stage. After the adjustment, the fluctuation range of the change level of the
efficiency value in each region was small. At the same time, the gap in the investment efficiency of
environmental pollution control of each region has also narrowed compared with the first stage, and
the regional investment efficiency of environmental pollution control has been improved to varying
degrees. This shows that the influence of random factors and environmental variables reduces the
actual efficiency value. The ranking of investment efficiency of environmental pollution control
across regions also changed. After the adjustment, the western region’s investment efficiency of
environmental pollution control ranked first, surpassing the eastern region, reaching the first place,
with an average efficiency value of 0.806; the eastern region ranked second in terms of investment
efficiency of environmental pollution control, with an average efficiency value of 0.799; the central
region ranked third in terms of investment efficiency of environmental pollution control, with an
average efficiency value of 0.797; the investment efficiency of environmental pollution control of the
Ministry of Finance improved the most, with an increase of 48%, but it still ranks last, with an average
efficiency value of 0.679. This may be due to the fact that although the efficiency of environmental
pollution control in the eastern region was high in the past, the development speed was too fast, and
the ability of environmental pollution control was far behind the speed of pollution diffusion, thus
reducing the efficiency of governance in the eastern region. The western region has unique natural
resources. In addition, the Chinese government attaches great importance to local environmental
protection while implementing the western development policy. The introduction of large-scale funds
and various supporting policies has promoted the efficiency of environmental pollution control in
the western region improvement [56].
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4.4. Analysis of GML Index of Environmental Pollution Control Investment Efficiency in China
4.4.1. Overall Time Series Variation Characteristics

The DEA software (MaxDEA Software Ltd, Beijing, China) was used to find out the average
GML index of investment efficiency of environmental pollution control in China for each year from
2008 to 2017 and decomposed, and the results are shown in Table 4 and Figure 3.

Table 4. Average GML index and its decomposition by year in China.

Year GML Mean Value EC Mean Value TC Mean Value

2008–2009 1.110 1.034 1.069
2009–2010 1.111 0.978 1.149
2010–2011 1.111 1.079 1.054
2011–2012 1.044 1.022 1.028
2012–2013 0.977 1.006 0.977
2013–2014 1.048 1.003 1.052
2014–2015 1.042 0.970 1.084
2015–2016 1.057 1.007 1.054
2016–2017 1.173 1.076 1.079

Figure 3. Average GML index and its decomposition line chart of each Year in China.

According to the average GML index for each year in China, it was greater than 1 for the
remaining years except for 2012–2013, which was less than 1. This indicates that the efficiency of
investment in environmental pollution control in China is gradually improving in general. This also
coincides with the trend of efficiency values calculated in the third stage above.

As shown in Figure 3, China’s GML index shows a general “W” pattern of falling, then oscillating
up, then falling and then rising again. Since 2013, the investment efficiency of environmental
pollution control has started to climb year by year. This is probably due to the fact that the Chinese
government has introduced several environmental pollution control policies during this period to
strengthen environmental protection in various aspects. For example, the Regulations on Urban
Drainage and Sewage Treatment, the Action Plan on Prevention and Control of Air Pollution, and the
Opinions on Accelerating the Development of Energy Conservation and Environmental Protection
Industry [57–59]. From the decomposition of the GML index, the overall trend of the GML index is
closer to the trend of the TC index, while it is more different from the trend of the EC index. This
indicates that the GML index is more obviously influenced by the TC index, while it is less influenced
by the EC index. That is, the improvement of investment efficiency of environmental pollution control
in China is more influenced by technological progress. Fan, M et al.’s (2018) study of industrial
CO2 emission performance concluded that the more the number of TC (technological progress)
index greater than 1, the better. All TC index (technological progress) greater than 1 was the best
result and represented a significant contribution of technological progress. Currently, only one year
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(2012–2013) of China’s TC (technological progress) index was less than 1, and the rest were greater
than 1. Therefore, in the future, the TC (technological progress) index all above 1 is the expected
level to be reached [60]. The main investment in environmental pollution control is government
investment. This is because enterprises are profit-seeking and do not have a strong willingness to take
the initiative to invest in environmental pollution control. China has been increasing its investment
in environmental pollution control, both financially and materially, with particular emphasis on the
development of environmental protection science and technology [61,62]. The Chinese government
has formulated and completed the 12th Five-Year Plan for the Development of Science and Technology
for National Environmental Protection, and by the end of 2015, 675 achievements in basic theory, soft
science and applied technology were registered with the National Environmental Protection Science
and Technology Achievements [63]. China’s rapid development in environmental protection science
and technology has provided a powerful boost to environmental pollution control, the technology is
mainly applied to environmental pollution monitoring and prevention. Remote sensing monitoring of
haze and air pollution source emissions can be carried out efficiently using satellite platforms [64], and
the application of Geographic Information System (GIS) technology has strengthened the supervision
of environmental pollution management [65].

4.4.2. Inter-Provincial GML Index and Decomposition Index Analysis
The arithmetic mean of the annual average GML index and its decomposition results EC index

and TC index for each province in China from 2008 to 2017 were used for the analysis, and the results
are shown in Table 5.

Table 5. Average annual GML index and its decomposition by province from 2008 to 2017.

Region Province GML EC TC

Eastern China

Beijing 1.475 1.170 1.232
Tianjin 1.130 0.999 1.130
Hebei 1.037 1.001 1.037

Shanghai 1.143 1.001 1.131
Jiangsu 1.057 0.995 1.063

Zhejiang 1.123 0.992 1.112
Fujian 1.059 0.982 1.070

Shandong 1.060 0.999 1.062
Guangdong 1.098 1.080 1.105

Hainan 0.999 0.995 1.004

Northeastern China
Liaoning 1.010 0.999 1.012

Jilin 1.046 1.017 1.064
Heilongjiang 1.049 0.995 1.111

Central China

Shanxi 1.002 1.009 0.994
Anhui 1.041 0.996 1.045
Jiangxi 1.075 1.006 1.071
Henan 1.022 0.998 1.041
Hubei 1.045 1.062 1.025
Hunan 1.054 1.028 1.032

Western China

Nei Monggol 1.046 0.998 1.048
Guangxi 1.058 0.999 1.060

Chongqing 1.064 0.998 1.065
Sichuan 1.021 1.010 1.020
Guizhou 1.096 1.028 1.070
Yunnan 1.013 1.005 1.010
Shaanxi 1.051 1.002 1.060
Gansu 1.177 1.083 1.103

Qinghai 1.003 1.035 0.974
Ningxia 1.002 0.999 1.004
Xinjiang 1.122 1.095 1.064

Among the 30 provinces in China, the annual average GML index was greater than 1 in
29 provinces, except for Hainan Province, which was less than 1. This indicates that in general, the
efficiency of investment in environmental management in Chinese provinces was improved year
by year. Looking at the annual average EC index of 30 provinces, 18 provinces were greater than
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1, accounting for 60%. In terms of the annual average TC index of 30 provinces, 28 provinces were
greater than 1, accounting for 93%. This indicates that the improvement of investment efficiency in
environmental pollution control in Chinese provinces is mainly due to the progress of self technology.

4.4.3. Regional GML Index and Decomposition Index Analysis
Based on the data analyzed above, the trend of the annual average GML index for the four

regions of China from 2008 to 2017 was derived based on the GML index, as shown in Figure 4.

Figure 4. Trends in the annual average GML index in the four regions from 2008 to 2017.

The change trend of the annual average GML index in the four regions from 2008 to 2017 was
similar, and all of them were in oscillating and fluctuating state. The trend of change in the central
region was basically consistent with the national trend, with a slow rise during 2008–2011, and
began to decline after 2011, reaching the lowest in 2013 with an average value of 0.945, and then a
fluctuating upward trend, reaching the highest in 2017 with an average value of 1.105, and generally
speaking, the efficiency of investment in environmental pollution control has improved. The western
and northeastern regions fluctuate in a basically consistent state, and the overall was in an upward
trend. The eastern region has the largest fluctuation. During the period of 2008–2015, it showed
repeated fluctuations of falling, then rising, and then falling, and after 2015, it gradually showed an
upward trend and reached the highest in 2017, with a mean value of 1.402, and the overall efficiency
has improved. In order to clarify the reasons for the changes in the efficiency of environmental
pollution control investment in each region, the annual average GML index of the four regions is also
decomposed, and the results are shown in Table 6.

Overall, the EC index and TC index of the four regions were both higher than 1 during the
decade, which indicates that both the efficiency and technology of environmental China pollution
control investment have improved during this period. The TC indexes of all four regions were
greater than the EC indexes, which indicates that the improvement in the efficiency of environmental
pollution control investment in each region was mainly due to the progress in technology. In terms of
the ten-year national average, the EC index was greater than 1 in 2009, 2011, 2012, 2013, 2014, 2016,
and 2017, indicating that the improvement in technical efficiency during the period was conducive
to the improvement in the efficiency of environmental pollution control investment. In contrast,
the TC index was higher than 1 in all years except 2013 when it was less than 1, indicating that the
improvement of technology contributes significantly to the improvement of investment efficiency
in environmental pollution control in the rest of the period except 2013. The TC index was higher
than 1 for the three regions of East, Central, and West except for three years in 2011, 2012, and 2013,
which indicates that for these three regions, the improvement in the efficiency of investment in
environmental pollution control was more obvious due to the improvement of technology.
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Table 6. Decomposition results of the average GML index by year for the four regions.

Index Region 08–09 09–10 10–11 11–12 12–13 13–14 14–15 15–16 16–17 Mean

EC

Eastern China 1.003 0.942 1.105 0.995 1.003 0.991 0.933 0.995 1.226 1.021
Northeastern China 1.015 1.048 0.866 1.253 0.898 1.132 0.863 1.088 0.869 1.004

Central China 1.011 0.960 1.131 0.968 1.019 1.011 1.025 0.957 1.067 1.017
Western China 1.079 1.001 1.084 1.011 1.032 0.973 1.002 1.023 1.000 1.023
Whole country 1.033 0.978 1.079 1.022 1.006 1.003 0.970 1.007 1.076 1.019

TC

Eastern China 1.193 1.138 1.131 0.981 1.007 1.122 1.087 1.098 1.097 1.095
Northeastern China 0.965 1.074 1.179 0.878 1.103 0.928 1.254 0.963 1.217 1.062

Central China 1.036 1.131 0.970 1.077 0.927 1.053 1.009 1.054 1.055 1.035
Western China 1.003 1.190 0.995 1.084 0.941 1.022 1.076 1.039 1.039 1.043
Whole country 1.069 1.149 1.054 1.028 0.976 1.052 1.084 1.054 1.079 1.061

5. Discussion

The conclusions drawn from the panel data of China’s environmental pollution control invest-
ment from 2008–2017 can provide a reference for China’s control of environmental pollution, but
there are still some shortcomings that need to be further improved. First, such as the data collection
is not very comprehensive. The panel data of Hong Kong, Macau, Taiwan, and Tibet Autonomous
Region provinces can be complemented by software model simulations in the future, and also the
research years can be extended. Second, this study analyzes the investment efficiency of environ-
mental pollution control in China and each region from the macro level, without considering the
special situation of different regions, and more in-depth analysis and research can be conducted
in the future for the characteristics of different regions and explore the related influencing factors.
For example, the eastern region has a developed economy and a large population, which generates
more environmental pollution, but why is the environmental pollution control efficiency high [66,67]?
Assuming that the possible reasons are sufficient capital, advanced technology and concentration
of talents, what is the magnitude of the contribution of these factors to environmental protection?
What is the root cause of the inefficiency of environmental pollution control in the northeast region
compared to other regions, and how can this problem be addressed [68,69]?

6. Conclusions

This paper analyzes the investment efficiency of environmental pollution control in China from
2008 to 2019 by using the three-level super-efficiency SBM-DEA model and the GML index, and draws
the following conclusions: First, the investment efficiency of environmental pollution control in China
is improving, but there are obvious disparities among different regions. Affected by random factors
and environmental variables, the actual efficiency value decreases. Second, excluding the effects of
both, the national investment efficiency of environmental pollution control has improved significantly,
but still has not reached the optimal effect. For example, after adjustment, the average efficiency of
environmental pollution control in China has increased from 0.654 in the first stage to 0.789 in the
third stage, with an increase of 20.6%, but the efficiency is always less than 1. At the same time, the
gap between provinces and regions has narrowed while the investment efficiency of environmental
pollution control has improved, and there is still an unbalanced situation. For instance, the average
efficiency of the western region was far higher than that of the northeast region, which is 0.806 and
0.679 respectively. Third, overall, China’s environmental pollution control efficiency has improved
year by year, and the main driver is technological progress; compared with northeastern China,
technological progress has a more significant role in promoting eastern, central, and western China.

Based on the above research conclusions, in order to promote the construction of environmental
pollution control in China, the following suggestions are put forward:

(1) Strengthen regional cooperation to jointly control environmental pollution [70]. From the
panel data of 30 Chinese provinces, it can be concluded that there is a regional development
imbalance in the efficiency of investment in environmental pollution control in China. In
order to achieve the improvement of overall environmental pollution treatment efficiency, the
eastern region can export advanced environmental protection technology to the central and
western regions, and the western region can use its abundant natural resources to cooperate
with the eastern region. Other regions should lend a helping hand to the northeast region by
sharing environmental governance experience, advanced environmental technologies, etc., and
exporting environmental governance talents [71].
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(2) Vigorously develop the rural economy. As concluded in the previous article, with the increasing
level of urbanization, the concentration of residents living in towns and cities has intensified
the generation of domestic waste and sewage. The development of rural economy can relieve
the pressure of environmental pollution management caused by the concentration of urban
population. In the process, attention should also be paid to the environmental protection of
rural areas [72].

(3) Environmental protection investment should be targeted [73]. From the results of the impact
analysis of the external environment, the Chinese government’s annual funding for environ-
mental pollution control is increasing, but the positive impact on various output indicators has
not improved. Therefore, environmental protection investment should be targeted to prevent
investment redundancy.

(4) Increase support for environmental protection technology research. According to the GML in-
dex and its decomposition, the main reason for the annual increase in the investment efficiency
of China’s environmental pollution control is technological progress. Therefore, it is necessary
to increase support for the research and development of environmental protection technology,
such as introducing policies that are conducive to the development of the environmental pro-
tection technology industry, increasing the research and development funds of environmental
protection technology, and cultivating talents in the field of environmental protection [74–77].
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Abstract: This paper takes the China A-shares listed companies in heavy polluting industries from
2011 to 2020 as samples, combines the digital financial inclusion index to empirically examine the
impacts of digital financial inclusion development on the green technology innovation of heavily
polluting companies, and reveals its mechanism of action and its heterogeneity of the impacts of
enterprises’ green technology innovation in different development stages. The empirical research
results show that the development of digital financial inclusion is able to promote the green in-
novation of heavy-polluting enterprises. Its main manifestation is that the development of digital
financial inclusion helps the increase of green patent applications of heavy-polluting enterprises.
This conclusion is validated through the endogeneity and robustness tests. The test results of the
mechanism of action show that digital financial inclusion promotes green innovation of enterprises
by alleviating corporate financing constraints and financial mismatch problems. Further research
results show that the role of digital financial inclusion in promoting green technology innovation in
heavy-polluting enterprises is more pronounced in mature enterprises. Therefore, this study provides
a theoretical basis for the development of digital financial inclusion to promote heavy-polluting
enterprises to achieve green transition through green technology innovation, thus achieving the “dual
carbon” goal.

Keywords: digital financial inclusion; green innovation; financing constraints; life cycle

1. Introduction

Since the Chinese government proposed the “dual carbon” goal at the 75th United
Nations General Assembly in 2020, how to achieve this goal has become a hot issue for
policy-makers and academia [1,2]. High-speed economic development brought about
by heavy-polluting enterprises at the expense of the environment pollution will bring
serious environmental issues [3]. Therefore, whether they can achieve green transition is
critical to achieving the “dual carbon” goal on schedule. Green technology innovation is
a general term for new technologies, new processes, and new products that help reduce
environmental pollution and save resources. Therefore, it is one of the key paths for heavy-
polluting enterprises to achieve green transition. However, green technology innovation
requires stable and continuous funds. There is a high degree of uncertainty, which leads to
the problem of strong financing constraints for heavy-polluting enterprises to implement
green technology innovation. Digital financial inclusion is an action to promote financial
inclusion through the use of digital financial services [4]. In recent years, digital inclu-
sive finance has developed rapidly, driven by modern information technologies, such as
mobile payment, big data, and cloud computing. Digital inclusive finance has broken
the boundaries of traditional financial services and alleviated information asymmetry in
traditional financial services. The resulting high cost has broken through the limitations of
time and geography and further expanded the reach and service depth of inclusive finance.
Therefore, the development of digital inclusive finance provides the possibility of financial
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support for heavily polluting enterprises to implement green technology innovation. In the
existing literature, although some scholars have paid attention to the influencing factors
of corporate green technology innovation and the impact of digital financial inclusion
on it [5–8], few scholars have studied whether digital financial inclusion can promote
green technology innovation in heavy-polluting enterprises, and no scholar has revealed
its mechanism of action and its heterogeneity. It can be seen from the above sentences
that the main contributions of this paper are: First, taking heavy-polluting enterprises as
the research object, it reveals the influencing mechanism of digital financial inclusion on
the green innovation of heavy-polluting enterprises from the perspectives of financing
constraints and financial mismatches, which not only expands the relevant literature on the
impact of digital financial inclusion on enterprises, but also provides a new perspective
for analyzing the influencing factors of enterprise green innovation. Second, on the basis
of systematically expounding how digital financial inclusion affects the green innovation
mechanism of enterprises, it further explores whether this impact will be affected by the
heterogeneity of the enterprise life cycle, and clarifies the differences in the effects of digital
financial inclusion on green innovation for enterprises at different development stages.
This research has important theoretical and practical significance for government supports
of the development of digital financial inclusion and promotion of the green technology
innovation in heavy-polluting enterprises, and in turn it can promote the green transition
of heavy-polluting enterprises, and help China achieve the “dual carbon” goal.

2. Literature Review and Hypothesis

2.1. Green Innovation

In the context of the “two-carbon” goal, green innovation, as an important activity to
promote sustainable environmental development, has received extensive attention from
scholars. A review of the existing research finds that the factors affecting the green in-
novation of enterprises are mainly concentrated in two aspects: environmental effects
and resource supply. In terms of environmental effects, Lyubich et al. believe that when
companies face higher environmental standards, they will be more inclined to develop and
apply clean technologies to reduce the environmental pollution caused by their productions
and operations and implement environmental regulations such as environmental taxes [9].
It is an effective way to improve environmental standards. Yu Lianchao et al. found that
environmental taxes can effectively promote the green innovation of enterprises [10], which
verifies the views of Lyubich et al. Furthermore, environmental regulations represented
by taxes stimulate the green innovation of enterprises, and the incentive effect varies by
differences in types of firms and regions [11]. The above research shows that scientific and
reasonable environmental regulations and the policy mix can actively guide and motivate
enterprises to carry out green technology innovation [12]. In addition to the abovemen-
tioned mandatory environmental effects, incentive-based environmental measures also
have a positive impact on green innovation [11], such as government subsidies and some
voluntary agreements [13,14]. In terms of resource supply, green innovation is charac-
terized by high investments, long cycles, and high benefit uncertainty compared with
other innovation activities and requires greater resource investment [15]. Green innovation
resources, such as FDI, environmental investment, and foreign investment, have a positive
impact on green innovation behavior and efficiency [16,17], and if the green loan interest
rate provided by banks is lower than the threshold, enterprises tend to accept bank loans to
implement green innovation [18]. In addition, corporate financial and governance status
is also a cornerstone of green innovation resources. Good finance can provide sufficient
material and human resources for green innovation [19]. The environmental protection
orientation of corporate stakeholders and equity financing are also conducive to green
innovation [20,21].
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2.2. Digital Financial Inclusion

As an important engine for the country’s high-quality development, digital inclusive
finance provides new impetus and opportunities for promoting economic development [22],
and its stable development has important macro and micro impacts. At the macro level,
the development of digital inclusive finance has positive significance for promoting en-
trepreneurship, stimulating residents’ consumption, accelerating inclusive growth, nar-
rowing the urban-rural income gap, and driving the digital innovation of commercial
banks [23–27]. At the microlevel, digital inclusive finance can, on the one hand, carry out an
accurate risk assessment for enterprises under conditions of digital technology [28] and, on
the other hand, enhance the information processing capabilities of financial institutions and
investors, effectively reducing the relationship between enterprises and the market. The
problem of information asymmetry between enterprises [29] increases the source channels
and availability of funds for enterprises, thereby easing their financing constraints. In
addition, some scholars have paid attention to the significant impact of digital financial
inclusion on corporate innovation. The development of digital inclusive finance can allevi-
ate the financing constraints and financial mismatches faced by enterprises and promote
enterprise innovation through R&D investment, the accumulation of redundant expansion
effects, and human capital upgrade effects [29–31].

2.3. Digital Financial Inclusion and Green Innovation

A large number of studies have shown that digital financial inclusion has a positive
impact on corporate innovation activities, investment, and income [29,32]. Specifically,
from the perspective of green innovation, the development of digital finance promotes
urban economic agglomeration and optimizes the regional financial structure, provides a
good external financial environment for the development of enterprises’ green innovations,
eases the financing constraints faced by enterprises [33], and then promotes enterprises’
green innovations [34]. Jiang Jianxun et al. proved this conclusion from the perspective of
new energy enterprises [35]. Based on the above research, we believe that the development
of digital financial inclusion has a similar positive effect on the green innovation of heavy-
polluting enterprises.

The Porter hypothesis proposes that innovation can offset the cost of complying with
environmental requirements, and when the environmental system can be improved, it
can further guide enterprises toward innovation. The mainstream view holds that both
mandatory and incentive environmental effects can have a positive impact on corporate
green innovation [10,14]. Currently, however, for heavily polluting enterprises mainly
concentrated in the manufacturing sector, green innovation is closely related to capital
market opening [36], resource acquisition and input [16], and the Green Credit System is
formulated for the sustainable development of the environment and the transformation
of green development of enterprises. The implementation of green credit policies, such as
the “Guidelines”, has changed the external credit environment, making it more difficult to
obtain loans and increasing the financing constraints of such enterprises [37]. In addition,
there is currently no complete green innovation mechanism in China to ensure that enter-
prises obtain public resources. Due to the nature of the industry, it is relatively difficult
for heavily polluting enterprises to obtain public resources, such as government subsidies,
which also deepens the financing constraints and weakens the incentive to engage in green
innovation and, thus, is not conducive to the green innovation output of heavily pollut-
ing enterprises [38]. According to the theory of resource allocation efficiency, however,
the limited financial capital in the market should flow into high-efficiency enterprises to
achieve the overall effective allocation of resources and Pareto optimality, the misallocation
of financial resources is a deviation from “effective allocation” [30]. The external financing
that heavily polluting enterprises can obtain is limited. The main financing methods come
from bond financing provided by financial institutions such as banks and equity financing
in the capital market [39]. This type of financing not only pays more attention to the ability
of enterprises to obtain profits and competitive advantages but also considers whether
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the funds can be recovered safely and whether the loan income is higher than the cost,
including time value, etc., and is also affected by policy bias. Economic development allo-
cates more financial resources to projects with quick returns and short cycles, while green
innovation and development are characterized by long cycles, high costs, unclear market
demands, and uncertain returns, making them vulnerable to misallocation of financial
resources [30].

The financial environment is one of the main factors affecting the business activities
of enterprises, and the supply of financial resources significantly affects the progress of
business activities [40]. Compared with the “backward-looking” preference of the tradi-
tional credit model, the development of digital inclusive finance has effectively corrected
the “stage mismatch” in the traditional financial system, making it easier for enterprises to
obtain financial resources than before; that is, the development of digital inclusive finance
can hedge financing. The “financial dilemma” was brought about by constraints [41]. First,
the issue of information asymmetry is a leading problem that results in corporate financing
constraints. Digital financial inclusion can reduce the information asymmetry between
investors and companies by virtue of its digital technology [42]. Furthermore, digital
inclusive finance makes up for the under covered long-tail groups in the traditional finan-
cial model and incorporates small and medium-sized enterprises, individual industrial
and commercial households, and individual investors who are not able to participate in
investment under the traditional financial model into the new financial system. It increases
the investor group and broadens the source of funds, which effectively alleviates the prob-
lem of corporate financing constraints [29]. Second, digital inclusive finance improves
the ability of information collection and integration. Through the capture and analysis
of corporate behavioral data, it is possible to conduct more accurate risk assessments for
enterprises and then strengthen the control of risks and credit, thus, forcing traditional
transformation and upgrading of financial institutions to alleviate the misallocation of
financial resources and improve the supply efficiency of financial resources [30]. Third,
digital inclusive finance relies on its artificial intelligence technology, big data technology,
machine learning technology, and other emerging technologies to make the production and
operation of heavily polluting enterprises more scientific and efficient. It also contributes to
the organizational structure becoming more rational and flexible, thereby reducing the cost
of enterprises and expenses to provide more capital space for green innovation and ensure
the smooth progress of green innovation of enterprises [31]. Based on the above analysis,
the following hypothesis is proposed:

Hypothesis 1a (H1a). Digital financial inclusion effectively promotes green innovation in enterprises.

Hypothesis 1b (H1b). Digital inclusive finance promotes the green innovation of enterprises by
reducing the financing constraints and financial mismatches faced by enterprises.

3. Variables, Data and Methods

3.1. Variable Setting
3.1.1. Explanatory Variables

Digital financial inclusion (Dindex). This paper uses the China Digital Financial
Inclusion Index released by the Digital Finance Research Center of Peking University to
measure the development degree of digital financial inclusion [43]. In addition, in order to
ensure the accuracy of the research, we matched the prefecture-level city digital financial
inclusion index with the enterprise micro-data (the selection of cities is based on those
enterprises’ registration places).

3.1.2. Dependent Variable

Green innovation (Patent). Due to the special nature of the industry, heavily pollut-
ing enterprises will inevitably cause some damage to the ecological environment. Their
innovative output to eliminate or reduce pollution and damage caused to the ecological
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environment and weaken negative ecological effects is called green innovation. Referring
to the practice of Wang Xin and Wang Ying [44], this paper adopts the natural logarithm
method to measure the green innovation of enterprises by adding 1 to the number of green
patent applications in the current year.

3.1.3. Mechanism Variables

(1) Financing constraints (Sa). In the current research on financing constraints in academia,
KZ, WW, and Sa indices all measure the degree of financing constraints, but forSa, the basic
data used in the calculation of the index are the scale and age of the enterprise, which has a
strong exogenous and objective nature. Therefore, this paper refers to the research of Hadlock
and Pierce [45], using an Sa index to measure the financing constraints faced by firms. The
index calculation method is Sa = −0.737 × Size + 0.043 × Size2 − 0.040 × Age. (2) Financial
mismatch (Fm). Limited financial capital in the market should flow into high-efficiency enter-
prises to achieve the effective allocation of overall resources, while the misallocation of finan-
cial resources is a deviation from the “effective allocation”. This paper draws on the research
of Shao Ting [46], using the cost of capital of enterprises. The financial mismatch is measured
by the degree of deviation from the industry average cost of capital. The calculation method of
this indicator is [Interestexpense/(Debt − Accountspayable)]/Industryaveragecostofcapital.

3.1.4. Control Variables

This paper controls the variables at the financial and governance levels that may affect
the green innovation of enterprises. The control variables at the financial level include
enterprise scale (Size), which is the natural logarithm of the total assets of the enterprise;
asset-liability ratio (Lev), which is the ratio of total liabilities to total assets; return on assets
(Roa), which is the ratio of net profit to total assets; and fixed asset ratio (PPe), which is
the ratio of net fixed assets to total assets. The control variables at the governance level
include the combination of two positions (Dual); if the chairman and the general manager
are the same person, the assignment is 1, otherwise, the assignment is 2; management
shareholding (Msh) is the ratio of the number of shares held by management to the total
number of shares; shareholding concentration ratio (Top) is the sum of the shareholding
ratios of the top ten shareholders of the enterprise; and shareholding balance ratio (Balance)
is the ratio of the sum of the shareholding ratios of the second-largest shareholder to the
tenth largest shareholder and the shareholding ratio of the first largest shareholder. In
addition, this paper also controls the industry effect (Ind) and year effect (Year) by setting
dummy variables.

3.2. Data

This paper takes the China A-shares listed companies in heavy polluting industries
from 2011 to 2020 as samples. The Digital Financial Inclusion Index, which is derived
from the “Peking University Digital Financial Inclusion Index,” compiled and released by
the Peking University Financial Research Center. The green patent data used to measure
green innovation is from the China Research Data Service Platform (CNRDS). The Guotai
Security Database (CSMAR) provided the data on governance and financial aspects of
heavy polluting industries. In addition, considering the quality of observation samples, this
paper adopts the following principles to screen and process the data of listed companies:
(1) The sample data of ST and ST* companies are excluded; (2) the sample data of the year
with missing data were excluded to ensure the comparability of the data; (3) to eliminate
the influence of outliers, this paper performs the Winsorization process on the 1% quantile
of the data at the enterprise level.

423



IJERPH 2022, 19, 7323

3.3. Methods
3.3.1. Full Sample Regression

In order to explore how digital financial inclusion affects the green innovation of
enterprises, this paper refers to the practice of Wan Jiayu et al. to construct a two-way fixed
effect Model (1), and conducts an estimation test on the sample data [29].

Patentit = α0 + α1 × Dindexit + α2 × Controlsit + ΣYear + ΣInd + εit (1)

Model (1) Patent represents the green innovation of heavily polluting enterprises; α0
represents the constant term of the equation; Dindex represents digital financial inclusion;
Controls represents a set of corporate governance and financial control variables selected in
this paper; Year and Ind represent the year dummy variable and industry dummy variable,
respectively, used to control for time effects and industry effects; and ε represents a random
error term. In Model (1), we focus on the preregression coefficient α1 of digital financial
inclusion. If the coefficient is significantly greater than zero, it indicates that digital financial
inclusion will promote green innovation in heavily polluting enterprises; thus, H1a of this
paper is verified.

3.3.2. Mechanism Effect Regression

In order to verify that financing constraints and financial mismatches are the mecha-
nisms by which digital financial inclusion affects green innovation, this paper introduces
a cross multiplication Model (2) of digital financial inclusion, financing constraints, and
financial mismatches on the basis of Model (1).

Patentit = λ0 + λ1 × Dindexit × Sa/Fmit + λ2 × Dindexit + λ3 × Sa/Fmit
+ λ4 × Controlsit + ΣYear + ΣInd + εit

(2)

Consistent with the meaning of Model (1), except for digital financial inclusion and
financing constraints, the multiplication term of financial mismatch (Dindex × Sa/Fm) and
mechanism variable financing constraints (Sa) and financial mismatch (Fm) are added. In
Model (2), we mainly focus on the regression coefficient before the multiplication term
λ1. If the coefficient is significantly greater than zero, it indicates that the interactive
effect of digital financial inclusion, financing constraints, and financial mismatch promotes
green innovation; that is, the mechanism by which digital inclusive finance affects green
innovation is through financing constraints and financial mismatch.

4. Analysis of Empirical Results

4.1. Descriptive Statistical Characteristics

Table 1 reports the descriptive statistics of the main variables. From this, it can be found
that the maximum value of green innovation in the selected sample is 3.970, far exceeding
the average value of 0.736. However, there are also samples with green innovation values of
zero, which shows that there are large differences in the degree of green innovation between
different enterprises. The standard deviation of digital inclusive finance is 0.718, indicating
that digital financial inclusion is relatively concentrated near the average value, but the
difference between the maximum value and the minimum value is still large. Judging from
the descriptive statistical results of enterprise-level data, because the selected sample is
a heavily polluting industry concentrated in manufacturing enterprises, its asset-liability
ratio and fixed assets ratio are 0.426 and 0.311, respectively, which are relatively higher
than those of other industries.

4.2. Collinearity and Correlation Test

To avoid the error caused by multicollinearity in the regression results, this paper
conducts a VIF test among the variables. The test results are shown in the first column of
Table 2, and the VIF values are all less than 10. Table 2 lists the correlation analysis results. It
can be seen from the table that the correlation coefficient between digital financial inclusion
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(Dindex) and green innovation (Patent) is 0.181, which is significant at the 1% level, pro-
viding preliminary validation of this paper. The main assumption is that digital financial
inclusion can effectively promote green innovation in heavily polluting enterprises. On
the whole, the highest correlation coefficient between digital financial inclusion and each
control variable is 0.127, and the absolute value of the correlation coefficient between each
control variable does not exceed 0.5, which is a low level. The above results show that the
control variables selected in this paper do not have serious multicollinearity problems, and
the regression results obtained are robust and reliable.

Table 1. Descriptive statistics of the main variables.

Variable N Mean Std.Dev Min Max

Patent 6611 0.736 1.018 0 3.970
Dindex 6611 2.026 0.718 0.446 3.208

Size 6611 22.270 1.344 19.950 26.270
Lev 6611 0.426 0.209 0.051 0.950
Roa 6611 0.038 0.057 −0.193 0.204
PPe 6611 0.311 0.172 0.022 0.772
Dual 6611 1.756 0.429 1 2
Msh 6611 0.127 0.201 0 0.679
Top 6611 59.18 15.39 22.15 91.58

Balance 6611 0.874 0.766 0.035 3.772

Table 2. Correlation coefficient matrix.

Variable VIF Patent Dindex Size Lev Roa PPe Dual Msh Top Balance

Patent - 1
Dindex 1.10 0.181 *** 1

Size 1.81 0.487 *** 0.097 *** 1
Lev 1.87 0.192 *** −0.120 *** 0.486 *** 1
Roa 1.35 0.00500 0.083 *** −0.022 * −0.432 *** 1
PPe 1.30 0.124 *** −0.112 *** 0.352 *** 0.398 *** −0.209 *** 1
Dual 1.10 0.117 *** −0.108 *** 0.207 *** 0.162 *** −0.054 *** 0.179 *** 1
Msh 1.42 −0.125 *** 0.109 *** −0.363 *** −0.355 *** 0.198 *** −0.309 *** −0.243 *** 1
Top 1.23 0.096 *** 0.067 *** 0.205 *** −0.116 *** 0.247 *** −0.041 *** −0.045 *** 0.206 *** 1

Balance 1.09 −0.061 *** 0.127 *** −0.156 *** −0.176 *** 0.080 *** −0.150 *** −0.050 *** 0.233 *** 0.00200 1

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively.

4.3. Benchmark Regression

Table 3 reports the regression results of digital financial inclusion (Dindex) and green
innovation (Patent) in Model (1), where column (1) is the regression result without control
variables and column (2) is the regression result with control variables. The results show
that the coefficients of digital financial inclusion are 0.2882 and 0.0031, respectively, both of
which are significant at the 1% level, indicating that the development of digital financial
inclusion can promote green innovation in heavily polluting enterprises.

Considering the endogeneity problem, this paper uses the independent variable with
one lag period (Tool) as an instrumental variable to re-estimate the model by the two-stage
least squares method. Column (3) is the regression result of the first stage after adding
instrumental variables, tool variables and digital financial inclusion are significantly corre-
lated at the 1% level, which fulfills the requirement of correlation of instrumental variables.
Column (4) is the regression result of the second stage. Digital financial inclusion has a
positive impact on the green innovation of enterprises at the 1% level. In summary, in the
benchmark regression and the two-stage least squares regression, the coefficient of digital
financial inclusion is significantly positive, indicating that the development of digital finan-
cial inclusion can effectively promote the green innovation of heavily polluting enterprises.
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Table 3. Digital financial inclusion and green innovation.

Variable

(1) (2) (3) (4)

Patent Patent

2SLS Regression

Dindex Patent

First Two

Dindex 0.2882 *** 0.0031 *** 0.3310 ***
(5.23) (6.18) (6.06)

Tool 1.0255 ***
(248.05)

Size 0.3991 *** 0.0006 0.4128 ***
(35.05) (0.93) (32.34)

Lev −0.2052 *** −0.0056 −0.1671 **
(−3.11) (−1.29) (−2.25)

Roa −0.2130 −0.0237 * −0.0979
(−1.06) (−1.69) (−0.44)

PPe −0.3551 *** −0.0104 ** −0.3956 ***
(−4.51) (−2.15) (−4.57)

Dual 0.1094 *** −0.0038 ** 0.1350 ***
(4.63) (−2.11) (5.14)

Msh 0.0764 0.0059 0.1128 *
(1.38) (1.51) (1.78)

Top −0.0010 −0.0001 ** −0.0012
(−1.37) (2.28) (−1.42)

Balance −0.0234 * −0.0003 −0.0267 *
(−1.68) (0.31) (−1.70)

Cons 0.5690 *** −8.5870 *** 0.0301 −9.6591 ***
(8.13) (−34.52) (1.54) (−30.23)

Year YES YES YES YES
Ind YES YES YES YES

N 6611 6611 5516 5516
Adj-R2 0.0976 0.3010 0.9932 0.2954

Note: Robust standard errors are in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1%
levels, respectively.

4.4. Robustness Test

To ensure the reliability of the previous conclusions, the aspects that may have an
impact are considered here, namely, the variable measurement problem and the dynamic
problem, and the solutions are as follows. (1) Replacing the explained variables, innovation
is divided into innovation input and innovation output. As a necessary condition for
innovation output, innovation input can also reflect the green innovation of enterprises.
Therefore, the green innovation of enterprises is remeasured from the perspective of inno-
vation input. Drawing on the practice of Guo Ping [47], the proportion of R&D investment
in the company’s main business income (RD) is used as a proxy variable for corporate
green innovation (Patent), and the regression results are shown in column (1) in Table 4.
There was a significant positive correlation between the main variables. (2) Replacing
explanatory variables, the prefecture-level city digital financial inclusion index is used to
measure the explanatory variables in the previous article. Considering the problem of
regional development, the provincial digital financial inclusion index (PDindex) is used
here as a proxy for digital financial inclusion (Dindex) variables, the regression results
are shown in column (2) in Table 4, and there is a significant positive correlation between
the main variables. (3) For the explanatory variables with one lag period, considering
the endogeneity caused by the dynamic problem, the explanatory variables with one lag
period are brought back into the model for regression, and the regression results are shown
in column (3) of Table 5. There was a significant positive correlation between them. In
summary, the conclusions of this paper are robust.
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Table 4. Robustness test.

Variable
(1) (2) (3)

RD Patent Patent

Dindex 1.0832 ***
(10.77)

PDindex 0.1780 ***
(4.29)

L.Dindex 0.3310 ***
(6.06)

Controls YES YES YES
Cons 9.0161 *** −8.5056 *** −9.6591 ***

(17.42) (−34.33) (−32.26)

Year YES YES YES
Ind YES YES YES

N 5399 6611 5516
Adj-R2 0.2984 0.2989 0.3029

Note: Robust standard errors are in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1%
levels, respectively.

4.5. Examination of the Mechanism of Action

Combined with the previous theoretical analysis, this paper believes that digital
financial inclusion may promote green innovation in heavily polluting enterprises by
alleviating the financing constraints at the enterprise level and financial mismatch at the
market level. Therefore, this paper examines the impact mechanism of digital financial
inclusion on the green innovation of heavily polluting enterprises from the perspectives of
financing constraints and financial mismatch.

The impact of the interaction between digital financial inclusion and financing con-
straints (Dindex×Sa) and financial mismatch (Dindex×Fm) on green innovation is shown.
The regression results show that the regression coefficient before the multiplication of digital
financial inclusion and financing constraints is 0.1307, which is significant at the 10% level,
and the regression coefficient before the multiplication of digital financial inclusion and
financial mismatch is 0.0650, also at the 10% level. The above results show that financing
constraints and financial mismatches are the mechanisms by which digital inclusive finance
affects green innovation. In addition, this paper tests the action mechanism of the subdivi-
sion index coverage (Dcover) of digital financial inclusion to further verify the effectiveness
of the action mechanism of financing constraints and financial mismatch. The test principle
is the same as the above, and the results are shown in columns (3) and (4) of Table 5. It can
be seen that the regression coefficients before the multiplication of digital inclusive finance
coverage and financing constraints (Dcover×Sa) and financial mismatch (Dcover×Fm) are
0.1508 and 0.0601, respectively, both of which are significant at the 10% level. The above
results show that digital inclusive finance alleviates financing constraints and financial
mismatches through coverage, thereby promoting green innovation and verifying H1b.

4.6. Further Research

Based on the above analysis, we believe that digital financial inclusion has a greater
effect on promoting green innovation in more mature enterprises. Enterprises with different
life cycles have different characteristics, with obvious differences in market pressure, capital
demand, financing constraints, and risk management [48]. Relatively speaking, enterprises
in the growth stage have good development prospects, high growth potential, and high
investment returns. They are expected to become benchmark enterprises in the industry in
the future, and it is the best time for enterprises to realize the expansion of territory. During
this period, companies usually implement expansion-oriented strategies, which lead to
relatively high demand for capital, while the high capital demand caused by the long
continuous cycle of green innovation also requires a high-quality capital supply [34,49],
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a crowding effect may occur. In terms of the utility of green innovation, the expected
results of green innovation are highly uncertain, and it is a risky investment for growth-
stage enterprises. The short-term benefits that can be achieved by using funds for green
innovation investment are lower than the income that can be brought from investing
capital in production and sales [50]. It may go against the company’s strategic intention
of increasing market share at the current stage, thus the subjective initiative of growing
companies to carry out green innovation is relatively weak. For enterprises in the mature
stage, their product production and sales tend to be stable. At this time, through green
innovation, enterprises can not only improve the utilization efficiency and recycling rate of
raw materials, and reduce resource costs and environmental costs [51,52], but can also draw
consumers’ attentions to the corporate environmental behavior, establish a good corporate
image, and promote the growth of enterprise developable performance [53]. Compared
with companies in the growth stage, companies in the mature stage are relatively complete
in all aspects. With the help of the development of digital inclusive finance, they have
more R&D strength and risk-taking ability to carry out green projects with high capital
requirements and high-risk levels. Therefore, from the perspective of a life cycle, the high
growth of enterprises may not be conducive to the promotion of digital inclusive finance
for green innovation; that is, the development of digital inclusive finance may have a
more significant incentive effect on the green innovation of enterprises in the mature stage
of development.

Table 5. Mechanism of action test.

Variable

(1) (2)

Variable

(3) (4)

Dindex Dcover

Patent Patent Patent Patent

Dindex × Sa
0.1307 *

Dcover × Sa
0.1508 *

(1.65) (1.84)

Sa
0.6681 ***

Sa
0.6672 ***

(10.65) (10.62)

Dindex×Fm
0.0650 *

Dcover×Fm
0.0601 *

(1.83) (1.65)

Fm
−0.0472 *

Fm
−0.0477 *

(−1.65) (−1.67)

Dindex
0.3185 *** 0.3845 ***

Dcover
0.2282 *** 0.2791 ***

(5.38) (6.19) (5.07) (5.93)
Controls YES YES Controls YES YES

Cons
−5.8539 *** −9.2352 ***

Cons
−5.7958 *** −9.1828 ***

(−14.98) (−32.47) (−14.85) (−32.29)

Year YES YES YES YES YES
Ind YES YES YES YES YES

N 4799 4799 N 4799 4799
Adj-R2 0.3441 0.3377 Adj-R2 0.3437 0.3370

Note: Robust standard errors are in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1%
levels, respectively.

To confirm this analysis, this paper refers to the practice of Liang Shangkun et al. [54]
and ranks the growth rate of corporate sales revenue and capital expenditure rate from
high to low and the retained rate of return and corporate age from low to high. The
comprehensive score is calculated by assigning values, and then the comprehensive score
is sorted and classified according to the industry. Companies belonging to the growth
stage and mature stage are screened out, and the heterogeneous impact of digital inclusive
finance on green innovation is tested in groups.

As shown in Table 6, the coefficient of digital financial inclusion in the growth stage
group is 0.1802, and the coefficient of digital financial inclusion in the mature stage group
is 0.4146, both of which are significant. This indicates that whether firms are in the growth
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stage or the mature stage, digital inclusive finance can have an incentive effect on green
innovation. Furthermore, the grouping regression results obtained support the conclusion
that the two are comparable through a seemingly uncorrelated test; that is, the predigital
financial inclusion coefficient in the mature group is higher than the predigital financial
inclusion coefficient in the growth period, which indicates that digital financial inclusion is
important for green innovation. The promotion effect is stronger in mature enterprises.

Table 6. Heterogeneity test.

Variable

(1) (2)

Growth Maturity

Patent Patent

Dindex
0.1802 * 0.4146 ***
(1.80) (4.66)

Controls YES YES

Cons
−9.0829 *** −8.3315 ***

(−17.28) (−20.49)

Year YES YES
Ind YES YES

N 1618 2106
Adj-R2 0.2910 0.3174
Suest chi2(1) = 3.16 Prob > chi2 = 0.0754

Note: Robust standard errors are in parentheses. *, **, and *** indicate significance at the 10%, 5%, and 1%
levels, respectively.

5. Conclusions and Recommendations

5.1. Research Conclusions

Based on the green patent application data of listed companies in Shanghai and
Shenzhen, A-share heavy polluting industries from 2011 to 2020 and the digital finan-
cial inclusion index compiled and released by the Financial Research Center of Peking
University, this paper empirically analyzes the effect of digital financial inclusion on the
green innovation of heavily polluting companies. The impact effect and its specific impact
mechanism are further explored for life cycle heterogeneity. The main conclusions are
as follows:

(1) Digital financial inclusion effectively stimulates the green innovation of heavily
polluting enterprises, and the conclusion still holds after considering endogeneity
and robustness.

(2) Digital financial inclusion alleviates corporate financing constraints, and the tradi-
tional problem of financial mismatch in financial services promotes the green innova-
tion of heavily polluting enterprises.

(3) From the perspective of a life cycle, the effect of digital inclusive finance on the green
innovation of heavily polluting enterprises in the mature stage is higher than that of
those in the growth stage.

From the above conclusions, it can be seen that this study reveals the influencing
mechanism of digital financial inclusion on the green innovation of heavy-polluting enter-
prises from the perspective of financing constraints and financial mismatch. It not only
expands the relevant literature on the impact of digital financial inclusion on enterprises,
but also provides a new perspective for analyzing the influencing factors of corporate
green innovation. This study also clarifies the differences in the effects of digital financial
inclusion on corporate green innovation at different development stages. However, this
study also has certain limitations, mainly due to the availability of data. Moreover, the
impact of the COVID-19 pandemic on green technology innovation in heavy-polluting
enterprises was not considered in the research process. This is also an area worthy of
further research in the future.
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5.2. Policy Suggestions

This paper not only reveals the impact of the development of digital inclusive finance
on the green innovation of heavily polluting enterprises but also clarifies its influence
mechanism, which has important policy implications for promoting the green innovation
of heavily polluting enterprises and the development of digital inclusive finance in China.
First, the financing support system for green innovation of enterprises should be improved
to promote the green transformation of heavily polluting enterprises. Green innovation in
heavily polluting enterprises requires stable and continuous financial support. However,
due to the nature of heavily polluting enterprises and the influence of national policies,
obtaining financing is difficult because they face severe financing constraints and are easily
affected by the misallocation of financial resources. Green innovation requires significant
funds, thus the government should improve financing mechanisms to support the green
innovation of heavily polluting enterprises. This will further encourage and support the
development of digital inclusive finance through the application of information technology
to support the financial needs for green innovation of heavily polluting enterprises. It will
also improve the financing support mechanisms through green credit and tax incentives
and the timely introduction of government subsidies to support the capital requirements for
green innovation of heavily polluting enterprises. Second, for heavily polluting enterprises,
it is necessary to strengthen their green business philosophy, enhance their environmental
protection awareness, improve their information disclosure, reduce the degree of informa-
tion asymmetry in the financing market, improve their financing capabilities, and avoid
green credit. The punishment mechanism makes heavily polluting enterprises vulnerable
to financing difficulties, resulting in insufficient funding sources for green innovation.
Finally, for financial institutions such as banks, the channels for providing financial support
to heavily polluting enterprises should be improved, including special loans to heavily
polluting enterprises to support the adoption of green technology innovation.
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Abstract: Given the rural revitalization strategy in the new era, agricultural development is faced
with the dual constraints of resources and the environment. Promoting the green development
of agriculture is one of the important missions to solve major social issues in the new era. The
implementation goal of the carbon emission trading system is to achieve a win-win situation between
carbon emission reduction and green development. To evaluate the effectiveness of the carbon
emission trading system on agricultural enterprises, this paper uses a double-difference model to
analyze the policy effect and mechanism research path of the impact of the carbon emission trading
system on the total factor productivity of agricultural enterprises. The results based on the panel data
of listed agricultural companies from 2010 to 2020 show that (1) carbon emission trading rights have
significantly improved the total factor productivity of agricultural enterprises; (2) green innovation
in carbon emission trading rights have an impact on the total factor productivity of agricultural
enterprises; and (3) heterogeneity analysis shows that the effect of carbon emission trading rights
on the total factor productivity of agricultural enterprises mainly exists in large-scale, nonstate-
owned, high-debt enterprises, enterprises in the eastern region, and enterprises with government
subsidies. Therefore, in the future, China should continue to implement the current carbon emission
trading rights system in air pollution control, and at the same time, it needs to be supplemented
by government intervention and other means for long-term governance. In conclusion, the study
provides a reference value for promoting the realization of the long-term goal of “low carbon” and
“high quality” green development of agricultural economy and for making reasonable and effective
behavioral decisions for the survival and development of enterprises.

Keywords: carbon emissions trading; total factor productivity of agricultural enterprises; green
innovation; double difference

1. Introduction

The frequent occurrence of extreme weather has made the problem of environmental
pollution an important issue in countries around the world. To protect the natural environ-
ment and alleviate air pollution, the European Union Emissions Trading System (EUETS)
came into being in the early 20th century and developed rapidly as an important driver for
the high-quality development of enterprises. According to the research data of the World
Bank, the carbon emission trading policies reduced carbon emissions by 2–5% during the
period of 2005–2007, with an annual reduction of 40–100 million tons of carbon emissions.
This shows that the carbon emission trading policies are of great significance in reducing
emissions and promoting the development of global green technology applications. Since
the implementation of the reform and opening-up policy, China’s carbon emissions have
continued to grow. Especially after China’s entry into the WTO, with the advantages of
resources and demographic dividends and the “4 trillion” plan in 2008, the scale of foreign
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trade has continued to increase, the manufacturing industry has expanded rapidly, and car-
bon dioxide emissions have increased. China’s carbon dioxide emissions account for nearly
30% of global emissions. From 2002 to 2007, the average growth rate of carbon emissions
reached 14%, making China gradually become the world’s largest energy consumer and
carbon dioxide emitter. As a responsible major country, China has realized the importance
of harmonious coexistence between economic development and the natural environment,
and has begun to emphasize “green development”. The five development concepts of
“innovation, coordination, greenness, openness, and sharing” put forward by the Fifth
Plenary Session of the 18th Central Committee have elicited a top-to-bottom consensus at
the national level. In response to global warming, the Chinese government has adopted
a series of policy measures. In 2011, the National Development and Reform Commission
issued the “Notice on Carrying out the Pilot Work of Carbon Emissions Trading”, formally
approving pilot work on carbon emissions trading in Beijing, Shanghai, Shenzhen, Guang-
dong, Tianjin, Hubei, and Chongqing. In 2012, carbon emission trading markets were
established in Beijing, Shanghai, and other regions. In December 2017, the construction of
the national carbon emission trading market was launched. China has entered the era of
carbon emissions trading [1]. The Fifth Plenary Session of the 19th Central Committee of the
Communist Party of China once again emphasized that the shift of economic growth to the
mode supported by the promotion of total factor productivity of enterprises is the inevitable
choice for China’s economy to face the decline of capital returns and the disappearance
of demographic dividends and the source of power for achieving high-quality economic
development [2]. Agriculture is a barometer of the national economy; listed agricultural
companies are the leaders of the agricultural industry, shouldering the important mission to
drive farmers to increase production and income, promote agricultural industrial structure
adjustment, and promote the process of agricultural industrialization. Their management
level represents the reality of China’s agricultural industry and development prospects.
Therefore, it is of great significance to study the impact of the carbon trading pilot policies
implemented in China on the total factor productivity of listed agricultural enterprises
under the actual market environment and institutional conditions. The carbon emission
trading policy mainly focuses on regulating carbon emission reduction at the enterprise
level. Agricultural enterprises regulated by carbon emission trading may respond by
accelerating green innovation from the perspective of compliance cost and innovation
compensation [3], thereby indirectly affecting the full factor production rates of enterprises.
Therefore, effectively quantifying the impact of carbon emission trading policies on agri-
cultural enterprises’ total factor productivity and its internal mechanism is helpful for
the study of improving enterprises’ total factor productivity against the background of
“carbon peaking” and “carbon neutrality” and further promoting the quality of economic
growth, the coordinated promotion of high-quality economic development in China, and
the implementation of new development concepts play a pivotal role.

Taking listed agricultural companies from 2010 to 2020 as samples, this paper uses
endogenous growth theory and cost and innovation compensation theory as the basis,
with the help of logical reasoning and mathematical derivation, to analyze the impact of
carbon emission trading rights on the total factor productivity of agricultural enterprises
and explore its mechanism. On this basis, an empirical test is carried out, and the effect
of heterogeneity is further analyzed. The possible marginal contributions of this paper
are as follows: First, this paper makes an accurate assessment of the environmental and
economic effects of the carbon emission trading pilot policy to provide direct empirical
evidence for the further improvement of the carbon emission trading policy, which is a
useful supplement to the empirical research field of carbon trading in China. Second,
from the perspective of microagricultural enterprises, this paper examines the impact of
emission trading policies on the total factor productivity of listed agricultural enterprises
and the possible emission reduction mechanism and expands the research perspective
in related fields to provide a reference for agricultural enterprises to meet the current
“low carbon” and “high quality” economic development requirements. Third, this paper
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provides new evidence and explanations for the use of market-oriented environmental
regulation to improve the total factor productivity of listed agricultural companies, thereby
promoting the high-quality transformation of China’s agricultural economy, and enriches
the literature on the economic effects of carbon emission trading policies from a micro
perspective. Fourth, the evidence and findings obtained from this study can provide a
supportive experience and policy suggestions for China to improve the carbon trading
mechanism and implement a unified national carbon trading market.

2. Literature Review

Domestic and foreign studies on the impact of environmental regulation on total
factor productivity have not reached a consistent conclusion. “Follow the cost” theorists
believe that the cost of environmental regulation inhibits the improvement of enterprise
productivity and international competitiveness, resulting in a decline in the total factor
productivity of enterprises [4–6]. In contrast, the “innovation compensation” theorists
believe that the public nature of environmental protection determines the inefficiency of
the market mechanism in its allocation. Enterprises will not take the initiative to carry out
technological innovation, but environmental regulation can enable enterprises to internalize
external costs and stimulate them. Enterprises carry out innovation and promote the
improvement of the total factor productivity of enterprises [7–10]. At the same time, some
scholars believe that the impact of environmental regulation on total factor productivity
depends on the relative magnitude of the above two effects, so they pay more attention to
the nonlinear relationship between environmental regulation and total factor productivity.
The effectiveness and cross-effect of green innovation were re-examined [11,12], while
others pointed out that there were regional differences in the promotion of environmental
regulation and technological innovation, and there was a “U”-shaped relationship between
the two [13]. Liu Siming believes that the relationship between environmental regulation
and productivity growth is nonlinear or uncertain, and the relationship between the two
will vary due to different industries and types of environmental regulation [14]. Although
there are abundant studies on the impact of environmental regulation on total factor
productivity, few scholars have explored it from the perspective of agricultural enterprises.

The types of environmental regulation in China can be roughly divided into three
types: command-and-control, market-incentivized, and public participation. Previous
studies have investigated the command-and-control environmental regulation represented
by the “two-control zone”, which increases the production cost of regulated enterprises
and leads to a decrease in the total factor productivity of enterprises. Market-incentivized
environmental regulation, represented by sulfur dioxide emission rights, improves the
total factor productivity of enterprises by promoting enterprise innovation [15]. Public
participation in environmental regulation represented by environmental information dis-
closure can also promote the total factor productivity of enterprises [16]. However, there
are relatively few studies examining the impact of carbon emissions trading, one of China’s
current important carbon emission reduction policies, on total factor productivity. In ad-
dition, related studies on the impact of carbon emission rights trading have also given
more attention to carbon intensity, carbon emissions [17], carbon allocation [18], enterprise
value [19], enterprise innovation [20], enterprise green innovation [21], and low-carbon
technology collaborative sharing against the background of carbon emissions trading [22],
and less research on the impact on agricultural enterprises’ total factor productivity has
been conducted.

The main goal of traditional technological innovation is to bring economic benefits
to enterprises, while green technological innovation, as an important part of traditional
technological innovation, emphasizes the comprehensive benefits of the economy, environ-
ment and society. In recent years, with the continuous evolution of the needs of economic
and social development, green technology has been frequently applied in the fields of
energy conservation and environmental protection, clean energy, cleaner production, and
the circular economy [23]. Due to the characteristics of the “dual externalities” of green
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technology innovation, in the absence of market pricing mechanism constraints and pol-
icy interventions, there will be insufficient motivation for enterprises to innovate. As an
important market-based environmental policy, carbon emission trading has a reasonable
price formation mechanism and government management mechanism, which can eliminate
“double externalities” to a large extent and encourage enterprises to carry out green tech-
nology innovation. As the best way to solve the contradiction between the environment
and development, technological innovation requires enterprises to pay more attention to
ecological and environmental factors when solving the above problems [24]. Therefore, it
is of great significance to explore the impact of green technology innovation on the total
factor productivity of agricultural enterprises under the carbon emission mechanism.

By sorting out the relevant literature, it is not difficult to see that there are few studies
evaluating the environmental and economic effects of carbon emission trading in China.
From the perspective of microagricultural enterprises, this paper uses the double-difference
method to study and analyze the data of listed agricultural companies from 2010 to 2020,
focusing on the impact of the total factor productivity of listed agricultural companies
after the implementation of the carbon emission trading system. Introducing variables of
green technology innovation can better explain the impact of the carbon emission trading
system on enterprise productivity and its influential mechanism. The study conclusions
provide a basis for the government to establish a national carbon emission trading market
for the evaluation of the economic effects of carbon emission rights and have great practical
significance for making reasonable and effective behavioral decisions for the survival and
development of enterprises.

3. Materials and Methods

3.1. Theoretical Mechanism of Carbon Emission Trading Rights and Total Factor Productivity of
Agricultural Enterprises

Carbon emissions trading internalizes the external cost of carbon emissions of agri-
cultural enterprises through the price mechanism to reduce the carbon dioxide emissions
of enterprises [25]. The direct effect of it has two aspects. One is the cost-push effect. To
achieve the emission reduction target, the Chinese government sets a strict total carbon
emission amount according to social needs and then decomposes the total carbon emission
target layer by layer to each lower level. In this way, carbon emission rights are commercial-
ized. After agricultural enterprises are constrained by the carbon emission rights trading
mechanism, if they want to discharge more than the quota, they need to purchase from
the government or the market, which will weaken the technological innovation ability of
enterprises and reduce the overall efficiency of the factor productivity of agricultural enter-
prises [26], otherwise it will be punished accordingly, which will undoubtedly increase the
extra cost of relevant subjects, thus forcing each subject to use carbon emission allowances
efficiently. The second is the income incentive effect. By designing a system that meets the
environmental conditions of the Chinese market, carbon emission rights are allowed to be
traded under certain rules, and relevant entities gain more choice space and can choose
to buy or sell under their own cost constraints without quota. When the carbon price in
the trading market is higher than the emission reduction cost, the relevant entities can
have excess emission allowances through emission reduction and sell the allowances in
the carbon emission rights trading market; when the carbon price in the trading market
is lower than the emission reduction cost, the relevant entities can buy carbon emission
allowances in the market through carbon emission trading. Carbon trading can form an
effective allocation of the market so that enterprises with lower emission reduction costs
can reduce carbon emissions more, and enterprises with higher emission reduction costs
can reduce carbon emissions less so that the total cost of emission reduction in society
can reach the lowest value. Therefore, agricultural enterprises have incentives to benefit
from carbon emission trading by selling multiple carbon emission quotas and improving
the competitiveness of enterprises. At the same time, higher productivity is generated
by innovation incentives, efficiency improvement, and redistribution [27]. Based on this,
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this paper proposes Hypothesis 1 for the emission reduction effect of carbon emission
trading policies:

Hypothesis 1 (H1). The pilot policy of carbon emission trading promotes the improvement of the
total factor productivity of agricultural enterprises.

3.2. Theoretical Mechanism of Green Innovation in Carbon Emission Trading Rights and Total
Factor Productivity of Agricultural Enterprises

If China’s carbon emission trading pilot policy can effectively improve the total factor
productivity of agricultural enterprises, how does it achieve this effect? On the one hand,
under the conditions of a given carbon quota, for enterprises in the carbon emission
pilot areas, the pilot policy will increase the carbon emission cost of enterprises in the
pilot areas, thereby increasing the operational burden of enterprises. Enterprises actively
carry out technology research and development, which can reduce carbon emissions,
thereby reducing the pressure on corporate emissions. On the other hand, companies
carry out green technology innovations to reduce their carbon emissions to obtain excess
carbon emission credits. These excess carbon emission credits can generate profit for
companies selling them in the carbon emissions trading market. In the long run, when
profit-seeking enterprises face the constraints of carbon emission limits, realizing low-
carbon production through green innovation is the optimal choice for enterprises. Therefore,
carbon trading policies force companies to carry out green innovation activities and reduce
carbon emissions per unit of output. This approach can not only make the total carbon
emissions of the enterprise meet the established carbon emission constraint target but also
make a profit by selling the saved carbon emission credit in the carbon emission rights
trading market. The technological innovation capability of an enterprise is an important
factor affecting the total factor productivity of an enterprise. To this end, this paper selects
the green innovation effect path to test the transmission mechanism. To investigate whether
the pilot policy of carbon emissions trading can improve the total factor productivity of
enterprises in the pilot area by improving the level of green innovation of enterprises, this
paper proposes Hypothesis 2:

Hypothesis 2 (H2). The pilot policy of carbon emissions trading improves the total factor produc-
tivity of enterprises by promoting enterprise innovation.

4. Research Design

4.1. Sample Selection and Data Sources

To test the above assumptions, according to the CSRC industry classification stan-
dard, this paper selects all A shares listed on the Shanghai and Shenzhen Stock Exchanges
and GEM belonging to agriculture; forestry; animal husbandry and fishery; agricultural
and sideline food processing; food manufacturing and wine, beverage, and refined tea
manufacturing enterprises as the research object. The annual data of enterprises during
the sample period from 2010 to 2020 are selected, and the relationship between carbon
emission trading rights, green innovation, and total factor productivity of agricultural
enterprises is analyzed. Before using the data, we processed the data as follows: (1) ST
and *ST-listed agricultural companies were removed; (2) listed agricultural companies with
missing main financial variables and listed agricultural companies with abnormal and miss-
ing data were removed; (3) all nonvirtual variable values were processed by 1% pre- and
post-tailing to eliminate the influence of extreme values. Finally, 1340 observations were
obtained. The financial data of listed companies are from the China Stock Market Account-
ing Research (CSMAR) Database, and the patent data of green technology of enterprises
are from the National Patent Database. The total factor productivity data of agricultural
enterprises are from the CSMAR and Rethink Databases, assisting Tonghuashun and Sina
Finance and Economics (CSMAR: http://cndata1.csmar.com/ (accessed on 1 January 2022);
National Patent Database: https://www.cnpat.com.cn/ (accessed on 1 January 2022); Re-
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think Databases: http://www.resset.cn/db (accessed on 1 January 2022); Tonghuashun:
https://www.10jqka.com.cn/ (accessed on 1 January 2022); Sina Finance and Economics:
https://finance.sina.com.cn/ (accessed on 1 January 2022)).

4.2. Variable Definition and Interpretation
4.2.1. Explained Variables

This paper refers to the research of Li Dandan and Li DoudouLu [28] and Czyzewski
et al. [29]. Considering the endogeneity problems in sample selection and statistical meth-
ods, this paper uses semiparametric methods (OP method and LP method, etc.) to calculate
total factor productivity data at the firm level. First, the calculation results of the LP method
are used for benchmark regression, and then the calculation results of the OP method
are used for robustness testing. The calculation TFP method and index selection of this
calculation method are as follows:

TFPijt = αjt + β jtLijt + γjtKijt + δjt Mijt + εijt

In the above formula, TFPijt, Lijt, Kijt, and Mijt are the t logarithms of total factor
productivity, labor input, capital input, and intermediate input of private enterprises in
industry i, respectively; j and εijt are random disturbance terms. The above variables are
all based on 2010.

4.2.2. Mechanism Variables

Corporate green innovation. There are three types of patents in China: invention,
utility model, and appearance, of which technology-related patents are mainly inventions
and utility models. Referring to the research of Liu Jiamin et al., the green innovation of
enterprises is measured by the number of green patent applications [30]. The data on the
green innovation of listed companies come from the National Patent and Property Office.
The data are cleaned and screened by using the classification of green technology patents
defined by the World Intellectual Property Organization (WIPO), and the total number
of green patents, the number of green invention patents, and the number of green utility
model patents applied for by listed companies each year are obtained. The larger the value
is, the higher the level of green innovation.

4.2.3. Control Variables

To reduce the estimation bias caused by omitted variables, this paper draws on
the factors that may affect the total factor productivity of agricultural enterprises in the
literature and selects the following variables as control variables: enterprise size (Size),
return on assets (Roa), asset-liability ratio (Lev), agency cost (Agencost), cash flow from
operating activities (Cflow), factor intensity (Capital), and the shareholding ratio of the
largest shareholder (Top1). The specific definition of each variable is shown in Table 1.

Table 1. Definition of each variable.

Variable Symbol Variable Name Variable Description

TFP total factor productivity of agribusiness by CD production function method, OP method, LP method
Size Enterprise size Ln (total assets at the end of the period)
Roa Return on Assets Net profit/Total assets
Lev Assets and liabilities Total liabilities at the end of the period/total assets at the end of the period

Agencost agency cost Administrative expenses/main business income
Cflow cash flow from operating activities Net cash flow from operating activities/total assets at the end of the period

Capital factor density Ln (real net fixed assets per capita)
Top1 Shareholding ratio of the largest shareholder Shareholding ratio of the largest shareholder

Patent Enterprise green innovation The total number of green patent applications
Invent Enterprises invent green innovation Number of green invention patent applications
Actual Enterprise practical green innovation Green utility model patent application
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4.3. Model Establishment

The impact of carbon emission rights on the total factor productivity of agricultural
enterprises in the double-difference model constructed in this paper is as follows:

TFPit = α0 + α1Treati ∗ Timet + α2Controlsit + εi + εt + εit (1)

To test for the existence of a mechanism effect, the following model was constructed:

TFPit = γ0 + γ1Treati ∗ Timet ∗ Patentit + γ2Treati ∗ Timet + γ3Patentit + γ4Controlsit + εi + εt + εit (2)

In Equations (1) and (2), TFPit reflects the total factor productivity i of agricultural
enterprises of sample companies α0 during the observation period, where t is a constant
term, Treatt represents a dummy variable for policy treatment (1 for provinces located in
pilot areas, 0 for provinces located in nonpilot areas), and Timet represents the time dummy
variable (1 after the policy, 0 before the policy), which is the Treati ∗ Timet cross term of
the treatment effect, that is, the core explanatory variable of this paper, and its estimated
coefficient reflects the impact of carbon emission rights and the agricultural enterprises
not affected by carbon emission rights. Regarding the average difference in total factor
productivity, if α1 > 0, it shows that the total factor productivity of agricultural enterprises
affected by carbon emission rights has a significant improvement compared with those not
affected by carbon emission rights; that is, the carbon emission rights policy promotes the
improvement in total factor productivity of agricultural enterprises. Patent is the mediating
variable, Controlsit is the control variable, εi is the individual fixed effect, εt is the year
fixed effect, and εit is the random disturbance term.

First, Model (1) is regressed to test the impact of carbon emission rights on the total
factor productivity of agricultural enterprises. If the coefficient is significantly positive, it
means that carbon emission rights have significantly improved the total factor productivity
of agricultural enterprises. Then, we regress Model (2). Whether the green innovation
of enterprises has played a mechanistic role in the impact of carbon emission rights on
the total factor productivity of agricultural enterprises is tested. If the coefficient of the
interaction term is significantly positive, it means that the green innovation of enterprises
has played a mechanistic role.

5. Empirical Analysis

5.1. Descriptive Statistics

Table 2 shows the descriptive statistical results of the main variables. The average
value of the total factor productivity (TFP) of agricultural enterprises is 9.081, the minimum
value is 6.733, the maximum value is 11.670, and the standard deviation is 1.016, indicating
that on the whole, the total factor productivity of private enterprises fluctuates greatly, and
the data have a large degree of dispersion. The average value of enterprise green innovation
is 1.726, and the standard deviation is 4.519. The number of green patent applications of
enterprises varies greatly.

5.2. Analysis of Regression Results

The Hausman test rejects the null hypothesis. Therefore, this paper uses a fixed-effect
double-difference model to explore the impact of the carbon emission trading pilot policy on
the total factor productivity of agricultural enterprises. At the same time, the reliability of
the estimated results is tested by adding control variables. The regression results of Model
(1) are shown in Table 3. Column (3) shows the regression result of the double-difference
model, and Columns (1) and (2) show the regression results of the double-difference model
after controlling for individual and year-fixed effects.
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Table 2. Descriptive statistics of the main variables.

Variable N Mean P50 Sd Min Max

TFP (OP) 1340 6.600 6.547 0.750 4.905 8.363
TFP (LP) 1340 9.081 8.985 1.016 6.733 11.670

Patent 1340 1.726 0.000 4.519 0.000 30.000
Invent 1340 1.058 0.000 3.033 0.000 20.000
Actual 1340 0.590 0.000 1.651 0.000 11.000

TreatPost 1340 0.219 0.000 0.414 0.000 1.000
Age 1340 18.880 19.000 5.042 7.000 31.000
Roa 1340 0.049 0.042 0.076 −0.243 0.258
Size 1340 7.916 7.793 1.211 5.112 11.020
Lev 1340 0.387 0.370 0.184 0.043 0.900

Agencost 1340 0.079 0.063 0.063 0.014 0.439
Cflow 1340 0.069 0.065 0.087 −0.183 0.319

Capital 1340 0.266 0.247 0.137 0.017 0.609
Subsidy 1340 11.900 15.290 6.921 0.000 19.620

Top1 1219 36.270 35.880 14.680 9.270 70.320
GDP 1340 10.920 10.890 0.470 9.889 12.010

Table 3. Basic regression results.

Variable TFP TFP TFP
(1) (2) (3)

Treat * Time 0.316 *** 0.149 *** 0.181 ***
(7.09) (4.87) (5.47)

Size 0.325 *** 0.551 ***
(15.80) (41.09)

Roa 0.806 *** 2.101 ***
(5.51) (7.91)

Lev 0.480 *** 0.851 ***
(6.37) (9.74)

Agencost −3.503 *** −4.456 ***
(−19.00) (−18.66)

Cflow 0.450 *** 0.654 ***
(4.28) (3.19)

Capital −1.387 *** −1.795 ***
(−12.98) (−16.30)

Top1 −0.009 *** −0.002 **
(−6.67) (−2.14)

Constant 9.015 *** 7.212 *** 5.114 ***
(650.79) (42.47) (48.75)

Year fixed effects control control not controlled
Individual fixed effects control control not controlled

Observations 1330 1210 1219
R-squared 0.890 0.960 0.976

F 206.8 206.8 206.8
Note: *, **, *** indicate significance at the 10%, 5%, and 1% levels, respectively.

The regression results in Column (1) of Table 3 show that the coefficient of the inter-
action term is significantly positive at the 1% level; compared with the control group, the
carbon emission trading pilot will increase the total factor productivity of agricultural enter-
prises in the treatment group, and the carbon emission trading pilot policy will increase the
total factor productivity of agricultural enterprises by about 0.316% on average. In Column
(2), control variables are added on the basis of Column (1), and the regression results are
still significantly positive. After considering the influence of other factors, the pilot carbon
emissions trading policy increased the total factor productivity of agricultural enterprises
by about 0.149% on average; R2 also increased significantly, indicating that after adding
control variables, the model fit was better, and the research conclusions were still robust,
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while Column (3) controlled the individual and time fixed effects on the basis of Column
(2). R2 in Column (3) increased significantly, indicating that there are indeed differences at
the individual and time levels that can affect the total factor productivity of agricultural
enterprises. Therefore, it is reasonable to add individual and time-fixed effects to the
benchmark regression in this paper. Regardless of which method is used for regression,
the coefficient of the interaction term of the explanatory variables is significantly positive,
indicating that the pilot policy of carbon emission trading can improve the total factor
productivity of agricultural enterprises to a certain extent. Hypothesis 1 was preliminarily
verified. To make the research conclusions more credible, this paper conducts a series of
robustness tests. In addition, the R2 of the model in Table 3 is greater than 0.1, which is
acceptable considering the complexity of the research phenomenon.

5.3. Robustness Test
5.3.1. Parallel Trend Test

Satisfying the parallel trend assumption of the experimental group and the control
group is one of the basic prerequisites for using the double-difference method. Therefore,
before the carbon trading pilot (2013), the evolution of the indicators in the experimental
group and the reference group should remain basically the same and consistent; otherwise,
the regression results may be biased. This paper refers to the practice of predecessors
and uses the dummy variable Pre4~A f ter5 to replace (1) in the formula. The Treat ∗ Time
specific regression equation is as follows:

TFPit = α1 + α−4Pre4it + α−3Pre3it + α−2Pre2it + α−1Pre1it + α0Currentit + α1
′After1it

+α2
′After2it + α3

′After3it + α4
′After4it + α5

′After5it + α2Controls + εit
(3)

In Equation (3), Pre4it means that t in the fourth year i before the enterprise is affected
by the carbon trading pilot, when the enterprise is in the fourth year before being affected
by it, the variable takes a value of 1; otherwise, it takes a value of 0. A f ter1it means
the t in the first year i after the enterprise is affected by the carbon trading pilot; when
the enterprise is in the first year after being affected by it, the variable takes the value
1; otherwise, it takes a value of 0. Currentit means that t in the current period when the
enterprise is affected by the carbon trading pilot, when the enterprise is in the current
period i affected by it, the variable takes a value of 1; otherwise, it takes a value of 0. The
definitions of the remaining variables are the same as the regression results, and from
the test results in Column (1) of Table 4, it can be seen that the regression coefficients
of Pre3~Current are not significant, and the regression coefficients of A f ter1~A f ter6 are
all significant. The above results show that before the arrival of the carbon trading pilot,
there was no significant difference between the experimental group and the control group,
which satisfies the parallel trend hypothesis. The carbon trading pilot has a good effect in
promoting the total factor productivity of agricultural enterprises, but the implementation
of the policy has a certain lag. On the whole, the research design of this paper conforms to
the premise of using the double-difference method.

Table 4. Robustness check.

Variable
TFP

(1) Parallel Trend Test (2) Test 2012 (3) Test 2011

Pre3 −0.009
(−0.08)

Pre2 0.135
(1.33)

Pre1 0.060
(0.61)
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Table 4. Cont.

Variable
TFP

(1) Parallel Trend Test (2) Test 2012 (3) Test 2011

Current 0.121
(1.23)

After1 0.207 **
(2.12)

After2 0.220 **
(2.37)

After3 0.168 *
(1.90)

After4 0.175 **
(2.05)

After5 0.241 ***
(2.85)

After6 0.209 **
(2.34)

Placebox1 0.067 0.159
(0.57) (1.21)

Size 0.577 *** 0.262 *** 0.196 ***
(38.45) (9.14) (5.98)

Roa 2.282 *** 1.061 *** 2.326 ***
(8.71) (3.92) (5.21)

Lev 0.934 *** 0.325 ** 1.134 ***
(9.71) (2.03) (4.46)

Agencost −1.021 *** −4.752 *** −6.979 ***
(−8.63) (−10.74) (−9.05)

Cflow 0.599 *** 0.181 0.302
(2.84) (1.05) (1.35)

Capital −1.836 *** −0.775 *** −0.768 ***
(−14.81) (−3.72) (−2.97)

Top1 −0.003 ** −0.001 −0.002
(−2.37) (−0.23) (−0.59)

Constant 4.634 *** 7.282 *** 7.578 ***
(41.37) (30.00) (27.50)

Year fixed effect Control Control Control
Individual fixed effect Control Control Control

Observations 1219 308 196
R-squared 0.717 0.001 0.001

F 178.6 0.982 0.982
Note: *, **, *** indicate significance at the 10%, 5%, and 1% levels, respectively.

5.3.2. Parallel Trend Test

To ensure the robustness of the experimental results, this paper draws on the practice of
Topalova [31] and uses the idea of a counterfactual test to conduct a placebo test. Specifically,
we set the sample data before the carbon trading pilot, assuming that the carbon trading
pilot occurred in 2012 and 2011 and conducted regression analysis again. If the increase in
the total factor productivity of agricultural enterprises was indeed caused by the carbon
trading pilot in 2013, the coefficient of the interaction term should be insignificant in
the regression results of the fictitious carbon trading pilot year. Columns (2) and (3) of
Table 4 report the test results, and the coefficients of the interaction terms are 0.067 and
0.159, but not significant. This means that the fictitious policies have increased the total
factor productivity of agricultural enterprises by about 0.067% and 0.159% on average,
but the impact is not significant, that is, the increase in the total factor productivity of
agribusiness was indeed brought about by the 2013 carbon trading pilot. It can be seen that
the pilot carbon trading significantly improved the total factor productivity of agricultural
enterprises.
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5.3.3. Propensity Score Matching

The coefficients of the interaction term in the previous regression results only represent
an “average effect”, that is, the average impact of the carbon trading pilot on the total factor
productivity of agricultural enterprises. It is difficult to confirm the real causal relationship
between the carbon trading pilot and the total factor productivity of agricultural enterprises.
At the same time, whether enterprises are affected by the carbon trading pilot is not random.
The change in the total factor productivity of agricultural enterprises is related to enterprise
size, R&D investment, and other factors. If the influence of these factors is not excluded,
it will inevitably cause sample selection bias. Therefore, this paper adopts the propensity
score-matching method to correct the sample selectivity bias to reduce the interference of
the experimental results and ensure that the results are more robust. Columns (1)–(3) of
Table 5 show the regression results of total factor productivity (TFP) of agribusiness and the
implementation of digital finance (Treat ∗ Time) after adjacent matching, radius matching,
and core matching tests, respectively. The estimated coefficients of the interaction item
(Treat ∗ Time) are all significantly positive, the pilot policies of carbon emissions trading
increased the total factor productivity of agricultural enterprises by about 0.171%, 0.149%,
and 0.149% on average, which once again indicates that the carbon trading pilot significantly
improves the total factor productivity of agricultural enterprises. These tables show that
the coefficient signs and significance levels of the interaction terms are consistent with the
results of the previous analysis. This also verifies the basic regression results; that is, the
carbon trading pilot is beneficial to improve the total factor productivity of agricultural
enterprises and ensures the robustness of the basic regression results.

Table 5. Robustness check.

Variable
TFP

(1) (2) (3) (4) (5)

Treat * Time 0.171 *** 0.149 *** 0.149 *** 0.165 *** 0.179 ***
(3.40) (4.87) (4.88) (4.57) (5.20)

Size 0.340 *** 0.325 *** 0.323 *** −0.054 ** 0.339 ***
(9.75) (15.80) (15.68) (−2.40) (13.60)

Roa 0.556 ** 0.806 *** 0.770 *** 1.110 *** 0.961 ***
(2.36) (5.51) (5.18) (7.73) (6.46)

Lev 0.440 *** 0.480 *** 0.470 *** 0.677 *** 0.551 ***
(3.33) (6.37) (6.21) (7.95) (6.22)

Agencost −3.292 *** −3.503 *** −3.521 *** −0.885 *** −0.813 ***
(−10.84) (−19.00) (−19.05) (−12.88) (−12.08)

Cflow 0.510 *** 0.450 *** 0.472 *** 0.472 *** 0.468 ***
(2.73) (4.28) (4.44) (4.28) (4.10)

Capital −1.410 *** −1.387 *** −1.381 *** −1.428 *** −1.676 ***
(−8.41) (−12.98) (−12.93) (−11.50) (−13.27)

Top1 −0.007 *** −0.009 *** −0.009 *** −0.011 *** −0.010 ***
(−3.06) (−6.67) (−6.68) (−6.74) (−5.87)

Constant 7.022 *** 7.212 *** 7.232 *** 7.507 *** 6.964 ***
(23.54) (42.47) (42.44) (41.09) (34.87)

Time effect control control control control control
Individual effect control control control control control

Observations 479 1210 1209 1210 1109
R-squared 0.972 0.960 0.960 0.900 0.950

F 205.3 205.3 205.3 84.33 30.61
Note: *, **, *** indicate significance at the 10%, 5%, and 1% levels, respectively.

5.3.4. Explained Variable Replacement

This paper changed the measurement method of the explained variable and tested it
again. The results are shown in Column (4) of Table 5. The regression coefficient between
the carbon trading pilot and total factor productivity of agricultural enterprises is still
significantly positive, the pilot policies of carbon emissions trading increased the total
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factor productivity of agricultural enterprises by about 0.171%, 0.149%, and 0.165% on
average, and the regression result is consistent with the above.

5.3.5. One-Period Lag Explanatory Variable

Considering that the implementation of policies may have a lag effect, this paper
conducts basic regression again with the core explanatory variable lagging by one period.
The results are shown in Column (5) of Table 5. The regression result is still significantly
positive, the pilot policies of carbon emissions trading increased the total factor productivity
of agricultural enterprises by about 0.171%, 0.149%, and 0.165% on average, which verifies
Hypothesis 1 in this paper.

5.4. Mechanism Inspection

The results of the above analysis indicate that the pilot policy of carbon emission trad-
ing significantly contributes to the total factor productivity of agricultural enterprises. Then,
how does the pilot policy of carbon emission trading affect the total factor productivity of
agricultural enterprises? According to the literature, technological innovation affects the
level of total factor productivity. Environmental regulation affects total factor productivity
through R&D inputs (Wu et al., 2013) [32]. Therefore, this paper chooses green innovation
as a mediating variable and uses the mediating effect model to test the mechanism of carbon
emission trading rights affecting the total factor productivity of agricultural enterprises.
The regression results are shown in Table 6.

Table 6. Mechanism inspection.

Variable
TFP

(1) (2) (3)

Treat * Time *
Patent/Invent/Actual 0.011 * 0.019 ** 0.024

(1.92) (2.03) (1.54)
Treat * Time 0.112 *** 0.114 *** 0.114 ***

(3.19) (3.30) (3.20)
Size 0.543 *** 0.543 *** 0.545 ***

(39.57) (39.72) (39.83)
Roa 2.181 *** 2.178 *** 2.186 ***

(8.16) (8.14) (8.16)
Lev 0.889 *** 0.888 *** 0.886 ***

(10.13) (10.13) (10.10)
Agencost −4.455 *** −4.454 *** −4.455 ***

(−18.55) (−18.55) (−18.54)
Cflow 0.613 *** 0.612 *** 0.608 ***

(2.97) (2.97) (2.95)
Capital −1.779 *** −1.779 *** −1.783 ***

(−16.16) (−16.16) (−16.19)
Top1 −0.002 * −0.002 * −0.002 *

(−1.87) (−1.84) (−1.93)
Constant 5.159 *** 5.156 *** 5.150 ***

(48.47) (48.61) (48.42)
Year fixed effect Control Control Control

Individual fixed effect Control Control Control
Observations 1219 1219 1219

R-squared 0.779 0.779 0.779
F 460.3 460.5 459.6

Note: *, **, *** indicate significance at the 10%, 5%, and 1% levels, respectively.

Table 6 shows the regression results of the mechanism effect. Columns (1)–(3) list
the regression results after adding enterprise green technology innovation, green practical
technology innovation, and green invention technology innovation, respectively, into the
basic model. The results show that after adding enterprise green technology innovation,
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the interaction item is significantly positive at the 10% statistical level; for every additional
unit of enterprise green technology innovation, the total factor productivity of agricultural
enterprises will increase by about 0.011% on average; after adding green practical technol-
ogy innovation, the interaction item is significantly positive at the 5% statistical level; for
each additional unit of green practical technology innovation, the total factor productivity
of agricultural enterprises will increase by about 0.019% on average. After adding green
invention technology innovation, the coefficients of the interaction terms are all positive but
insignificant; for each additional unit of green invention technology innovation, the total
factor productivity of agricultural enterprises increases by about 0.024% on average, but the
improvement effect is not obvious, indicating that under the pilot policy of carbon emission
trading, enterprise green technology innovation significantly promotes the improvement
in the total factor productivity of agricultural enterprises, and total factor productivity
improvement is achieved by improving the level of green practical technology innovation
rather than green invention technology innovation. From the analysis of the mechanism
effect model, it can be seen that the implementation of China’s carbon emissions trading
makes Chinese agricultural enterprises give more attention to the improvement of their
own green innovation level, resulting in an increase in the output of green innovation
represented by green patents, especially the improvement of the level of green practical
technology innovation. These patent achievements have also been used extensively in
practice, which has led to the improvement of the internal production process of Chinese
agricultural enterprises, and it also means that a professional energy-saving and emission-
reduction technology service industry is being cultivated and formed, creating a channel
for carbon emissions trading, which significantly promotes the improvement of agricultural
total factor productivity in the pilot areas.

6. Further Research

6.1. Grouping by Enterprise Size

A large number of studies have shown that the size of an enterprise affects the cost of
emission reduction, which in turn has an impact on the environmental protection decision of
the enterprise. To investigate whether the difference in the effect of carbon emission trading
truly exists under different enterprise scale characteristics, we set up a virtual variable
of enterprise scale and divided the sample enterprises into large-scale enterprises and
small-scale enterprises. Basic regression was performed on the two groups of samples. The
regression results of Columns (1) and (2) in Table 7 show that the carbon emission trading
pilot has significantly increased the total factor productivity of large-scale agricultural
enterprises by about 0.137% on average, while it has no significant effect on small-scale
agricultural enterprises. The possible reason for this situation is that large enterprises not
only have the advantage of economies of scale but can also obtain government funding
subsidies and low-cost financing by virtue of a good social reputation to make up for
the cost of regulatory compliance brought by the carbon emission trading mechanism.
At the same time, the strong financial strength of large enterprises can help them resist
greater risks and embark on a path of independent transformation with the help of central
environmental regulations.
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Table 7. The first set of tests for heterogeneity.

Variable

TFP

(1) Large
Scale

(2) Small
Scale

(3) State
Owned

(4)
Nonstate
Owned

(5) High
Debt

(6) Low
Debt

Treat *
Time 0.137 *** 0.159 0.097 ** 0.224 *** 0.227 *** 0.032

(3.75) (0.44) (2.25) (4.46) (4.13) (0.73)
Size 0.322 *** 0.389 0.245 *** 0.361 *** 0.269 *** 0.480 ***

(14.58) (0.57) (7.63) (12.89) (8.69) (13.65)
Roa 1.049 *** 1.763 0.842 *** 0.975 *** 0.453 ** 1.505 ***

(7.48) (0.50) (3.94) (5.36) (2.03) (8.00)
Lev 0.627 *** 0.968 0.205 * 0.801 *** 0.362 ** 1.305 ***

(7.49) (0.68) (1.75) (7.27) (2.42) (7.49)
Agencost −0.749 *** −14.822 −3.700 *** −0.577 *** −1.039 *** −0.231 ***

(−11.19) (−0.95) (−14.33) (−8.44) (−9.72) (−2.65)
Cflow 0.450 *** 0.346 0.313 ** 0.520 *** 0.316 ** 0.389 ***

(4.16) (0.28) (2.33) (3.37) (2.11) (2.61)
Capital −1.641 *** −1.206 −1.592 *** −1.518 *** −1.923 *** −1.404 ***

(−13.47) (−0.72) (−10.01) (−9.34) (−8.90) (−9.68)
Top1 −0.009 *** 0.015 −0.011 *** −0.006 *** −0.010 *** −0.010 ***

(−5.76) (0.99) (−4.03) (−3.12) (−4.19) (−4.03)
Constant 7.020 *** 6.142 8.139 *** 6.467 *** 7.806 *** 5.484 ***

(39.18) (1.14) (29.33) (29.73) (29.16) (19.64)
Time effect control control control control control control
Individual

effect control control control control control control

Observations 602 605 547 663 590 599
R-squared 0.948 0.998 0.956 0.953 0.946 0.965

F 2.485 2.485 100.4 100.4 86.71 86.71
Note: *, **, *** indicate significance at the 10%, 5%, and 1% levels, respectively.

6.2. Grouping by Enterprise Ownership

The different natures of property rights of state-owned holding enterprises and pri-
vate holding enterprises lead to different paths and characteristics in political functions,
development goals, market competition and other aspects, and different factors that are con-
sidered when making decisions. Therefore, state-owned enterprises and nonstate-owned
enterprises may respond differently to the implementation of carbon emission trading poli-
cies. We construct the virtual variable of enterprise ownership nature, divided the sample
enterprises into state-owned enterprises and nonstate-owned enterprises, and regressed the
two samples separately using the differences-in-differences method. The regression results
of Columns (3) and (4) in Table 7 show that the carbon emission trading pilot has signifi-
cant positive effects on total factor productivity in both state-owned and nonstate-owned
agricultural enterprises. However, the estimated interaction term coefficient of state-owned
agricultural enterprises was 0.097 and significant at the 5% level, and the estimated co-
efficient of nonstate-owned agricultural enterprises was 0.224 and significant at the 1%
level. The impact of the carbon emission trading policy on the total factor productivity of
nonstate-owned enterprises is greater than that of state-owned enterprises. This may be
because state-owned enterprises assume political functions, and the degree of innovation
does not completely depend on their operating capacity. In contrast, private enterprises can
adapt to the development of the market in environmental rights and interests in trading
policies and independently choose the behaviors conducive to their profit maximization in
fierce market competition. Therefore, the carbon trading market has a stronger incentive
effect on the green technology innovation of private enterprises.
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6.3. Grouping by Financial Structure

According to the principle of financial leverage, debt can reduce the total cost of capital
and improve the value of enterprises. In addition, when the debt ratio increases, the equity
concentration of management becomes larger, and a larger proportion of profits can be
obtained in the project. A higher debt ratio also makes firms more willing to invest in
riskier projects, such as innovation activities. Enterprises with lower debt levels have a
stronger chance of launching research. Therefore, according to the median value of the
enterprise asset-liability ratio, this paper divides the sample into high-debt enterprises
and low-debt enterprises to test whether the effect of the carbon emission trading policy
on the total factor productivity of agricultural enterprises is heterogeneous due to the
difference in debt level. It can be seen from the regression results of Columns (5) and (6)
in Table 7 that the carbon emission trading pilot significantly increased the total factor
productivity of high-debt agricultural enterprises by about 0.137% on average, while it had
no significant effect on low-debt agricultural enterprises, most likely because debt, as a
signal to the outside world, is often used by management, and a high debt ratio shows
management’s confidence in future expectations and, for debtors, a willingness to invest in
such companies, thus allowing firms to have sufficient capital for green innovation activities
and thus contributing to the total factor productivity of highly indebted agribusinesses.

6.4. Grouping by Enterprise Region

The development level of the eastern region and the central and western regions may
differ to some extent. The pilot policy of carbon emission trading may have different roles
in promoting the total factor productivity of enterprises in different regions. This paper
divides the samples into three subsamples: eastern, central and western, according to the
different regions where the enterprises are located. As seen from the review results of
Columns (1)–(3) in Table 8, the promotion effect of carbon emission trading pilot policies on
the total factor productivity of enterprises in the eastern, central and western regions shows
a downward trend. The total factor productivity of agricultural enterprises in the eastern,
central and western regions increased by about 0.171%, 0.169%, and 0.082%, respectively.
Among them, the promotion effect on the total factor productivity of enterprises in the
eastern region is the most obvious. The promoting effects on the central and western
regions were relatively weak, respectively. The possible reason is that carbon emission
trading, as a market-motivated regulatory tool, relies on a unified, open, and orderly
competitive market system to play its full role. The eastern region has an active market
economy and a developed economic level, so the incentive effect of the carbon emission
trading mechanism is more efficient. However, the economic development level of the
central and western regions is lagging behind, and their primary goal is to achieve economic
development. Therefore, the compliance cost of carbon emission trading will increase the
costs and decrease the profits of enterprises in the central and western regions, resulting in
a lack of motivation to improve the total factor productivity of enterprises.
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Table 8. The first set of tests for heterogeneity.

Variables

TFP

(1) East (2) Central (3) West
(4) Government

Subsidy
(5) Anarchy

Subsidy

Treat * Time 0.171 *** 0.169 0.082 1.973 *** 0.150 ***
(5.02) (0.88) (0.62) (4.12) (7.15)

Size 0.395 *** 0.333 *** 0.256 *** 0.296 *** 0.363 ***
(12.44) (6.73) (6.50) (11.88) (5.07)

Roa 1.228 *** 0.573 0.543 * 1.246 *** 0.706 ***
(6.85) (1.64) (1.77) (7.70) (3.00)

Lev 0.559 *** 1.101 *** 0.516 *** 0.680 *** 0.693 ***
(5.45) (5.61) (2.91) (7.33) (3.82)

Agencost −1.008 *** −0.384 *** −2.677 *** −0.538 *** −1.898 ***
(−11.02) (−3.58) (−7.72) (−7.22) (−11.66)

Cflow −0.036 0.303 0.913 *** 0.461 *** 0.714 ***
(−0.25) (1.22) (4.65) (3.95) (3.39)

Capital −1.491 *** −1.727 *** −1.580 *** −1.501 *** −1.417 ***
(−10.35) (−4.96) (−6.72) (−10.72) (−6.24)

Top1 −0.007 *** −0.012 *** −0.010 *** −0.009 *** −0.010 ***
(−3.63) (−3.45) (−3.05) (−4.48) (−2.69)

Constant 6.380 *** 6.928 *** 7.760 *** 7.096 *** 6.279 ***
(25.85) (18.60) (21.04) (34.81) (10.36)

Time effect control control control control control
Individual

effect control control control control control

Observations 642 266 302 907 266
R-squared 0.955 0.919 0.963 0.953 0.987

F 41.71 41.71 41.71 36.89 36.89
Note: *, *** indicate significance at the 10%, and 1% levels, respectively.

6.5. Grouping by Government Subsidies

Enterprises with government subsidies usually have more “exogenous resources”,
which gives them more opportunities to innovate and invest more, thus gaining a com-
petitive advantage and improving their total factor productivity. To investigate whether
the difference in government subsidies in carbon trading is real, we set up a virtual vari-
able for government subsidies by referring to the practices of others and extracted the
data of energy saving, emission reduction, green, environmental protection, clean energy,
environment, waste gas, carbon emission, and carbon trading fields from the CSMAR by
taking the logarithm, and if the value was null, then it was 0. The basic regressions were
conducted for the two groups of samples obtained. The results are shown in Columns
(4) and (5) of Table 8. The total factor productivity of agricultural enterprises with and
without government subsidies is significantly increased under the influence of the carbon
trading rights policy. The pilot carbon emissions trading policy significantly increased
the total factor productivity of agricultural enterprises without government subsidies by
about 0.150% on average, while the total factor productivity of agricultural enterprises with
government subsidies increased by about 1.973% on average. The estimated coefficient of
nongovernment subsidies is 0.150 and that of nongovernment subsidies is 1.973, which
is greater than that of nongovernment subsidy enterprises. The possible reason is that
government subsidies can provide enterprises with external resources to deal with environ-
mental uncertainties, enabling enterprises to turn opportunities brought by environmental
changes into an innovation impetus, forming a synergistic effect with innovation input and
promoting the improvement of enterprise internationalization performance.
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7. Conclusions and Policy Suggestions

7.1. Conclusions

The carbon emission trading mechanism is an important policy tool in using market
mechanisms to promote corporate carbon emission reduction, an important institutional
innovation to promote low-carbon and green development, and an important institutional
arrangement to promote the “carbon peak in 2030 and carbon neutral in 2060”. Therefore,
this paper empirically examines the impact of carbon emission trading rights on the total
factor productivity of agricultural enterprises using a double-difference model and a
mediating effect model using data from listed agricultural companies in Shanghai and
Shenzhen A-shares and GEM from 2010 to 2020 and investigates the mechanism of its
impact in depth. The main conclusions are as follows.

(1) Carbon emission trading rights significantly increase the total factor productivity of
agricultural enterprises.

(2) Green innovation plays a mechanistic role in the influence of carbon emission trading
rights on the total factor productivity of agricultural enterprises.

(3) Heterogeneity analysis shows that the improvement effect of carbon emission trading
rights on the total factor productivity of agricultural enterprises mainly exists in
large-scale, nonstate-owned enterprises; enterprises with high debt levels; enterprises
in the eastern region; and enterprises with government subsidies.

Limitations. First, due to the serious lack of relevant data before 2010, in order to
ensure the accuracy of the results of the article, the data used in this empirical test starts
from 2010. Second, China’s current carbon emission trading is still in the pilot stage, and
the transaction price is subject to excessive government control. At present, there is no
continuous and large amount of transaction data, and it is impossible to conduct effective
research on the entire market. Third, the total factor productivity of agricultural enterprises
is a complex project. This paper only conducts empirical tests from the perspective of the
green innovation effect, and other potential impact mechanisms and paths still need to be
identified. Subsequent research can include all possible influencing factors, continue to
improve the intermediate action mechanism of carbon emission trading policy on the total
factor productivity of agricultural enterprises, and clarify their respective weights in the
driving of total factor productivity of agricultural enterprises.

7.2. Policy Suggestions

Based on the above conclusions, we can give the following recommendations.

(1) We will improve and optimize China’s rules and regulations on carbon emission
trading, ensure that the transactions in the trading market are carried out legally
and in an orderly manner, play a role in promoting green innovation in agricultural
enterprises and promoting total factor productivity, and help agricultural enterprises
transform and upgrade. At the same time, individuals trading in the carbon emission
trading market should consciously abide by the market order, create a good trading
market environment, and further promote the total factor productivity of agricultural
enterprises.

(2) Green innovation is an effective way to realize the leap-forward of total factor produc-
tivity of agricultural enterprises and the long-term goal of continuously deepening
the carbon trading mechanism. The government should strengthen green innovation
compensation, enhance the capacity of independent research and development of
enterprises and cooperative innovation, optimize the structure of green industry, and
improve the support of environmental protection standards and management norms,
inducing enterprises to complete the transformation of “innovation compensation”.
At the same time, we should further improve the incentive system of government
rewards and punishments and green innovation, give full play to the incentive ef-
fect of government reward and punishment, fully encourage enterprises to engage
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in green technology innovation, and guide enterprises to achieve improvements in
profitability in the stage of “following the cost”.

(3) According to the current situation and characteristics of agricultural enterprises with
different scales, ownership properties, regions, and debt levels in China, differentiated
regulation strategies should be implemented to avoid the adoption of “one-size-
fits-all” regulation orders. At the same time, different types of enterprises should
be treated equally to create a favorable competitive environment and to promote
environmental regulatory instruments to maximize policy effects.

(4) Enterprises are encouraged to properly respond to carbon emission trading policies
through R&D and innovation to achieve “decoupling” between high production
capacity and high carbon emissions as soon as possible. At the same time, we should
speed up the establishment of a national carbon emissions trading system to avoid
transregional carbon emissions transfer, facilitate China’s transition to a zero-carbon
economy, and make positive contributions to leading global climate governance.
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Abstract: Since January 2020, the COVID-19 pandemic has caused millions of deaths and has posed
a major public health threat worldwide. Such a massive and complex crisis requires quick and
comprehensive policy responses. We developed an empirical dataset of policy mixes that included
4915 policies across 36 Chinese cities and investigated the relationships between the policy design
choices and the COVID-19 pandemic response outcomes of a city. Using topic modeling and ordinary
least squares regression analysis, we found considerable variation among cities in the compositions
and design features of their policy mixes. Our analysis revealed that restriction measures did not
significantly influence limiting the spread of the pandemic, but they were negatively correlated with
the economic growth rate. By contrast, health protection measures greatly contributed to controlling
viral spread. Intensive socioeconomic support reduced the occurrence of secondary disasters. The
most effective policy strategy to deal with the COVID-19 pandemic appears to be a comprehensive
policy design with a mix of restrictions, health protection measures, and socioeconomic support
policies accompanied by a timely lockdown. Our empirical findings can help to improve pandemic
policy design and contribute to generating broader lessons for how local governments should deal
with similar crises in the future.

Keywords: policy mix; policy design; COVID-19; pandemic management; policy outcomes;
compound crisis

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has caused millions of deaths
since January 2020 and is a major public health threat worldwide. Such a massive and
complex crisis has exposed differences in the capacities of governments around the world
to integrate and coordinate different policy tools to manage the pandemic and to deal with
its consequences [1,2]. The pandemic offers a natural experiment wherein the crisis that
governments faced was broadly the same, but the policy solutions that they enacted were
different [2], creating a unique opportunity for understanding associations between policy
responses and their consequences; thus, lessons can be learned to improve similar public
health risk response capacity [3].

Previous studies have mostly focused on the comparison of state-level pandemic
policy responses among countries [2]. They have characterized the “standard” portfolio of
national pandemic responses and have discussed the similarities and differences between
the various policy tools deployed [2,4]. Scholars have examined these COVID-19 policy
responses from institutional and political perspectives [5]. Some studies have included a
large-N sample, cataloging the policy tools adopted by governments around the world,
and have analyzed the sequence, intensity, and balance of different policy mixes [6–8].
However, these studies did not assess how the policy choices impacted the pandemic

IJERPH 2022, 19, 8094. https://doi.org/10.3390/ijerph19138094 https://www.mdpi.com/journal/ijerph453



IJERPH 2022, 19, 8094

management outcomes. Other studies have been more comprehensive. They have assessed
governments’ responses in detailed case studies [9–11], investigating not only how national
responses differed but also how these choices were shaped by specific political systems
and administrative traditions such as the nature of national leadership; the organization
of central and local governments; and the relationships between decision-makers, elites,
epistemic communities, and others [12–14].

These studies have provided a general understanding of the variety of policy choices
among countries and have made important contributions to enriching our knowledge of the
various COVID-19 pandemic responses. However, these studies have mostly focused on
national policies, and to date, we lack an appreciation of how local governments managed
to coordinate their policy tools to deal with the crisis; the consequences of their different
policy choices also remain unclear [2,15,16]. The COVID-19 pandemic has been most
acutely felt at the local level, especially in cities, where the response policies have been
impactful and have significantly affected the COVID-19 crisis management outcomes [17].
For instance, within a country with standardized national response policy guidelines,
why did some locations experience recurrent outbreaks while others did not? How did
local authorities differ in the attention they gave to other issues that occurred during
the pandemic? To clarify what happened in local areas and understand why there were
differences in outcomes, we need to closely study local-level policies [18] to supplement and
enrich existing findings based on investigations of national-level responses to COVID-19.

This study selected 36 Chinese cities to empirically assess and gain insights into
local-level responses to the COVID-19 pandemic. Through the conceptual lens of a pol-
icy mix [19–22], we analyzed 4915 policies that were adopted by these cities between
23 January 2020 (after the lockdown of Wuhan) and 1 April 2022. Following Nauwelaers
et al. [19], we defined “policy mix” as a combination of policy tools that interact to produce
a specific policy response to resolve complex problems. We investigated how different
municipal governments coordinated and integrated their policy tools in mixes to deal
with the pandemic, explored links between policy design choices and the cities’ COVID-
19 pandemic response outcomes, and discussed how policy mix design can affect the crisis
management outcomes in a city.

2. Materials and Methods

2.1. Data Collection and Sample

Data on COVID-19 response policies were compiled by collecting information from
each municipal government’s official website, which provides information on the munic-
ipality’s pandemic response measures. The number of outbreaks and that of high-risk
areas were retrieved from each city’s Center for Disease Control (CDC) website. As there
are no specific official criteria for COVID-19 outbreaks in China, when the virus spreads
across administrative jurisdictions, specifically city districts, and the municipal government
adopts a full-scale lockdown, we take that as the occurrence of an outbreak. High-risk areas
are defined as counties or urban districts having more than 50 cumulative cases or clustered
infections in the past 14 days (see the Guidelines on COVID-19 Prevention and Control issued
by the Joint Prevention and Control Mechanism of the State Council, 17 February 2020).

The total number of secondary accidents caused by the pandemic control measures
(including food shortages, accidental deaths due to refusal of access to medical treatment,
the killings of dogs and cats, violent confrontations between officials and citizens, and other
immediate damage) in each city were collected from a website where people can see daily
trends in micro-blog topics in China (www.weibotop.cn/2.0/#, accessed on 2 April 2022).
This is a palliative due to the lack of official statistics on this issue. Thus, these data
are approximate and reflect the overall severity rather than the true total numbers of
secondary accidents.

Information on the cities’ 2-year average economic growth rates, gross domestic
product (GDP), total population, and universities were collected from the National Bureau
of Statistics of China website (https://data.stats.gov.cn, accessed on 21 March 2022). The
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cities’ digital city rankings were obtained from a China Center for Information Industry
Development (CCID) report published in June 2021 [23].

2.2. City Selection

The 36 cities (Figure 1) included in this study were selected mainly for the following
reasons:

1. All 36 cities are municipal-level cities (divided into districts). According to the current
Law on the Prevention and Treatment of Infectious Diseases, the municipal gov-
ernment is the agency responsible for responding to infectious diseases within its
jurisdiction. It is the key decision-making body for pandemic management. The
central or provincial governments only intervene when the municipal government is
incapable of controlling the crisis. In that case, the higher levels of government primar-
ily act as coordinators and supervisors but do not replace the municipal government
in directly managing the crisis.

2. These 36 cities represent different geographical locations, population sizes, economic
and technological development levels, and administrative and cultural traditions;
they are located in eastern, central, and western China. Among them, there are
4 municipalities directly under the central government; another 14 are provincial
capitals, and the other 18 are important transportation hubs, with active international
economic and trade exchange. These hubs are close to mega-cities or are border cities.
Although the cities differ considerably, they all face high pressure to prevent and
control the COVID-19 pandemic.

3. The cities have relatively independent discretion to deal with the pandemic. Thus, our
sample cities are comparable yet representative for examining the relationships be-
tween the different policy strategies that were chosen and the pandemic management
outcomes of those choices.

Figure 1. The locations of the 36 cities investigated in this study.
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2.3. Analysis Methods

This study adopted a comparative methodology to shed light on the link between
policy design and the cities’ pandemic response outcomes. First, we used structural topic
modeling to identify the topics around which the COVID-19 policy responses were clus-
tered. Topic modeling is a machine learning technique for discovering latent common topics
in text documents [24,25]. The topics resulting from this analysis were interpreted as types
of policy tools adopted by municipal governments to deal with the COVID-19 pandemic.
We applied the topic modeling in the following steps: (1) we collected documents related
to municipal pandemic prevention and control policies and compiled them into a policy
dataset; (2) we processed the word segmentation, then removed stop words in the Chinese
language as well as frequently occurring words in this dataset (for example, “announce”,
“COVID-19”, “policy”); and (3) we employed collocations to create a model for phrase
extraction and for optimizing the word segmentation results. (4) After preprocessing the
text, we selected the number of topics (k = 28) based on the assessment of models with
4–30 topics. Running the topic model, we obtained the prevalence of each policy tool, and
the sum of the prevalence of the overall types of policy is always 1. The topic prevalence
refers to the proportion of each topic in the corpus after clustering, and the calculation
results can reflect the dependence of municipal governments on specific policy tools. The
topic prevalence is calculated with Formula (1):

Pk =
∑N

i θki
N

(1)

In Formula (1), Pk represents the prevalence of topic k, N is the total number of policy
texts, and θki refers to the probability of the topic k in the overall policy texts.

Second, we examined the balance of policy mixes across cities. In this way, we
identified different configurations that represented the building blocks of policy tools
designed to deal with the pandemic. We examined the balance of policy mixes by assessing
the distributions of the policy tools included in each mix [22,26].

Third, we employed an ordinary least squares (OLS) regression model (Formula (2)) to
investigate the relationship between a policy mix and a city’s pandemic response outcomes.
The dependent variables were measures of the immediate outcomes of a city’s policy
strategy: the number of major outbreaks in a city, the number of high-risk areas in a
city, the number of secondary accidents in a city, and the city’s 2-year average economic
growth rate. Given the fact that except the case of Wuhan, the mortality from the COVID-
19 is insignificant in Chinese cities (for example, from 17 May 2020 to 1 April 2022, only
4 death cases were reported in total by 3 different cities; see www.nhc.gov.cn, accessed on
21 March 2022), which does not constitute a major concern in public opinion. In contrast
with international practice, in the four dimensions we considered in this study, outbreaks,
high-risk areas, secondary accidents, and economic consequences, we did not include
mortality in the dependent variables. The independent variables were the policy tools used
to deal with the pandemic, which were measured by the prevalence of each tool in the
policy mix of that city. The city’s GDP, permanent population, number of universities, and
digital city ranking were the control variables:

dependenti = α + ∑ βiindependenti + ∑ γicontroli + εi (2)

3. Results

3.1. Identifying Policy Tools

Applying topic modeling, we obtained 28 topics that outlined the basic parameters
of the municipal-level COVID-19 pandemic responses. In decreasing order of prevalence,
these 28 policy tools are shown in Table 1.
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Table 1. Key policy tools adopted by the cities.

Policy Tool Illustrative Action Prevalence

1. Information management
Providing public information; requiring residents
to report to their communities if they had been to
risk areas

0.104059

2. Monitoring
population health

Measuring temperatures; checking health QR
codes and travel codes 0.085552

3. Mask requirements Mask requirements in public places and collective
locales such as workplaces, buses, subways, and taxis 0.069997

4. Sanitizer policies Disinfections in public places and collective
locales; frequent hand-washing campaigns 0.069543

5. Public testing Mandated nucleic acid testing for urban residents
every one to three days 0.067159

6. Quarantines Mandated isolation for close and indirect contacts;
isolation or home quarantine for travelers 0.066421

7. Gathering restrictions Restrict gatherings to a maximum of five people;
ban all social gatherings 0.064547

8. Travel restrictions Inner city traffic restrictions; cancel
interregional travels 0.064093

9. Contact tracing

Epidemiological survey professionals question
individuals and analyze travel information using
big data methods to determine virus spread paths
and identify close and indirect contacts

0.061482

10. Social distancing Keep one meter distance in public or
collective places 0.052455

11. Vaccination campaigns

Set up free vaccination sites in individual
communities; require local cadres, social workers,
and medical professionals to visit households to
mobilize people for COVID-19 vaccine uptake

0.040704

12. Work and production
resumption supports other
than economic support

Facilitate permit approval for logistics vehicles;
simplify administrative examination and approval
procedures; provide employment recruitment
services for enterprises

0.029407

13. Humanitarian assistance
other than access to
medical facilities

Open psychological comfort hotlines; local cadres
and social workers visit vulnerable groups such as
elders, disabled, and migrants

0.026284

14. Supply chain management
Enacting material supply plans; ensuring smooth
transportation of medical materials and
life supplies

0.021913

15. Emergency investment
in health care

Booster medical supplies; purchase protective
equipment for health staff; support manufacturing
of testing equipment

0.021459

16. Improving the local risk
response system

Require local governments or enterprises to
improve emergency plans; enhance emergency
drills and local risk screening

0.018904

17. Restrictions on
commercial activities

Limiting customer or visitor flow in shopping
malls, supermarkets, cinemas, parks, and
tourist spots

0.01669

18. Social mobilization
Appeal to the voluntary participation of
individuals and businesses to help fight
the pandemic

0.015782
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Table 1. Cont.

Policy Tool Illustrative Action Prevalence

19. Funding or
fiscal stimulus

Release funds to alleviate the economic impact of
COVID-19; tax reduction and exemption 0.015441

20. Cancelling public events Postpone sporting competitions; cancel
expositions and festivities 0.01442

21. Promoting
e-government services

Provide online government services such as social
insurance and online administrative examination
and approval

0.013057

22. Workplace and retail
shops closures

Close retail outlets until further notice; permit only
delivery and take-out at restaurants 0.012433

23. Living or income support
Distribute daily necessities to elders, disabled
persons, and migrants; distribute
consumption coupons

0.011467

24. Lockdowns Full-scale lockdowns; district (partial) lockdowns 0.009878

25. Supporting public access
to normal medical treatment;

Open green channels for dialysis patients, cancer
patients, and pregnant women for medical
treatment; inform doctors to prescribe adequate
medication for particular patients during the
period of lockdown

0.009424

26. Debt/contract relief for
households and enterprises

Postpone households’ and enterprises’ debt and
rent payments for three months; rent exemption in
the period of lockdown

0.007777

27. School closures Close schools and universities in the period
of lockdown 0.005166

28. Restrictions on
government services

Close petition reception; close marriage
registration services 0.004485

The above 28 topics were divided into 3 categories based on the policy goals they were
intended to accomplish:

1. Restrictions: These are policy tools that impose obligations, limitations, and prohibi-
tions on individuals and collective actors [27]. These coercive measures aim to control
the spread of the virus by reducing contacts and interactions. However, they can
have negative effects [2] such as seriously impacting economic activity, supply chains,
and public access to normal medical treatment. The restriction-based policy tools
are as follows: lockdowns, quarantines, school closures, workplace and retail shop
closures, canceling public events, gathering restrictions, travel restrictions, commer-
cial activity restrictions, social distancing, mask requirements, and restrictions on
government services.

2. Health protection measures: These are policies aiming to protect people from the
direct effects of COVID-19. These proactive measures can alter and reduce the magni-
tude of a pandemic [27]. Compared with restrictions, which are obligations imposed
on individuals and enterprises, health protection measures are responsive policy
investments by the government. This category includes the following tools: infor-
mation management, public testing, contact tracing, emergency investment in health
care, sanitizer policies, vaccination services, monitoring population health, social
mobilization, and improving the local risk response systems.

3. Socioeconomic support measures: These are policies that aim to protect the affected
populations from the negative socioeconomic impacts of the pandemic and the sec-
ondary effects caused by restrictions [2]. This category consists of living/income
support, debt or contract relief for households and enterprises, funding or fiscal
stimulus, other work and production resumption support besides economic support,
supply chain management, support for public access to normal medical treatment,
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other humanitarian assistance besides access to medical facilities, and the provision
of e-government services.

No city relied exclusively on only one or two policy tools to deal with the pandemic;
most deployed all of the 28 tools over the last 2 years with different distributions of these
measures. Eleven cities (including Shanghai, Guangzhou, Hefei, and Baise) have tried to
guarantee a minimum level of government services by not closing some service locations,
such as petition reception and administrative approval services. Two cities (Chongqing
and Xi’an) did not provide any public access to normal medical treatment facilities. Xi’an
encountered a severe secondary medical disaster during its major outbreak in January 2022.
Several uninfected people died owing to a lack of timely access to medical treatment.

3.2. Policy Mixes’ Tool Type Balance

The balance of a policy mix is measured by the distribution of policy tools within
the mix. At the global level, the balance of the policy mixes is illustrated by the above
sequential list. From this list, we identified three general trends.

First, the municipal governments opted for a preventive approach [28] to deal with
the COVID-19 pandemic. This was indicated by the five most intensively used policy tools:
information management, monitoring population health, mask requirements, sanitizer
policies, and public testing. Second, social mobilization was not a prevalent policy tool;
it ranked 18th among the 28 policies. This finding agrees with the low level of public
participation in fighting the COVID-19 pandemic in China. Chinese crisis management
has long been characterized by a government-led style, which heavily depends on state
responses and investments [11]. The important role of social capital and resources has been
minimized in the current Chinese crisis response policy design [29,30]. Third, lockdowns
(ranking 24th) were not an important policy tool for cities, nor were economic supports
(ranking 12th, 19th, and 26th) or supporting normal medical access for uninfected people
(ranking 25th).

Although there were similarities, the distribution of these policy tools varied widely
among the cities. The balance of policy mixes for the 36 cities is shown in Figure 2. The
value of each color bar represents the proportion of that policy tool in the policy mix of the
city. The proportion is measured by the prevalence of each policy tool in the policy mix of
that city (for the results data, please see Table S1).

 
Figure 2. Tool balance of the policy mixes by city.
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To further explore how the cities incorporated different policy tools to deal with the
pandemic, we analyzed distinguishing combinations of the three policy tool categories
discussed above. The proportion of policy tools (the sum of the proportion of each tool
belonging to the same category) in each group (i.e., restrictions, health protection measures,
and socioeconomic supports) was calculated for each city (Figure 3). Based the result
obtained, the integration of the three policy tool clusters could be categorized into five
patterns representing the different policy choice strategies.

 

Figure 3. Balance of the three categories of policy tools by city.

Integrated health protection and socioeconomic support. In this strategy, municipal govern-
ments attached more importance to people’s health and livelihoods. The policy responses
centered on measures to protect people from the socioeconomic impacts of the pandemic.
There was less emphasis on restrictions. Beijing, Chengdu, Dongguan, and Qingdao
showed this pattern.

Integrated restriction and health protection measures. This strategy combined intensive
restrictions with high-level health protection policy investments to protect the population
from contracting COVID-19. Socioeconomic supports were less important in this policy
mix. The following 15 cities showed this pattern: Changsha, Xi’an, Dalian, Shijiazhuang,
Nanchang, Har’erbin, Urumqi, Lanzhou, Anyang, Baise, Hulunbei’er, Heihe, Tonghua,
Alasha, and Ruili.

Restriction-oriented response. This policy strategy centered on restrictions and coercive
measures to limit individual and business activities. Public health protection was less
important, and socioeconomic supports were little utilized. Suzhou and Xiamen showed
this pattern.

Health protection-oriented response. This policy mix emphasized investments in health
protection measures that would protect people from contracting COVID-19. This strategy
placed less emphasis on restrictions. It only slightly utilized socioeconomic supports,
such as alleviating economic difficulties and the demands of daily life (such as procuring
food supplies and access to normal medical treatment) during the outbreak. Shanghai,
Shenzhen, Guangzhou, Chongqing, Hangzhou, Nanjing, Tianjin, Ningbo, Zhengzhou,
Hefei, Yangzhou, Xuchang, and Suihua showed this pattern.

Comprehensive policy mix. This strategy used a balanced distribution of restrictions,
health protection measures, and socioeconomic support policies. Shaoxing and Putian
showed this pattern.

Maggetti and Trein (2022) found that politico-administrative arrangements did not
markedly influence governments’ policy choices when dealing with the COVID-19 pan-
demic. Similarly, we did not observe any significant correlations between a city’s character-
istics (i.e., economic, cultural, demographic, and geographic) and its policy design choices.
For example, similar cities, such as Suzhou and Hangzhou, adopted very different policy
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strategies, while different cities, such as Beijing and Dongguan, adopted similar policy
strategies. The policy decisions in many cases might simply be related to the local leaders’
personal preferences.

3.3. Effects of Policy Mix on a City’s Pandemic Response Outcomes

The R2, F, and p values obtained from the OLS model (Formula (1)) indicated that the
model passed the stability test and is highly representative. The results can be summarized
as follows (Table 2):

1. Among the policy tools, lockdowns, school closures, canceling public events, travel
restrictions, social distancing, contact tracing, vaccination campaigns, improving
the local risk-response systems, and supply chain management had significant neg-
ative impacts on cities’ 2-year average economic growth rates. By contrast, mask
requirements, public testing, emergency investment in health care, debt/contract
relief for households and enterprises, and support for public access to normal medical
treatment did not have negative effects on the 2-year average economic growth rate.

2. Restriction-based tools did not significantly influence the number of major outbreaks
or of high-risk areas.

3. Emergency investment in health care, vaccination campaigns, improving the local risk-
response systems, supply chain management, and public access to normal medical
treatment were negatively correlated with the numbers of major outbreaks, high-risk
areas, and secondary accidents. Additionally, except for supply chain management,
the others were positively correlated with the 2-year average economic growth rate.

4. By comparing these three policy tool categories, we found that restrictions and socioe-
conomic support measures did not significantly influence the control of the pandemic.
In contrast, health protection measures strongly contributed to controlling the spread
of the virus. Socioeconomic support measures particularly contributed to reducing
the occurrence of secondary accidents.

Table 2. The effects of policy mix on the pandemic response outcomes.

N-Outbreak
N-High

Risk_Areas
N-SEC.

Accidents
ECO_RATE

Restrictions

Lockdowns 0.152 1.975 1.010 −0.006 **

(0.195) (1.551) (0.807) (0.002)

Quarantines −0.036 0.038 −0.095 −0.000

(0.045) (0.360) (0.188) (0.000)

School closures −0.391 −4.433 0.560 −0.032 **

(1.071) (8.530) (4.439) (0.009)

Workplace and retail shops closures −0.231 −0.606 −0.806 0.001

(0.158) (1.258) (0.655) (0.001)

Cancelling public events 0.042 0.912 1.171 −0.006 **

(0.211) (1.682) (0.875) (0.002)

Gathering restrictions −0.039 −0.676 −0.151 −0.001

(0.094) (0.748) (0.389) (0.001)

Travel restrictions 0.100 0.412 0.039 −0.004 **

(0.131) (1.047) (0.545) (0.001)

Restriction on commercial activities 0.011 −0.125 −0.533 0.003

(0.168) (1.339) (0.697) (0.001)
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Table 2. Cont.

N-Outbreak
N-High

Risk_Areas
N-SEC.

Accidents
ECO_RATE

Social distancing −0.042 −0.551 0.753 −0.009 **

(0.324) (2.578) (1.342) (0.003)

Mask requirements 0.110 −0.086 −0.611 0.009 **

(0.263) (2.096) (1.091) (0.002)

Restrictions on government services 0.323 −0.171 0.547 0.003

(0.188) (1.494) (0.778) (0.002)

Health protection
Measures

Information management −0.024 0.026 0.057 0.000

(0.028) (0.226) (0.118) (0.000)

Public testing 0.011 −0.204 −0.214 0.003 **

(0.104) (0.826) (0.430) (0.001)

Contact tracing −0.117 0.133 0.546 −0.007 **

(0.238) (1.895) (0.986) (0.002)

Emergency investment in health care −0.184 −0.434 *** −0.373 ** 0.005 **

(0.129) (1.031) (0.537) (0.001)

Sanitizer policies −0.000 0.815 −0.252 0.002

(0.151) (1.200) (0.625) (0.001)

Vaccination campaigns −0.016 −0.230 ** −0.062 *** −0.012 **

(0.032) (0.256) (0.133) (0.000)

Monitoring population health 0.068 −0.046 −0.053 0.000

(0.052) (0.411) (0.214) (0.000)

Social mobilizations 0.119 0.826 0.211 0.002

(0.188) (1.497) (0.779) (0.002)

Improving the local risk response system −0.080 −0.558 ** −0.293 ** −0.003 *

(0.164) (1.307) (0.680) (0.001)

Socioeconomic
supports

Living or income support 0.022 −0.911 0.378 −0.003

(0.161) (1.282) (0.667) (0.001)

Debt/contract relief for households
and enterprises 0.171 0.853 −0.715 0.014 **

(0.449) (3.577) (1.862) (0.004)

Funding or fiscal stimulus −0.022 −0.547 −0.209 −0.001

(0.099) (0.785) (0.409) (0.001)

Work and production resumption
supports other than economic support −0.005 0.848 0.201 0.000

(0.101) (0.808) (0.420) (0.001)

Supply chain management −0.003 −0.236 −0.032 ** −0.009 **

(0.282) (2.243) (1.167) (0.002)

Supporting public access to normal
medical treatment −0.046 −0.052 *** −1.108 ** 0.010 **

(0.297) (2.369) (1.233) (0.002)
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Table 2. Cont.

N-Outbreak
N-High

Risk_Areas
N-SEC.

Accidents
ECO_RATE

Humanitarian assistance other than
access to medical facilities 0.000 −0.169 −0.396 0.000

(0.063) (0.503) (0.262) (0.001)

Promoting e-government services 0.142 1.002 −0.222 0.000

(0.115) (0.918) (0.478) (0.001)

Control Variables

GDP 0.000 0.000 0.000 0.000

(0.000) (0.001) (0.000) (0.000)

Permanent population −0.001 −0.005 −0.005 0.000

(0.001) (0.009) (0.005) (0.000)

University 0.015 0.154 0.098 0.000

(0.035) (0.279) (0.145) (0.000)

Digital_city 0.017 0.069 −0.094 0.001 ***

(0.027) (0.214) (0.111) (0.000)

_cons −1.385 −10.244 5.165 −0.014

(2.613) (20.818) (10.835) (0.021)

p 0.346 0.878 0.716 0.102

r2 0.951 0.836 0.890 0.982

F 1.830 0.479 0.757 5.071

Note: *, **, and *** represent the 10%, 5%, and 1% significance levels, respectively. N-outbreak: The total number
of major outbreaks; N-high risk areas: The total number of high-risk areas; N-Sec.accidents: the total number of
secondary accidents; Eco-rate: 2-year average economic growth rate.

4. Discussion

This study investigated how policy mixes affected cities’ pandemic management
outcomes under the context that pandemic prevention and control measures have become
normalized in China. The situations of the 36 studied cities differ from that of Wuhan,
which was the first city to face a COVID-19 outbreak. The included cities were more
prepared and were able to rely on information and practical experiences from previously
affected cities. There were relatively fewer uncertainties and cognitive blind spots about
the COVID-19 virus characteristics. Therefore, the effects and effectiveness of different
policy mixes were comparable among the studied cities.

4.1. Relation between Policy Mix and Pandemic Response Outcomes

The logistic regression analysis results showed that restriction policies had no sig-
nificant influence on controlling the pandemic. However, health protection measures
were associated with controlling the spread of the virus. The results revealed a negative
correlation between restriction measures and the economic growth rate. Restrictions and
socioeconomic support policies had opposite effects on the number of secondary disas-
ters. The more frequently and stringently restriction policy tools were used, the more
secondary accidents and disasters occurred. Conversely, more frequent and intense use of
socioeconomic supports led to fewer secondary disasters.

Based on these findings, we established a correlative relationship between a city’s
policy mix pattern and its pandemic response outcomes (Table 3). Strategies 1 and 5 are
the preferred policy choices for managing the pandemic. They are effective strategies for
preventing or controlling the virus spread while avoiding the occurrence of serious negative
socioeconomic consequences. Strategy 4 is suboptimal because although it is effective in
controlling the spread of the virus, its consequences for secondary disaster prevention and
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economic protection are uncertain. Strategy 2 can control viral spread, but it might generate
high levels of secondary disasters and have negative economic consequences. Strategy 3 is
the worst choice because the restriction-oriented strategy cannot effectively control viral
spread, but it negatively impacts secondary disasters and economic development.

Table 3. The relationships between policy mixes and pandemic response outcomes.

Policy Strategy

Policy Outcomes Virus Spread
Controlling

Secondary
Disasters

Economic
Consequences

1. Integrated health protection and people’s livelihood support Positive Negative Negative

2. Integrated restrictions and health protection measures Positive Positive Positive

3. Restriction-oriented policy response No correlation Positive Positive

4. Health protection-oriented strategy Positive No correlation No correlation

5. Comprehensive policy mix Positive Negative Negative

4.2. The Importance of a Timely Lockdown

COVID-19 is highly contagious and can be spread through asymptomatic transmission;
therefore, it is very difficult to prevent outbreaks. Many Chinese cities have been hit
by the COVID-19 pandemic over the past 2 years. However, these cities have differed
in the scale of outbreaks. Some cities have had a large number of cases across widely
affected areas and have taken a long time to control the outbreak. Other cities have
succeeded in controlling outbreaks in a short time with fewer cases and smaller affected
areas. The implementation of timely lockdowns might be the key explanatory factor for
these differences. A comparison between Shenzhen and Shanghai helps illustrate this
hypothesis. The two cities are both international metropolia. The economic ranking of
Shenzhen was the third (with 2.77 trillion yuan), and Shanghai is classified as the first (with
3.87 trillion yuan), among 337 Chinese municipal cities in 2020; Shenzhen is the fifth most
populous city (with18 million permanent population in 2020) in China, and Shanghai is
the second most populous city (with 25 million permanent population in 2020). Neither
Shenzhen nor Shanghai had been hit by the COVID-19 outbreak until the arrival of the
omicron virus in January 2022. Omicron is less dangerous but much more contagious than
the previous variants such as alfa and delta.

Contrary to popular belief, not all Chinese cities implemented severe restrictions such
as lockdowns to control viral spread. This is evidenced by lockdown policies ranking
24th among the 28 most often used policy tools (Figure 1), indicating that many municipal
governments were reluctant to impose these measures. Some cities, including Shenzhen and
Shanghai, refrained from adopting stringent restrictions to avoid their negative economic
consequences. During the most recent outbreaks in the two cities in March 2022, in the early
phase, both cities hesitated to impose lockdown measures for economic reasons. When
the number of cases significantly increased for three consecutive days, Shenzhen imposed
a lockdown policy, and the outbreak was under control one week later. In early March,
the outbreak situation in Shanghai was similar to that in Shenzhen, but the authorities in
Shanghai delayed the implementation of lockdown measures; they announced a lockdown
policy 3 weeks after Shenzhen. As a result, Shanghai missed the optimal timing for initiating
a lockdown. At present, the outbreak in Shanghai remains out of control (Table 4).

An appropriate and timely lockdown might be more effective than other restriction
policies for controlling the spread of an outbreak, especially for severe viruses with a
relatively high R0 (basic reproduction number) [2,31]. It might also be the least costly
strategy, because when an outbreak is out of control, more cases and secondary disasters
take place, resulting in more deaths and increased socioeconomic damage.
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Table 4. Case comparison between Shenzhen and Shanghai.

Cases

Date
12 March 13 March 14 March 15 March 16 March 20 March 21 March 28 March 1 April 26 April

Shenzhen 66 86 60 92 91 44 28 9 2 0

Shanghai 65 169 139 202 158 758 896 4477 24,943 16,980

Lockdown Shenzhen,
start

Shenzhen,
end

Shanghai,
start

Note: date was retrieved from the two cities’ CDC website (www.shenzhencdc.cn; www.scdc.sh.cn, accessed on
21 March 2022).

4.3. A Comprehensive Policy Mix for Compound Crises

The COVID-19 pandemic is a compound disaster in nature. It threatens not only public
health but also multiple life-sustaining systems, functions, and infrastructure [32], such
as economic activity, the supply of everyday necessities, the function of medical facilities,
and logistics and transport systems. A pandemic is not a single negative event; rather,
it is a concatenation of related negative events, generating multiple effects that become
apparent on various time scales [32,33]. Pandemics are often accompanied by a variety of
secondary disasters such as economic crisis, increased poverty, shortages of necessities, and
excess mortality.

Studies have partly revealed the immediate negative effects that have arisen during
the COVID-19 pandemic from medical, psychological, and social perspectives [34–37]. For
instance, according to a recent study, during January–March 2020, in Wuhan, mortality
from chronic noncommunicable diseases increased by 21%; there was an 83% increase in
deaths from diabetes and a 66% increase in suicides [36]. The current study also found
high incidence rates of secondary disasters during the pandemic period. In addition, larger
outbreaks resulted in a greater number of secondary accidents. During the outbreaks in
Tonghua, Xi’an, and Shanghai, a shortage of everyday necessities and excess deaths caused
by restriction policies or the lack of medical access constituted two types of prominent
immediate secondary disasters caused by ineffective supply chain management and a rigid
“one size fits all” approach to pandemic control.

The complexity of the pandemic requires decision-makers to take a comprehensive
approach rather than a single-event management approach to deal with the COVID-19 cri-
sis [32,38]. Pandemic prevention and control are certainly the core aims, but decision-
makers should also seriously consider the prospect of secondary disasters and enact com-
pensatory measures to prevent the potential negative consequences of pandemic control
measures, particularly restrictions [2,39]. It is necessary to implement a comprehensive
and coherent policy mix with an appropriate distribution of the different types of policy
tools available [40,41].

4.4. Study Limitations

This study has some limitations that should be addressed in future research. First, we
examined only some of the serious immediate outcomes brought about by the different
policy design choices. These outcomes were the most resounding concerns in Chinese
public opinion. As such, we did not examine other issues such as the direct and indirect
mortality caused by the COVID-19, which is an important concern at the international
level. More comprehensive studies are necessary to provide a more in-depth assessment of
the policy response outcomes and identify the optimal policy mix, as well as latent policy
blind spots and mistakes. Such an in-depth study would better inform decision-makers
and improve their policy responses when dealing with severe pandemics such as the
COVID-19 crisis.

Second, given the complexity of our study (we investigated the effectiveness of the
different combinations of 28 policy tools adopted by 36 cities), and for technical feasibility,
we did not examine how the sequence and stringency of different policy tools affects the

465



IJERPH 2022, 19, 8094

pandemic response outcomes. This limitation might be complemented by small-N cases
with a limited number of policy tools or by detailed case studies.

Third, the completeness of the collected data regarding municipal policies was largely
influenced by the amount of information that was made publicly available by the local
governments. We were unable to discern precisely how many and what types of policies
have been implemented in the form of internal governmental documents without informing
the public. Moreover, since there was no central registry from which all data were collected
using the same methodology, potential bias might have been introduced into the research.
Although the results of our analysis are in agreement with our empirical observations,
we recommend that future studies use integrated research methods [42,43] to overcome
the limitations of the quantitative approach when investigating complex issues such as
pandemic management.

5. Conclusions

This study investigated the relationship between the policy design of a city and
its pandemic response outcomes. It contributes to the literature on comparative policy
responses to a pandemic by offering a novel, local-level perspective.

Our analysis revealed that restriction measures did not significantly influence the
spread of the virus, but they were negatively correlated with a city’s economic growth rate.
In contrast, health protection measures strongly contributed to controlling viral spread.
Intensive socioeconomic support measures, such as improving supply chain management
and public access to normal medical treatment, reduced the occurrence of secondary
disasters. The most effective policy strategy to deal with the COVID-19 pandemic appears
to be a comprehensive policy design with a mix of restrictions, health protection measures,
and socioeconomic support policies accompanied by a timely lockdown.

Our empirical findings can help to improve policy design by highlighting diverging
patterns of policy strategies and their consequences, thereby generating useful lessons
for how local governments should deal with similar crises in the future. We suggest that
decision-makers take a comprehensive approach rather than a single-event management
approach to deal with compound crises such as the COVID-19 pandemic. They should
seriously consider the prospect of secondary disasters and enact compensatory measures
to prevent the potential negative consequences caused by crisis control measures. Given
the specific cultural and political characteristics of the investigated cities, these findings
might not be applicable to cities beyond mainland China. We suggest further in-depth
studies to investigate the relationships between policy strategies and their consequences by
considering the specific local or national sociocultural and political contexts.
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Abstract: The main goal of the study is to develop a complex hybrid model for evaluating projects
to improve the sustainability and health of regions and cities within the European Green Deal and
Industry 5.0 concepts. The complex model is a comprehensive evaluation system that considers
various influencing factors, the investor’s intentions regarding the need and financing of projects,
as well as expert opinion on the possibility of achieving sustainability and health of regions and
cities by implementing this project with the investor. The model is based on modern theory of
intellectual knowledge analysis, fuzzy set theory, and systems approach. Furthermore, we have an
initial quantitative assessment and the linguistic significance of the level of the project financing
decision with a reliability assessment. The knowledge from the repository of 896 project plans in
the field of transport submitted for implementation and financing in the period 2021–2027 was used
for the creation of the model. The results of the study were tested on the examples of evaluation of
five real projects and demonstrated the applied value of the methodology for evaluating the level of
decision-making feasibility of project financing in uncertainty and the importance of making correct
management decisions based on expert opinions.

Keywords: urban sustainability; healthy cities; projects; risks; expert evaluation; fuzzy sets; European
Green Deal; Industry 5.0; decision-making; transport; medical infrastructure

1. Introduction

Society recognizes the importance of addressing the resilience and health of regions
and cities in implementing global strategic development plans at the regional and local lev-
els, for example, through the efforts of each EU Member State to reduce regional disparities
between the levels of development of European regions and to improve living standards in
the least-favored regions [1].

The paper, using a multilateral interdisciplinary approach, is an effort to create a
mathematical expert hybrid model based on fuzzy logic to support the decision-making
processes of evaluation commissions at the state and local government levels, as well as
decision-makers for implementing sustainable development policy and healthy regions
and cities, improving the governance of cities and regions, in the context of the forthcoming
implementation of the European Green Deal and the European Industry 5.0 concept, within
the Member States. Addressing the issue also contributes to supporting efforts to become a
candidate country and subsequently a full member of the European Union in meeting the
EU’s long-term strategic goals and commitments.

The research topic is related to the objective and transparent evaluation of projects
based on criteria set by experts in the field to which the call for proposals relates.

The research problem is the quantitative and qualitative evaluation of the proposed
solution content and risks in the field of resilience and health of regions and cities within
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the current societal challenges of climate change elimination expressed in the European
Green Deal and the European Industry 5.0 concept.

The research question is focused on researching and creating an innovative algorithm
for expert evaluation of projects to strengthen the resilience and health of regions and cities
within the European Green Deal and the Industry 5.0 concept submitted in the competition,
based on a neuro-fuzzy framework to support decision-making processes. On this basis,
the paper proposes Hypotheses 1 and 2.

Hypothesis 1 (H1). Project developers in strengthening the resilience and health of regions and
cities who meet the grant provider’s intentions in accordance with the European Green Deal and
Industry 5.0 concept will get a better result based on a fuzzy expert assessment of the project’s
innovation ecosystem potential than project developers who do not meet the grant provider’s
intentions in the field of strengthening the resilience and health of regions and cities in line with the
European Green Deal and the Industry 5.0 concept or only partially meet them.

Hypothesis 2 (H2). If the developed algorithm of the comprehensive hybrid model evaluation of
resilience and health projects of regions and cities is applicable for the evaluation of projects within
the European Union, then the algorithm will be applicable to the evaluation of resilience and health
projects of regions and cities outside the European Union.

The main goal of the study is to develop a complex hybrid model for evaluating
projects to improve the sustainability and health of regions and cities, within the concepts
of the European Green Deal and Industry 5.0. The model focuses on supporting the
decision-making processes of evaluation commissions at the level of public administration
and self-government and entities empowered to implement regional policy and local self-
government with support for specialized, targeted projects and programs. Secondly, the
results of scientific research are also used in the education and support of young scientists
and professionals with social responsibility, which is usually expressed in the creation
of social responsibility of companies, institutions, or public associations in an open civil
society. The common goals are expressed in the intention of the model to maximize the
potential of the innovation ecosystem of the project, bringing together different stakeholders
in the idea and decision-making process to improve and enhance the sustainability and
health of regions and cities according to European Green Deal and Industry 5.0 time, with
the accepted level of project implementation risks and the level of required public funds
(support from global sources, EU, state support), as well as co-financing of projects from
private or corporate sources.

The key result of the paper is a comprehensive approach to evaluating projects to
improve the sustainability and health of regions and cities, within the concepts of the
European Green Deal and Industry 5.0, for practical use by evaluation commissions and
decision-makers at state and local levels private sector. The output is the basis for further
research work on the development of a web analytics tool on this topic. The acquired
knowledge and algorithm can be transferred to the evaluation of projects outside the Euro-
pean Union, and the problem-solving methodology will allow repeating the procedure to
other scientists and experts/evaluators of projects aimed at strengthening the sustainability
and health of regions and cities.

1.1. Literature Review

The Europe Green Agreement and the Industry 5.0 concept are in line with the global
implementation of the 2030 Agenda for Sustainable Development, under the auspices of
the United Nations, which reflects the policies and responsibilities of all stakeholders [2].

The EU’s long-term budget, together with the temporary NextGenerationEU instru-
ment (NGEU, €806.9 billion), dedicated to supporting recovery, is the largest stimulus
package ever funded in Europe [3].
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One third of the €1.8 trillion investment from the NextGenerationEU recovery plan will
go to the European Green Agreement and will also be funded by the EU’s seven-year budget
to ensure zero net greenhouse gas emissions by 2050, resource-independent economic
growth, and no individual or region will be forgotten [4]. Industry 5.0. complements the
existing “Industry 4.0” approach by specifically putting research and innovation at the
service of the transition to a sustainable, human-centric, and resilient European industry [5].

The implementation of the strategic plans will be supported by various grant schemes
for which research and project teams will compete at regional and local level. For example,
the budget for financing EU development goals for Slovakia is provisionally at the level of
more than 18.6 billion. In addition, Slovakia may have another 7.5 billion at its disposal.
EUR for the implementation of the EU Recovery Plan, so the total budget envelope with
co-financing of 2.9 billion. The Euro may be at the level of 29.0 billion Euro [6].

Many OECD (Organization for Economic Co-operation and Development) and EU
Member States have adopted integrated investment strategies and integrated investment
packages as their implementation tool and have put in place mechanisms to coordinate
cross-sectoral public investment. More than two thirds of them have developed an inte-
grated national investment strategy like the draft Agenda SK30 (Slovakia’s Development
Strategy until 2030) and the National Investment Plan of the Slovak Republic. However,
cross-sectoral coordination for investment planning is a major challenge at sub-national
level. The lack of cross-sectoral coordination is one of the six main challenges identified
by EU Member State authorities, with almost 80% saying it was a major challenge [7].
Based on the analysis presented in the EC’s Eighth Cohesion Report, the main changes in
territorial disparities over the last decade and how policies have affected these disparities
are set out [8].

Knowledge for solving problems and ideas for projects entered in the competition can
also be drawn from the scientific works of the authors, whose results show that climate
policy goals can be achieved not only directly but also indirectly by facilitating the imple-
mentation of other Sustainable Development Goals (SDGs), these include SDG9 (innovation
and infrastructure), SDG5 (gender equality), SDG11 (sustainable cities and communities),
and SDG17 (environmental taxation) [9]. Researchers Schwarz et al. [10] recommend
building alliances among community, policy, businesses, and science professionals and
leveraging connections among organizations, individuals, and agencies that are focused
on this agenda, and in adaptive urban planning and design as in Ahern et al. [11]. The
findings of scholars, as in the study of Sarwar et al., have significant practical implications
for policymakers to introduce economic and non-economic reforms simultaneously to
overcome environmental degradation effectively [12]. According to Zang et al., health
shocks caused by air pollution are seriously affecting people’s economic lives [13].

The work of Saniuk et al. provides an insight into the process of globalization and
marginalization of Europe in world production, which prompted the German economy to
implement the concept of Industry 4.0 called the Fourth Industrial Revolution [14]. The
author Gajdzik examines the need for digitalization of processes in companies moving
towards Industry 4.0 [15]. According to Štefko et al., Industry 4.0 and related automation
and digitization significantly impact competition between companies. They must deal with
the lack of financial resources to apply digital solutions in their businesses [16]. In relation
to the Industry 5.0 concept, there is strong scientific interest. For example, the greatest value
of selected scientific work of Madddikunta et al. [17] is that it discusses the perspectives
of smart healthcare, cloud manufacturing, supply chain management, manufacturing,
and various other applications as application development to be developed and run in
Industry 5.0. Xu et al. [18] emphasize the importance and values of the transition from
Industry 4.0 to Industry 5.0. The aim of another scientific study of Sindhwani at al. [19] is
to analyze the factors of Industry 5.0 to achieve sustainability by integrating human values
with technology. Moreover, the following work of Yin et al. [20] examines and proves the
need to create digital green knowledge in the Industry 5.0 concept.
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The empirical results of the studies can contribute to supporting environmental and
economic policies in EU countries in achieving their sustainable development and the
objectives of the European Green Agreement, as well as the sustainability of small and
medium-sized enterprises [21–24]. Ferre-Comala et al. [25] represent the first step in
introducing fuzzy logic into models of economic growth, respectively. In the work of
Valla-Lloser et al. [26] we find data analyzed using multimethod models estimated as mod-
els of structural equations with mean and covariance structure. Vochozka et al. examine
IoT-based systems of things, sustainable Industry 4.0 wireless networks, and digitized
mass production in cyber-physical intelligent production [27]. As innovation enables Small
and Medium-Sized Enterprises (SMEs) to be more competitive with their competitors,
more innovative activities can force SMEs to overcome these challenges [28]. According
to Tobisova et al. investment is a challenging and threatening indicator for businesses not
only in times of depression, such as the current coronavirus pandemic, but also under
normal market conditions. They present the methodology of financial risk assessment and
investment development as an effective tool for corporate sustainability [29]. Optimization
of financial costs to maintain the reliability of systems, assuming the estimated level of
optimization of unexpected costs for the operator, is a crucial parameter [30]. Rehak et al.
draw attention to the critical infrastructure system, which identifies the subsystems neces-
sary for the functioning of the state (such as energy, transport, and emergency services).
These issues are important for the resilience and health of the state and the regions [31].
In the work of Haškova et al. (2021), we find inspiring ideas for using the advantages of
fuzzy logic in project evaluation, when we often encounter uncertainty in connection with
randomness or ambiguity [32]. These tools have also been used innovatively in the field of
safe and sustainable air transport [33] or in the expert evaluation of selected components of
the smart city concept [34].

However, to date, no comprehensive approach to evaluating projects to improve
the resilience and health of regions and cities based on a fuzzy set theory using hybrid
methods has been implemented. In response to all these facts, it was decided to conduct
a topical study to develop a complex hybrid model for evaluating projects to improve
the sustainability and health of regions and cities, within the concepts of the European
Green Deal and Industry 5.0. The hybrid integrated model determines the level of funding
opportunities for the project, considering the target needs of investors and expert opinions
on the possibility of achieving goals to improve the sustainability and health of regions and
cities through the implementation of this project. The hybrid integrated model focuses on
the unbiased evaluation of grant applicants and increases the security of their funding.

The comprehensive model is a complex system of functioning that considers various
factors of influence, such as the importance of the project idea to improve the sustainability
and health of regions and cities; risk-oriented factors of influence that potentially lead to
the success of the project; factors of human influence and the team of project implementers,
their experience, and knowledge in the field of sustainability and health of regions and
cities. It also considers the investor’s goals regarding the need and possibility of financing
projects, as well as expert opinion on the possibility of achieving the goal of improving the
sustainability and health of regions and cities by implementing this project with the support
of investors. In addition, to adequately support the decision-making and processing of
information obtained from experts, the model is based on the modern theory of intellectual
analysis of knowledge, fuzzy set theory, and a systems approach.

1.2. Formal Formulation of the Evaluation Problem

Today, many innovative projects address the challenges of increasing the sustainability
and health of regions and cities. The implementation of such projects allows to reduce the
negative impact of human activities effectively and quickly on the environment, improve
monitoring and improve the health of citizens. It is no secret that start-up (innovative)
projects or grant projects provide faster and better solutions than government projects
that involve complex bureaucratic actions and procedures. In addition, there are many
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problems in an emergency, the solution of which is important and necessary in a critically
short period of time. Proof of this is the work of the municipality/region/state in the
context of the COVID-19 pandemic. For example, the amount of garbage in quarantine has
increased by an average of six times, as well as the big problem of disposing of personal
protective equipment and others.

The resilience of regions and cities is characterized by biodiversity, versatility, multi-
level networks, modularity, and adaptive design [11], as well as not only the concept of
prevention and mitigation of regional and urban disasters (crisis situations) [35]. In this
context, the following definitions are given for our study:

Definition 1. Projects to increase the sustainability and health of regions and cities are projects
based on innovative technologies and aimed at reducing the negative impact of human activities on
the environment and/or improving the health of citizens, within the concepts of the European Green
Deal and Industry 5.0. These are projects that affect sociocultural, political, economic, environmental,
security and health, decision-making processes, policies, and activities aimed at improving health,
lifestyle, equality, and equity of affordable health, services, and tools in regions and cities.

Definition 2. Sustainability of regions (cities) is the ability of regions (cities) to withstand unknown
risks and recover from a disaster.

The resilience of regions and cities is also inherently perceived in connection with
public health issues. Sometimes these projects are also presented as so-called SMART
Region or SMART City projects, investment project packages, etc. Objective and transparent
expert evaluation of projects, especially in the specific area of strengthening the resilience
and health of regions and cities within the European Green Deal and the Industry 5.0
concept, requires experience and complexity in evaluation. There is a need to finance such
projects for their implementation and introduction on the market. Financing innovative
projects is a risky activity. To minimize risks, it is necessary to have adequate decision
support systems for evaluating the projects themselves, the teams implementing the project,
and the risks. Therefore, the model is called hybrid, because, on the one hand, it uses project
data from the project application, which is structured, poorly structured, or unstructured,
and on the other hand combines the experience and knowledge of experts. The obtained
level, which is a complex indicator, increases the degree and guarantees the security of
financing of such projects.

Since the task for the solution is the area of expert evaluation, the following subjects
of management are presented: Experts—persons who analyze and evaluate the project
application; Investors are entities that are willing to finance evaluated projects; Project
analyst is a person who adjusts the whole evaluation process, considering the needs
of investors.

Let the system theoretical-multiple model problem of project evaluation to improve
the sustainability and health of regions and cities, within the concepts of the European
Green Deal and Industry 5.0, be presented as follows:

{P, KP, KR, KT , MP, MR, MT , GP, GR, GT , L, MA|Y( f )}, (1)

where:

• P = (p1; p2; . . . ; pn)—a set of projects submitted to some experts for funding by investors;
• KP—information models of criteria (groups of criteria) to assess the importance of the

project idea to improve the sustainability and health of regions and cities;
• KR—information models of criteria for assessing risk-oriented factors of influence that

will potentially lead to the failure of the project;
• KT—information models of criteria (groups of criteria) for assessing human factors

and the team of project implementers, their experience, and knowledge in the field of
sustainability and health of regions and cities;

473



IJERPH 2022, 19, 8217

• MP—fuzzy project evaluation model to improve the sustainability and health of
regions and cities;

• MR—fuzzy model for assessing the risks of project implementation to improve the
sustainability and health of regions and cities;

• MT—fuzzy model for assessing the competencies of the project implementation team;
• GP—the goal of the importance of the region where the project will be implemented;
• GR—the goal of acceptable risks;
• GT—the goal of the competence of the project implementation subjects;
• L—expert opinions on the possibility of achieving the goal of improving the sustain-

ability and health of regions and cities, by implementing this project with the support
of investors and considering their goals;

• MA—the model of aggregation of output data for deriving the level of decision-making
expediency of project financing.

As a result, the output estimate is obtained f = μY( f (ϕe)) and level Y, which contains
the feasibility of project financing, within the concepts of the European Green Deal and
Industry 5.0, considering the goal needs of investors G and expert opinions L, thereby
increasing funding projects security.

The complex hybrid model of project evaluation is shown in the form of a block
diagram (Figure 1).

Figure 1. Block diagram of the complex hybrid model.

This study is arranged as follows: In Section 2, we describe the formal formulation of
the problem, the hybrid complex model, and the information models for input processing.
In Section 3, we will outline a simulation experiment, perform verification, and test the
developed model on the example of five project evaluation. In Section 4, we discuss the
results of the study and the advantages and disadvantages of the developed hybrid model.
In Section 5, we conclude and present the main results that have been achieved for the
first time. Ideas for future work and improvements are presented in conclusions of paper,
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namely the development of information technology and its support in the form of software
for project evaluation with the specific focus.

2. Materials and Methods

The stages of designing a complex hybrid model will be presented in terms of the
fuzzy mathematical models for obtaining project estimates for different information models,
and the model of aggregation of initial estimates to determine the level of project funding.

MP—fuzzy project evaluation model to increase the sustainability and health of regions
and cities.

This model is based on the opinions of experts in a range of values of project quality
for certain indicators. At the first stage of X evaluation projects, the expert analyzes the
project application based on his own experience and expresses his views according to KP—
information model of criteria (groups of criteria) to assess the importance of the project
idea to improve the sustainability and health of regions and cities. Information indicators
KP =

(
K11, K12, . . . , Kij, . . . , Kckc

)
are divided into several groups C = (C1, C2, . . . , Cc).

Without reducing the generality and visual presentation of the material, we will consider
one project for this model. The calculations are similar for any number of projects.

In practice, experts most often express their opinions not in clear discrete values, but
in intervals, for example: “project evaluation according to a certain criterion should be
close to a certain number”, or “project evaluation according to a certain criterion is likely,
to be within certain limits”, etc. Therefore, it is advisable to estimate x for each criterion in
some range of numbers x ∈ [a0; b0]. The value of the interval is set by the project analyst of
the organization that evaluates projects.

For the study, 7 experts with more than 15 years of experience in project management
were invited to express their opinion on some criterion Kc according to one of the fuzzy
statements RL = {A; B; C; D}, where: A = {project evaluation according to a certain criterion
is in the range from a1 to b1}; B = {project evaluation according to a certain criterion is close
to the number b1}; C = {project evaluation according to a certain criterion is not greater than
the number b1}; D = {project evaluation according to a certain criterion is not less than the
number b1}. Set fuzzy statements are open. If necessary, the project analyst can supplement
or change it.

Next, all fuzzy statements will be described using the model of presentation of fuzzy
knowledge [36], using the functions of belonging criteria.

Fuzzy statement A = {project evaluation according to a certain criterion is in the
range from a1 to b1} consider it as a fuzzy set and describe it using the trapezoidal
membership function:

μA(x) =

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

0, x ≤ a0;
x−a0
a1−a0

, a0 ≤ x < a1;
1, a1 ≤ x < b1;

b0−x
b0−b1

, b1 ≤ x < b0;
0, x ≥ b0.

(2)

Statement B = {project evaluation according to a certain criterion is close to the number
b1}, correctly describe using the triangular membership function:

μB(x) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
0, x ≤ a0;

x−a0
b1−a0

, a0 < x ≤ b1;
b0−x
b0−b1

, b1 < x < b0;
0, x ≥ b0.

(3)
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Next, consider the statement C = {project evaluation according to a certain criterion is
not greater than the number b1}, which is characterized in fuzzy sets by the Z-shaped type
of membership function. Here we offer a Z-line:

μC(x) =

⎧⎪⎨⎪⎩
1, 0 < x ≤ b1;

b0−x
b0−b1

, b1 < x ≤ b0;
0, x > b0.

(4)

Statement D = {project evaluation according to a certain criterion is not less than the
number b1} represents an uncertainty of type S-like membership function, we propose an
S-linear function:

μD(x) =

⎧⎨⎩
0, x ≤ a0;

x−a0
b1−a0

, a0 < x ≤ b1;
1, x > b1.

(5)

Thus, the statements of experts on project indicators will not be discrete values, but
intervals of values, according to the chosen statement RL = {A; B; C; D}.

At the next stage, we will pass from intervals of indistinct estimations of the project ac-
cording to criteria of one group, to one-point estimation within group C = (C1, C2, . . . , Cc).

To do this, let the design analyst set the weights for each evaluation criterion wij,
i = 1, c; j = 1, kc, for example, from the interval [1; 10]. If there is no need to set weights,
then we can take them as equally important. For further calculations, we perform their
rationing within the relevant group:

αij =
wij

∑kc
j=1 wij

, i = 1, c; αij ∈ [0; 1], (6)

where the condition is met ∑kc
j=1 αij = 1.

To fuzzification the data, we will find a weighted sum to determine the aggregate
expert opinion within some group of criteria C = (C1, C2, . . . , Cc):

εi(x) =
kc

∑
j=1

μRL ij(x)·αij, i = 1, c. (7)

Thus, they were obtained for each group C1, C2, . . . , Cc criteria a continuous set of
values ε1(x), ε2(x), . . . , εc(x); ε(x) ∈ [0; 1] on the interval of evaluation points x ∈ [a0; b0].
For the aggregate assessment of the expert opinion xi ∈ [a0; b0] of the corresponding group
of criteria i = 1, c, the maximum value of the membership function of the weighted sum has
been collected max

x
εi(x). Thus, we obtain an aggregated conclusion of the expert’s opinions

on the criteria for each group (x1, x2, . . . , xc) ∈ [a0; b0]. That is, for a group of criteria that
have a common meaning, from the expert opinion, expressed in the range of values, the
aggregate conclusion was reached, which is a numerical value from the range [a0; b0].

In the third stage, the aggregated conclusions of the experts on the groups of criteria
will be combined into a general assessment, which will represent the normalized value of
the level of the project idea to improve the sustainability and health of regions and cities. To
do this, let the project analyst set the weights for each group of criteria C = (C1, C2, . . . , Cc),
wi, i = 1, c, for example, from the interval [1; 10]. If there is no need to set weights for
groups of criteria, then we can take them as equally important. For further calculations we
carry out their rationing:

αi =
wi

∑c
i=1 wi

, i = 1, c; αi ∈ [0; 1]. (8)
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For data defuzzification, we construct an aggregate estimate using the convolution
model. For example, take a weighted average convolution:

mp =
1
b0

c

∑
i=1

xi · αi. (9)

The obtained estimate mp ∈ [0; 1] characterizes the importance of the level of the
project idea to improve the sustainability and health of regions and cities. The higher the
score, the better the project application and good opportunities for its implementation.

Estimates of other projects from the set are calculated similarly P = (p1; p2; . . . ; pn).
Thus, from the linguistically vague conclusions of the expert to the input descriptive

(textual) data obtained from the project application to the quantitative assessment was
transferred. Adequate use of the apparatus of fuzzy sets increases the degree of validity of
future decisions.

MR—fuzzy model for assessing the risks of project implementation to improve the sustainability
and health of regions and cities.

The authors have already developed several fuzzy project risk assessment models for
both investment and innovation projects, but they have not been verified for the evaluation
of sustainability and health projects in regions and cities.

Let the set of projects P = (p1; p2; . . . ; pn), be submitted to some experts for funding
by their investors. Projects will be evaluated according to the proposed information
model of criteria for assessing risk-oriented factors influencing KR, according to the criteria
K̃R =

(
KR1, KR2, . . . , KRkR

)
.

Each risk-oriented impact factor (risk criterion) will be assessed in a hybrid way, namely:

• Conclusions on the level of probability of occurrence of the risk situation described by
the relevant criterion K̃R. We propose to unify such conclusions with the help of one of
the terms of the following term set: T = {t1(low level of risk); t2(below average level of
risk); t3(average level of risk); t4(above average level of risk); t5(high level of risk)};

• Number confidence Δ of the expert’s reasoning from the interval [0; 1], for each
conclusion according to the corresponding criterion K̃R. Assuming the following
content: 0—minimum confidence in their conclusions, and 1, respectively—maximum.

We present a fuzzy model for assessing the risks of project implementation in the form
of an operator:

ε(t; Δ) → mr, (10)

where ε—the operator that corresponds to the initial normalized value of the risks of the
project mr, with input variables t; Δ.

Here are the stages to obtain the initial estimate mr for some project p. In the case of
multiple projects, the evaluation procedure will be repeated for all projects.

At the first stage we will carry out fuzzification of input hybrid data.
Let the term set of linguistic variables T be represented on some numerical interval,

for delimitation of terms [a1; a6], where t1 ∈ [1; 20], T1 ∈ [a1; a2], t2 ∈ (20; 40], T2 ∈ [a2; a3],
T3 ∈ [a3; a4], T3 ∈ [a3; a4]. The presented numerical interval is argued by the fact that the
indicators characterize the level of probability of a risk event. Then it is natural to consider
this level of risk as a percentage. If necessary, the interval partition values can be adjusted
and changed by the project analyst.

To fuzzification the input hybrid data (tu; Δu), u = 1, kR use the model of presentation
of fuzzy knowledge in multidimensional space [4]. We use the cone-like membership
function of belonging of two variables to combine conclusions on the level of probability
of occurrence of a risk situation and the number confidence of the expert’s opinions on
providing his opinion:
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μ(KRu) =

{
1 − εu, i f εu < 1,

0, εu ≥ 1.

Ou =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
100 − 20 · Δu, if the conclusion t1;
100 − 40 · Δu, if the conclusion t2;
100 − 60 · Δu, if the conclusion t3;
100 − 80 · Δu, if the conclusion t4.

100 − 100 · Δu, if the conclusion t5.

Oi =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
a2 · qi, if ti ∈ T1;
a3 · qi, if ti ∈ T2;
a4 · qi, if ti ∈ T3;
a5 · qi, if ti ∈ T4;
a6 · qi, if ti ∈ T5.

εu =

√
(Ou−100)2

1002 + (Δu − 1)2

(11)

Ou, Δu—the value of the u-th criterion u = 1, kR.
The content of the membership function μ(KRu) shows the level of the criterion, is the

greater the value of μ(KRu) the higher the level.
Without reducing the generality, the project analyst can also use other known methods

to aggregate qualitative data. Presentation of input data in the form of linguistic assessment
and the certainty of its assignment allows you to better reveal the views of experts.

In the second stage, the project analyst introduces weighting factors for each risk-
oriented factor of influence (criterion) on the project implementation.

Denote the weights vu, u = 1, kR, from some interval [1; 10]. Otherwise, risk criteria
may be equally important. Because it works in the space of assessments [0; 1], then,
similarly, you need to normalize the weights:

vu =
vu

∑kR
u=1 vu

, u = 1, kR. (12)

In the third stage, we derive an aggregate risk assessment. To do this, build a member-
ship function, as one of the proposed convolutions, depending on the wishes of the project
analyst. Without reducing the generality, for example, take the middle convolution:

mr = ∑kR
u=1 vu · μ(KRu). (13)

The obtained value has the following meaning: the larger the aggregate estimate
mr ∈ [0; 1], the lower the risks of the project.

Thus, from the conclusions on the level of probability of the risk situation and the
number of confidences of the expert’s opinions on this issue, a quantitative assessment has
been made, which increases the degree of validity of future decisions. Estimates of other
projects from the set are calculated similarly P = (p1; p2; . . . ; pn).

The advantages of the model are argued by the fact that based on input; hybrid
data reveals the vagueness of input estimates. Improves the efficiency of obtaining input
assessments using the experience, knowledge, and expertise of experts. The model can
derive a quantitative normalized output value of the risks of the project, which increases
the degree of validity of further management decisions.

MT—fuzzy model for assessing the competencies of the project implementation team.
Here it is proposed to use one of the models already developed by the authors, which

at the output we obtain the normalized value mt ∈ [0; 1], o separately for the set of
projects P, namely: Information model of evaluation and output rating of start-up projects
development teams; Model of evaluation and selection of the expert group members; Model
of evaluation and selection of expert group members for Smart Cities, Green Transportation
and Mobility: from safe times to pandemic times [34].

Thus, normalized estimates of projects were obtained mp(xe), mr(xe), mt(xe), e = 1, n,
according to the proposed fuzzy evaluation models MP, MR, MT .

The peculiarity of the complex hybrid model is that the investor has some goals in
terms of the need and ability to finance projects to improve the sustainability and health of
regions and cities. Such goals are correlated according to the models MP, MR, MT . This is
because in the future we will look for the closest distance between the estimates of models
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and objectives. Therefore, they must have the same meaning. Based on the experience of
the authors in the subject area, the following goals are proposed:

GP—the goal of the importance of the region where the project will be implemented.
Here we propose to use the categorization of regions, according to the Ministry of

Transport and Construction of the Slovak Republic, as follows:

• Category 1—regions of international importance;
• Category 2—regions of national importance (national);
• Category 3—regions of supraregional importance;
• Category 4—regions of predominant importance at the regional level.

Without reducing the generality, the categories of project regions analysts can easily
change according to needs and conditions.

GR—the goal of acceptable risks is the level of risk that an investor can afford by
investing in a project to increase the sustainability and health of regions and cities.

GT—the goal of the competence of the project implementation subjects.
Since the problem of evaluating alternative projects consists of three goals, then the

vectors mp(p) =
{

mp(p1), mp(p2), . . . , mp(pn)
}

, mr(p) = {mr(p1), mr(p2), . . . , mr(p)}
and mt(p) = {mt(p1), mt(p2), . . . , mt(pn)}, we project on the three-dimensional coordinate
system x, y, z respectively. For each project we get the coordinates of the goals GP, GR, GT ,
which we present in the form:

(
mp(p1), mr(p1), mt(p1)

)
,
(
mp(p2), mr(p2), mt(p2)

)
, . . . ,(

mp(pn), mr(pn), mt(pn)
)
.

Furthermore, a three-dimensional vector of investor goals was considered
T∗ = (A1, A2, A3), which considers the wishes of investors regarding the importance of
alternative projects according to the goals GP, GR, GT . The vector of investor goals was
modeled as follows [37].

Let us analyze an object with 3 inputs and one output:

U = (A1, A2, A3), (14)

where U—the vector of the initial estimate (u1, u2, u3), and its components may have values
from the interval [0; 1], and A1, A2, A3 are input linguistic variables.

To evaluate the linguistic variables A1, A2, A3 qualitative terms from such term sets
were used:

A1 = (a11, a12, . . . , a1t), A2 = (a21, a22, . . . , a2t), A3 = (a31, a32, . . . , a3t). (15)

Knowledge of the vector of investors’ goals T = (t1, t2, t3) is obtained from the base of
fuzzy knowledge, consisting of systems of logical expressions—“If—Then, Else”, which
link the values of input variables A1, A2, A3 with one of the possible values U.

IF A1 = a1t and A2 = a2t and A3 = a3t THEN U = (u1, u2, u3) ELSE . . . (16)

Thus, the project analyst sets the linguistic wish of the vector of investors’ goals,
which is translated into the vector of the initial quantitative and normalized assessment
(u1, u2, u3), which is denoted accordingly (u1, u2, u3) = (t1, t2, t3).

The vague knowledge base for project evaluation to improve the sustainability and
health of regions and cities is offered as follows:

IF we have goals:

GP—the goal of the importance of the region where the project will be implemented:
a11 there are 4 categories of the region then u1 = 0.4;
a12 there are 3 categories of the region then u1 = 0.6;
a13 there are 2 categories of the region then u1 = 0.8;
a14 there are 1 category of the region then u1 = 1.

AND GR—the goal of acceptable risks:

a21 high risk then u2 = 0.2;
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a22 average risk then u2 = 0.4;
a23 low risk then u2 = 0.6;
a24 very low risk then u2 = 0.8;
a25 minimal risk then u2 = 1.

AND GT—the goal of the competence of the project implementation subjects:

a31 not interested in competence then u3 = 0.2;
a32 may even be low competencies then u3 = 0.5;
a33 are interested in average competencies then u3 = 0.7;
a34 need the best competencies then u3 = 1.

THEN logical statement can be formulated as follows:
If the investor needs the importance of the region where the project will be imple-

mented A1, the acceptable risk A2 and the competence of the project implementation
subjects A3 then U = (u1, u2, u3).

A project analyst can change quantitative levels, or rules in goals. Therefore, the
knowledge base is open, and the number of goals can be increased if necessary.

For all projects we find the values Ze =
(
zpe, zre, zte

)
, e = 1, n, which characterize the

relative estimates of the proximity of the evaluated projects to the vector of investor goals
for each goal GP, GR, GT , removing the question of different rating scales [37]:

zpe = 1 −
∣∣u1 − mp(pe)

∣∣
max

{
u1 − min

e
mp(pe); max

e
mp(pe)− u1

} , (17)

zre = 1 − |u2 − mr(pe)|
max

{
u2 − min

e
mr(pe); max

e
mr(pe)− u2

} , (18)

zte = 1 − |u3 − mt(pe)|
max

{
u3 − min

e
mt(pe); max

e
mt(pe)− u3

} . (19)

If one project is submitted for evaluation, then the investor does not need to comment
on their own goals and this stage is skipped. To find the vector of values Ze for projects
must be at least two projects.

Furthermore, to aggregate the values of Ze, it is proposed to use modeling of un-
certainties of the form “average value” in three-dimensional space, using the cone-like
membership function in the estimation space [0; 1]. Moreover, the value of the center of the
base of the cone will be a unit vector

(
x0

1; x0
2; x0

3
)
= (1; 1; 1), and the experimentally obtained

scaling by the coordinates of the vector Ze will be (3; 3; 3). Then, the three-dimensional
cone-like membership function will be given by the formula:

ϕe =

{
1 − ϑe, i f ϑe < 1,

0, otherwise.
,

where : ϑe =
1
3 ·
√(

zpe − 1
)2

+ (zre − 1)2 + (zte − 1)2, e = 1, n.
(20)

Thus, the initial estimates ϕe will be obtained from the interval [0; 1] on n projects to
increase the sustainability and health of regions and cities. The vector of investors’ goals
provides the construction of a ranking of alternatives given by the vectors of assessments
and increases the security of choosing alternatives according to the target needs. The initial
assessment is based on the assessment of the importance of the project idea, potential risks
of the project, the competence of development teams, and considers the goals of investors
on the importance of the region where the project will be implemented, risk acceptability,
competence of the project implementation subjects.

Next, let the experts evaluating the projects express their conclusions on the possibility
of achieving the goal of improving the sustainability and health of regions and cities by
implementing this project with the support of investors and considering their goals. For
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this conclusion we introduce the linguistic variable L = {L1; L2; . . . ; L5}, where: L1—high
possibility of project implementation taking into account the goals of investors; L2—the
possibility of project implementation taking into account the goals of investors above
average; L3—average possibility of project implementation taking into account the goals of
investors; L4—low possibility of project implementation taking into account the goals of
investors; L5—very low possibility of project implementation taking into account the goals
of investors.

Next, MA—the model of aggregation of output data is proposed for deriving the level
of decision-making expediency of project financing. A graphical interpretation of the MA
model is presented in Figure 2.

 

Figure 2. Graphic interpretation of the model MA (y—levels of decision-making; L—expert opinion;
ϕe—initial estimates; f (ϕe)—aggregate normalized estimate; δ—degree of decision making).

To interpret the dependence of the initial assessment ϕe and expert opinion L on the
possibility of achieving the goal of improving the sustainability and health of regions and
cities, by implementing this project with the support of investors, we offer the following
membership function:

f (ϕe) =

⎧⎨⎩
0, ϕe < 0;

(ϕe)
k, 0 ≤ ϕe < 1;

1, ϕe ≥ 1.
e = 1, n, (21)

where k is the threshold for the possibility of achieving the project goal with the support
of investors’ goals. The value of this threshold varies depending on the expert opinion L.
This threshold can be obtained by learning from the test data of projects, having a history
of projects, and investigating errors of the first and second kind. Mistakes of the first kind
occur in cases where the project has good performance, receives funding, and the project
does not implement. The second kind of error occurs when the project does not receive
funding but implements it in another way. For example, we experimentally set: k = 2

9 when
we have an expert opinion L1; k = 7

9 when we have an expert opinion L2; k = 4
9 —expert

opinion L3; k = 5
9 —expert opinion L4; k = 3

2 —expert opinion L5.
Thus, we obtained aggregated normalized estimates f (ϕe), e = 1, n from the interval

[0; 1], on project evaluation models, investor goals and expert opinions that evaluate projects.
Levels Y of feasibility of project financing taking into account goals of investors and

conclusions of experts, we will present as follows: y1—very low level of feasibility of project
financing; y2—low level of feasibility of project financing; y3—average level of feasibility of
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project financing; y4—high level of feasibility of project financing; y5—very high level of
feasibility of project financing.

Levels of decision-making Y are correctly considered using triangular membership
functions. This is because they will have intersections of the original values, and this will
expand the ability to make decisions:

μy1( f (ϕe)) =

{
1, f (ϕe) ≤ δ − δ

2 ;
3δ−4 · f (ϕe)

δ , δ − δ
2 < f (ϕe) ≤ δ − δ

4 .
(22)

μy2( f (ϕe)) =

{
4 · f (ϕe)−2δ

δ , δ − δ
2 < f (ϕe) ≤ δ − δ

4 ;
4δ−4 · f (ϕe)

δ , δ − δ
4 < f (ϕe) ≤ δ.

(23)

μy3( f (ϕe)) =

{
4 · f (ϕe)−3δ

δ , δ − δ
4 < f (ϕe) ≤ δ;

5δ−4 · f (ϕe)
δ , δ < f (ϕe) ≤ δ + δ

4 .
(24)

μy4( f (ϕe)) =

{
4 · f (ϕe)−4δ

δ , δ < f (ϕe) ≤ δ + δ
4 ;

6δ−4 · f (ϕe)
δ , δ + δ

4 < f (ϕe) ≤ δ + δ
2 .

(25)

μy5( f (ϕe)) =

{
4 · f (ϕe)−5δ

δ , δ + δ
4 < f (ϕe) ≤ δ + δ

2 ;
1, f (ϕe) ≥ δ + δ

2 .
(26)

Depending on the range in which the value of f (ϕe), falls, one or another membership
function μy is chosen with respect to the degree δ of decision-making. The degree δ belongs
to the interval [0; 1] and is adjusted by the project analyst, and if necessary, it can be
changed. This setting has the advantage that the model is easily adapted for a variety of
grant projects and competitions, from student to multimillion H2020. Since the constructed
membership functions (22)–(26) have intersections, for the evaluated projects pe, e = 1, n
we obtain either one or two levels of decision-making Y and, accordingly, the same number
of reliabilities for them.

As a result of the calculation, we obtain the linguistic significance of the level of
decision-making of the feasibility of financing project Y and its assessment of reliability.
That is, the reliability of the fact that the evaluation of the project belongs to one or another
level. Based on the initial data, investors make decisions on the appropriateness of financing
projects to improve the sustainability and health of regions and cities, considering the goals
of investors G and the conclusions of experts L. If a situation arises where investors are not
satisfied with any of the solutions, it is recommended to re-evaluation with additional data.

3. Results

The project evaluation criteria (proposed by experts) in the individual steps for quanti-
tative evaluation as well as for project risk assessment must correspond to the problems to
which the submitted projects are directed: the resilience and health of regions and cities
within the European Green Deal and the European Industry 5.0 concept. Expert criteria
will allow evaluating the content and the following benefits and impacts of the proposed
projects (alone or in combination).

KP—information models of criteria (groups of criteria) to assess the importance of the
project idea to improve the sustainability and health of regions and cities.

A set of criteria is offered for assessing the importance of the project idea to improve the
sustainability and health of regions, which is divided into five groups C = (C1, C2, . . . , C5).
The evaluation criteria in each group C are presented in the form of a question to justify
the importance of the project idea, where the expert, based on the read project application,
scores from the interval [1; 20] for each criterion according to the proposed fuzzy rules.

Group C1—relevance, innovation, uniqueness of the project:
K11—How does the project relate to the priorities for improving the resilience and

health of the regions, namely:
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• Sociocultural (activities or technologies that contribute to the preservation of cultural
heritage, to the increase of citizens education in the regions or in cities, down extrem-
ism, racism and religious tolerance, support for marginalized groups, gender equality,
equal treatment of men and women at work, in community and in the separation of
labor, and other similar projects);

• Political (project activities to support the development of civil society and active citizen
participation in public affairs, activities supporting citizen co decision in regional and
urban development plans, activities supporting citizen participation in the imple-
mentation of policies at regional and local level, activities supporting and improving
regional and urban management, support for the resilience of society and citizens
against misinformation in the public and digital space, support for corporate social
responsibility and active citizenship programs to meet the objectives of the European
Green Deal and the European Industry 5.0 concept, strengthening the influence of the
third sector, volunteering and cities, and other similar projects);

• Economic (project impact on job creation in the region and cities, improving the
business environment and business development in regions and cities, impact on
local taxes, project investments in regional and urban development—global resources,
regional resources, local resources, private funding sources, development and invest-
ment projects, technologies and procedures reducing energy intensity, operation, and
maintenance of buildings and infrastructure in regions and cities within the public
and private sector, reducing the financial costs of regional and city administration,
support for citizens’ financial literacy programs, and other similar projects);

• Environmental (type, number, and extent of green technologies and applied proce-
dures for green regions and cities, projects for the application of alternative energy
sources, impact on water supply and water pollution in regions/cities on the climate,
impact on soil decontamination, reduction of air pollution sources in regions and
cities, projects with an impact on food safety and food self-sufficiency, projects to
increase companies’ awareness of their impact on the environment, projects to im-
prove the quality of the indoor environment of public and private buildings, and other
similar projects);

• Security (aspects of the project strengthening the resilience of the region and cities for
security periods also in crisis situations, in preparing citizens for crisis situations, in
preparing and improving the quality of human, material, and technical resources for
crisis situations in regions and cities, benefits of business and non-business entities,
civic associations and charities in regions and cities to prepare citizens and society for
crisis situations, and other similar projects);

• Health (climate change also increases the risk of future pandemics and endangers the
quality of life of citizens, therefore we evaluate the benefits and impacts of proposed
projects to improve lifestyle health, equality, and equity of available health services and
facilities in regions and cities, improve infrastructure of health facilities in regions and
cities, or modernization projects to improve their services to citizens, non-investment
projects to improve services to citizens under, and other similar projects).

K12—completeness of definition, originality, and validity of the main ideas, proposals,
sequence of development, which can be meaningful, original, and justified based on world
experience; meaningful, original, and justified based on national experience; reasonable,
but mostly consider the experience of performers; declarative, but not justified.

K13—novelty of expected results, their difference from existing developments, com-
pleteness of disclosure and analysis of analogues and prototypes, namely in the application:
well-defined expected results, revealed their differences from existing world analogues;
novelty of results only at the national level; novelty of project results only at the local level.

K14—the validity of the importance of the project for the applicant organization and
partners, given the main/strategic activities. It considers the previous experience of the
applicant and the partner for the project.

Group C2—goals, objectives, short-term results of the project:
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K21—the application demonstrates the logical principle of the causal link between the
definition of the purpose, objectives, objectives, and results of the project. In the application,
all components are interdependent and subordinate; indicates how the partner is involved
in the implementation of goals and objectives.

K22—the results of the project achievement can be tracked within the project or imme-
diately after its completion, the intermediate and final goals of the achievement are related
to the defined objectives of the project.

K23—the quality of the work plan of the project, which is identical to the application
and estimate without factual differences. The work plan reflects in detail and in a strict
logical sequence all the main stages of project implementation, indicates the activities of
the partner organization, contains all the necessary components such as implementation
stages, results, responsible persons, organizational and economic forms of stage executors.

Group C3—is the target audience of the project:
K31—target groups are clearly defined and correctly described through quantitative

and qualitative indicators. Their needs have been identified in advance, or information on
the existence of these needs that has been properly substantiated, possibly with reference to
research. Target audiences of the project meet the goals, objectives, relevance of the project
is confirmed by the needs and interests of target audiences.

K32—the value of the project to the target audiences is clearly defined, it explains
how the project meets the cultural needs and interests of the target audiences, identifies
stakeholders, and describes how stakeholders will interact with the project or its results;
the uniqueness and innovation of the project is confirmed by the needs and interests of the
target audiences. It indicates how the applicant will work with stakeholders.

K33—the communication plan of the project helps to draw attention to the results of
the project on improving the resilience and health of regions, forming a sense of target
audiences to the importance of sustainability and health, both at local and regional levels.

Group C4—long-term project results:
K41—What long-term results will be achieved through the project implementation?

What will confirm the achievement of the project goal? The applicant aims to achieve the
effect of long-term impact on its target audiences, environment, is the impact that can
be fully realized in three to five years, this impact is adequately described through the
indicators of project results.

K42—the applicant provides measures for public presentation of project results in
accordance with the project objectives and selected target audiences.

K43—further activities are planned to prolong the long-term impact of the project: free
access to project results, free access to project information.

K44—the applicant organization plans to share its experience with other organizations,
plans to establish partnerships with other organizations outside the project to further
develop the idea.

Group C5—quality of the project estimate:
K51—the quality of cost estimates for compliance with the specified project objectives

and investor requirements.
K52—compliance of the budget with the stated objectives of the project. The project

work plan, tasks and specific results are correlated with the estimate, as well as with the
expected results.

K53—cost-effectiveness is that the ratio between costs and expected results is satis-
factory and rational, this one that confirms the efficient and transparent use of funds for
project implementation.

K54—the validity of costs is that all budget items are written in the form of formal
records: price per unit, number of units, number of months, kilometers, number of par-
ticipants, etc., as a result—the formation of prices for a single item of expenditure is
transparent, reasonable. For example, travel expenses, attraction of material and technical
base, administrative and other expenses are motivated by the goals and objectives of the
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project, contribute to their implementation, and do not contradict the requirements and
restrictions of investors.

The above set of criteria is open, and the model does not depend on the number of
groups. Investors can always add their own indicators when considering specific projects
to improve the resilience and health of regions.

KR—information models of criteria for assessing risk-oriented factors of influence that
will potentially lead to the failure of the project.

The issue of assessing risk-oriented factors influencing project implementation is very
complex. Depending on the project, the region, and the stages of project implementation,
different risk indicators need to be adjusted. There are many classification approaches to
risk assessment for both classic and innovative and start-up projects. Here are some criteria
by which the expert can assess the risks that may arise in the implementation of projects to
improve the sustainability and health of regions and cities:

KR1—risks of insufficient consideration of environmental factors of the project, prospects
for its completion and development; KR2—risks of insufficient consideration of factors of
behavior of competitors;

KR3—risks of unforeseen expenses and reduced income;
KR4—risks of project failure due to unforeseen budget changes and changes in funding levels;
KR5—risks associated with innovations declared in the project implementation plans

to increase the sustainability and health of regions and cities;
KR6—risks are related to insufficient awareness of staffing with the scope of the project;
KR7—environmental risks associated with not achieving the goals within the Green

Deal concept;
KR8—marketing risks at different stages of project implementation;
KR9—marketing risks at the stage of presentation of results (sales of work results) of

the project;
KR10—risks of similar competitive projects in the region of project implementation;
KR11—risks associated with securing property rights to innovations, patents.
The above set of criteria is completely open and inexhaustible. For example, if a

thematic project selection competition is held, then project analysts must adapt this set of
criteria to the theme of this competition.

According to KT—information models of criteria (groups of criteria) for assessing
human factors and the team of project implementers, their experience, and knowledge in
the field of sustainability and health of regions and cities, we propose to use information
models already developed by the authors. For example, if the project is submitted by a
team of developers, then you can use the information model of evaluation and rating of the
team of developers of start-up projects [38]. If the project is represented by an organization,
then one of the approaches can be used [37].

The result of the study, the algorithm of the model, was tested on the example of the
evaluation of five submitted projects P = (p1; p2; . . . ; p5) to improve the sustainability and
health of regions and cities, which will be implemented by the Regional Development
Agency of the Transcarpathian Region (Ukraine). For the creation of the model algorithm,
the knowledge and good practice of the authors were used as experts and evaluators of
the 896 projects from the stock of projects of the Partnership Council of the Trnava self-
governing region in Slovakia, submitted under the plan of economic development and
social development for implementation and financing in 2021–2027.

The calculations will be performed based on the developed complex hybrid model
of project evaluation to improve the sustainability and health of regions and cities. To do
this, we will evaluate separately on fuzzy models MP, MR, MT , and MA—the model of
aggregation of output data for deriving the level of decision-making expediency of project
financing. The evaluation was conducted by the authors of the article, who are experts in
various commissions and competitions for the evaluation of grants, scientific, technical,
and start-up projects.
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For example, consider in more detail the evaluation of the project p1, which is a
sociocultural project that was successfully implemented in 2021 in Ukraine—“Showcase of
Zakarpattia” [39], on models MP and MR.

MP—fuzzy project evaluation model to improve the sustainability and health of
regions and cities.

At the first stage of the project p1 we get input data for each evaluation criterion
according to KP—information models of criteria (groups of criteria) to assess the importance
of the project idea to improve the sustainability and health of regions and cities. Suppose
that the expert sets his statements on some interval of numbers x ∈ [1; 20] using one of
the fuzzy statements RL = {A; B; C; D}. For each criterion and group of criteria, the project
analyst determined the weights. Input data and weights are given in Table 1.

Table 1. Input data on expert evaluation according to KP.

Group
Criteria

Name
Criteria

Fuzzy
Statements

Evaluation
Limits x

Weight
Groups

Weight
Criteria

C1

K11 A from 17 to 19

10

10
K12 C not more than 15 9
K13 D not less than 13 9
K14 B close to 18 7

C2

K21 A from 18 to 19
8

7
K22 A from 10 to 19 8
K23 B close to 13 8

C3

K31 D not less than 18
9

9
K32 C not more than 16 8
K33 A from 13 to 19 6

C4

K41 A from 10 to 13

10

9
K42 D not less than 18 7
K43 B close to 15 8
K44 C not more than 17 8

C5

K51 A from 12 to 14

9

10
K52 C not more than 15 9
K53 D not less than 15 8
K54 A from 15 to 20 9

At the next stage, we will move from the intervals of fuzzy project evaluations accord-
ing to the criteria of one group, to one-point evaluation within the group. To do this, first,
based on the input data, using the membership functions of criteria (2)–(5) we construct
graphs of expert opinions. Next, the weights were divided within the corresponding group,
according to Formula (6). The result is presented in the form of a vector: α1= (0.28; 0.26;
0.26; 0.2), α2= (0.35; 0.35; 0.3), α3= (0.39; 0.35; 0.26), α4= (0.28; 0.22; 0.25; 0.25), α5= (0.28; 0.25;
0.22; 0.25). To fuzzification the data, we find the weighted sum by Formula (7). The results
of the calculation, separately for the groups of criteria, will be illustrated on the graphs of
functions that are built using our designed software (Figure 3).

For the aggregate assessment of the expert opinion xi ∈ [1; 20] of the correspond-
ing group of criteria i, we take the maximum value of the membership function of the
weighted sum: max

x
ε1(x) = 0.93 then x1 = 15; max

x
ε2(x) = 0.91 then x2 = 13; max

x
ε3(x) = 0.95

then x3 = 16; max
x

ε4(x) = 0.9 then x4 = 13; max
x

ε5(x) = 0.97 then x5 = 14.

Thus, an aggregate conclusion of the expert’s opinions on the criteria for each group
was obtained.
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Figure 3. The result of the calculation of the project p_1 according to the model MP: (a) the weighted
amount for a group of criteria C1; (b) the weighted amount for a group of criteria C2; (c) the weighted
amount for a group of criteria C3; (d) the weighted amount for a group of criteria C4; (e) the weighted
amount for a group of criteria C5.

In the third stage, the aggregated conclusions of the experts on the groups of cri-
teria will be combined into a general assessment. To do this, calculate the normalized
weights for each group of criteria, according to the Formula (8): α1 = 0.22; α2 = 0.16;
α3 = 0.2; α4 = 0.22; α5 = 0.2. For defuzzification data, we construct an aggregate
estimate using a weighted average convolution according to the Formula (9): mp =
1
20 (15·0.22 + 13·0.16 + 16·0.2 + 13·0.22 + 14·0.2) = 0.71.

MR—fuzzy model for assessing the risks of project implementation to improve the
sustainability and health of regions and cities.

At the first stage of the project p1 we receive input from the expert on each evaluation
criterion, according to the proposed KR—information models of criteria for assessing risk-
oriented factors of influence that will potentially lead to the failure of the project. Input
data and weights according to the criteria determined by the project analyst are given
in Table 2.
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Table 2. Input data on expert evaluation according to KR.

Name
Criteria

Conclusions
Experts

Confidence of the
Expert’s Reasoning

Weight
Criteria

KR1 t1 0.8 10
KR2 t2 0.9 9
KR3 t1 0.7 9
KR4 t1 0.9 7
KR5 t3 0.7 10
KR6 t3 0.7 9
KR7 t1 0.8 10
KR8 t3 0.9 9
KR9 t2 0.9 8
KR10 t2 0.8 8
KR11 t1 0.8 9

In the first stage, we will carry out fuzzification of input hybrid data. To do this, the
values of Ou, εu and μ(xu) were calculated by the Formula (11). In the second stage, we
calculate the normalized weights by Formula (12). The results of the calculation of the first
and second stages are shown in Table 3.

Table 3. Calculation results for the model MR.

Name
Criteria

Value Ou Value εu
Membership

Function μ(KRu)
Normalized Weight

Criteria vu

KR1 84 0.256 0.744 0.102
KR2 64 0.374 0.626 0.092
KR3 86 0.331 0.669 0.092
KR4 82 0.206 0.794 0.071
KR5 58 0.516 0.484 0.102
KR6 58 0.516 0.484 0.092
KR7 84 0.256 0.744 0.102
KR8 46 0.549 0.451 0.092
KR9 64 0.374 0.626 0.082
KR10 68 0.377 0.623 0.082
KR11 84 0.256 0.744 0.092

In the third stage, we derive an aggregate risk assessment according to the Formula (13):
mr = 0.63.

MT—fuzzy model for assessing the competencies of the project implementation team.
The team of project implementers p1, their experience and knowledge in the field of

sustainability and health of regions and cities are proposed to evaluate according to the
Information model of evaluation and output rating of start-up projects development teams
where all data on the calculation procedure are given in [37]. After the expert evaluation,
we received that the teams implementing the p1 project received the following number of
points: mt = 0.74.

Thus, normalized estimates of the project x1 according to fuzzy estimation models
were obtained mp(p1) = 0.71, mr(p1) = 0.63, mt(p1) = 0.74.

Similarly, the other projects are calculated, for which we obtain the following
estimates: mp(p2) = 0.62, mr(p2) = 0.87, mt(p2) = 0.42; mp(p3) = 0.77, mr(p3) = 0.82,
mt(p3) = 0.52; mp(p4) = 0.51, mr(p4) = 0.58, mt(p4) = 0.74; mp(p5) = 0.81, mr(p5) = 0.56,
mt(p5) = 0.36.

Let the investor have his own goals regarding the need and possibility of financing
projects to improve the sustainability and health of regions and cities.

If the investor needs the importance of the region where the project will be imple-
mented A1 = {2 category of the region}, the acceptable risk A2 = {low risk} and the com-
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petence of the project implementation subjects A3 = {interested in average competencies}
then U = (0.8, 0.6, 0.7).

Next, for all projects the values of Ze =
(
zpe, zre, zte

)
, e = 1, 5 were found, which

characterize the relative estimates of the proximity of the evaluated projects to the vector of
investors’ goals, for (17)–(19). For example, for a project p1: zp1 = 1− |0.8−0.71|

max{0.8−0.51;0.81−0.8} =

0.69, zr1 = 1 − |0.6−0.63|
max{0.6−0.56;0.87−0.6} = 0.889, zt1 = 1 − |0.7−0.74|

max{0.7−0.36;0.74−0.7} = 0.882.
Next, to aggregate the values of Ze we use the three-dimensional cone-like membership

function by the Formula (20).
After that, the experts evaluating the projects express their conclusions on the possibil-

ity of achieving the goal of improving the sustainability and health of regions and cities, by
implementing this project with the support of investors and considering their goals.

Next, the dependencies of the initial assessment ϕe and of the expert opinion L on
the possibility of achieving the goal of improving the sustainability and health of regions
and cities, by implementing this project with the support of investor goals according to the
Formula (21) were interpreted.

All the results of calculations and conclusions of experts L are presented in Table 4.

Table 4. Calculation results and expert opinions L.

p1 p2 p3 p4 p5

Evaluation zp relative to the goal GP 0.690 0.379 0.897 0 0.966
Evaluation zr relative to the goal GR 0.889 0 0.185 0.926 0.852
Evaluation zt relative to the goal GT 0.882 0.176 0.471 0.882 0

Output estimates ϕe 0.883 0.521 0.674 0.663 0.663

Expert opinions L L1 L4 L4 L1 L4

Aggregate normalized estimates f (ϕe) 0.969 0.443 0.611 0.903 0.598

Thus, aggregate normalized estimates f (ϕe), e = 1, 5. for project evaluation models,
investor goals, and expert opinions evaluating projects were obtained.

Next, consider MA—the model of aggregation of output data for deriving the level of
decision-making expediency of project financing. To obtain the output estimate f = μY( f (ϕe))
and the decision−making level Y, which contains the content of the feasibility of project
financing, considering the goals of investors G and the conclusions of experts L, we use
triangular membership functions (22)–(26). Let the project analyst determine the degree
δ = 0.6, then we get the following levels for the five evaluated projects:

• p1: decision-making level y5 with output estimate μy5(0.969) = 1;
• p2: decision-making level y1 with output estimate μy1(0.443) = 0.05 or decision-

making level y2 with output estimate μy2(0.443) = 0.95;
• p3: decision-making level y3 with output estimate μy3(0.611) = 0.93 or decision-making

level y4 with output estimate μy4(0.611) = 0.07;
• p4: decision-making level y5 with output estimate μy5(0.903) = 1;
• p5: decision-making level y2 with output estimate μy2(0.598) = 0.01 or decision-making

level y3 with output estimate μy3(0.598) = 0.99.

Based on the output data, investors decide on the feasibility of financing projects
to improve the sustainability and health of regions and cities, within the concepts of the
European Green Deal and Industry 5.0, considering the goals of investors G and expert
opinions L.

As shown, two projects p1 and p4 received y5—a very high level of feasibility of
financing the project with a reliability of 1. Project p1 has already been successfully funded
and implemented, in line with the objectives of the European Green Deal. The knowledge
gained because of the p1 project became a model of succession and was also the basis for
the presentation of subsequent innovative projects for other regions.
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4. Discussion

The paper presents a comprehensive hybrid model for evaluating projects to improve
the sustainability and health of regions and cities, within the concepts of the European
Green Deal and Industry 5.0. To this end, the following have been developed: information
models of input data for the evaluation of projects to improve the sustainability and health
of regions and cities; fuzzy project evaluation model; fuzzy model for assessing the risks
of project implementation; model of aggregation of output data for deriving the level of
decision-making expediency of project financing.

The complex hybrid model can adequately determine the level of feasibility of project
financing, considering the goals of investors and expert opinions on the possibility of
achieving goals to improve the sustainability and health of regions and cities through the
project. The study is based on the apparatus of fuzzy sets based on estimation intervals,
showing the corridor of values of forecast parameters. This allows for increasing the degree
of validity of decisions, as it considers all possible development scenarios, depicting a
continuous spectrum. For the processing of expert information and fuzzy input data,
intelligent analysis of knowledge is also used based on the membership functions to
the evaluation criteria, one, and many variables, considering any type of input data.
Intellectual analysis of knowledge allows revealing the subjectivity of experts and to obtain
a quantitative assessment of an informal applied problem. The models developed in the
work reveal the vagueness of the incoming expert opinions and increase the degree of
validity of further decisions by investors on the choice of project for its financing. The
value of the model is that it allows obtaining a comprehensive quantitative assessment
of the project based on descriptive input (text) data obtained from the project application.
For the expert, the evaluation procedure remains classic and well-known, he examines the
project application, then on several issues expresses his views on the importance of the
idea and quality of the project. After that, the data are processed by appropriate fuzzy and
hybrid models, revealing the subjectivity of experts, and adjusting the parameters of the
models and the target needs of investors to prevent the subjective influence of participants
in the evaluation process on the result. At the end of the model, is the output quantitative
assessment and linguistic significance of the level of decision-making expediency of project
financing with the assessment of reliability.

The advantages of a complex hybrid model for evaluating projects to increase the
sustainability and health of regions and cities, within the concept of the European Green
Deal and Industry 5.0, stem from the advantages of the developed models. The hybrid
model is based on various information models of input data, adapted to evaluate projects
to improve the sustainability and health of regions and cities, and fuzzy models to assess
various aspects of the presented projects, from the idea, and implementation risks to the
contractors. The set of criteria is open, the model does not depend on their number, and
project analysts can always adapt the set of criteria to highly specialized project topics.
The model considers the investor’s goals regarding the need and possibility of financing
projects, namely: the purpose of the importance of the region where the project will be
implemented, the purpose of acceptable risks, and the purpose of competence of project
participants. The developed fuzzy knowledge base for evaluating projects to improve
the resilience and health of regions and cities can be easily adapted to different goals of
investors. The quality of the final decision is improved by involving an expert opinion on
the possibility of achieving the goal of improving the sustainability and health of regions
and cities, by implementing this project with the support of investors, and by considering
their goals. The hybrid model determines the level of expediency of project financing, and
there is a possibility, depending on the need, to change the degree of decisions. Models
reveal the vagueness of input estimates, increase the degree of validity of future decisions,
and focus on the impartial evaluation of projects, which in turn increases the security of
their financing.

The key result of the presented paper is a comprehensive approach to the evaluation of
projects to improve the sustainability and health of regions and cities, within the European
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Green Deal and Industry 5.0 concepts, for practical use by evaluation commissions and
decision-makers at national and local level, or private sector levels. The final algorithm
of the hybrid model and its verification of applicability for the evaluation of projects in
the selected area of interest of the grant provider confirmed the validity of hypothesis
H1 and also confirmed the validity of hypothesis H2. In the context of the European
Green Deal goal to reduce the net greenhouse gas emissions to zero by 2050, the novelty
of Simionescu et al.’s paper [16] is related to the effective proposal of measures to improve
quality of governance to achieve this goal in the Central and Eastern European countries
(represented by Bulgaria, Czech Republic, Estonia, Hungary, Latvia, Lithuania, Poland,
Romania, Slovak Republic, and Slovenia). The resulting hybrid model is a practical tool
to support the implementation of state policy in the framework of objective, the transpar-
ent and anti-corruption policy at the regional level in the expert evaluation of projects to
strengthen the resilience and health of regions and cities. The study by Fidlerová et al. [22]
provides evidence of the perception of the business world from six countries (Finland,
Slovakia, Italy, Austria, Spain, and Turkey) of their intention to identify business opportu-
nities through sustainable development goals in different countries and sectors through
strategy and practice. The created hybrid model enables the evaluation of such a po-
tential of the innovative ecosystem of companies in business opportunities within the
framework of strengthening the resilience and health of regions and cities. Multi-criteria
analysis of Chovancova et al. [24] has thrown a spotlight on the Achilles heel of the EU
country’s disregard which might cause serious problems in the future for ensuring uni-
versal access to modern energy services, improving energy efficiency, and increasing the
share of renewable energy. The created hybrid model based on fuzzy expert evaluation of
projects allows obtaining high ratings in innovative proposals for strengthening regional
resilience in the field of energy security and diversity of resources and solutions, with
minimal negative impacts on public health and the environment. A survey by a team of
authors Maddikunta et al. [17] on supporting technologies and potential applications in
Industry 5.0 provides a discussion of smart healthcare, cloud manufacturing, supply chain
management and manufacturing, some supporting technologies for Industry 5.0, such as
edge computing, digital twins, collaborative robots, the Internet of all things, blockchain
and 6G networks and beyond. The created hybrid model based on fuzzy expert evaluation
of projects allows obtaining high ratings in innovative proposals for strengthening the
health of regions and cities, developing health infrastructure and improving the quality
of health services provided using artificial intelligence for prevention, individual health
counseling and evidence-based medicine support. In a study by Xu et al. [18] Industry 4.0
is considered to be a technology-based industry, while Industry 5.0 is a value-based indus-
try. The coexistence of two industrial revolutions raises questions and therefore requires
discussion and clarification. The resulting hybrid model is a practical tool to support
decision-making processes in the expert evaluation of projects to strengthen the resilience
and health of regions and cities, appreciating solutions to human and technological aspects
of transfer to the Industry 5.0 concept and the potential to manage them. The study by
Sindhwani et al. [19] notes that the Industry 5.0 revolution is a challenge to put the ideas of
sustainability into practice, to integrate human values with technology and is considered
a step forward in achieving the goals of sustainable development. This study therefore
proposes a framework for analyzing the factors that enable Industry 5.0 to achieve sustain-
ability integration of human values with technology. The study inspires the creators of the
hybrid model with the main focus criteria in Industry 5.0, which support resilience and soci-
etal value creation, and a new framework that combines the four steps needed to solve any
Multi-Criteria Decision-Making problem: selection, weight, ranking, and verification. The
created hybrid model based on fuzzy expert evaluation of projects allows obtaining high
ratings in proposals to strengthen the resilience and health of regions and cities, which is an
innovative way to address the integration of human values with advanced technologies.

The disadvantages (limitations) of this model include the use of different types of
membership functions, namely: for fuzzy RL statements, to combine conclusions about the
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level of probability of risk situation and the number of confidences of the expert’s opinions
on providing their opinion, to aggregate Ze, o interpret the dependence estimates ϕe and
expert opinion L. The choice of the type of membership functions and the use of different
types of convolutions can lead to ambiguity in the results.

The rationality of the obtained assessment of the level of expediency of project financ-
ing proves the advantages of the developed model. The reliability of the obtained results
is ensured by the reasonable use of the apparatus of fuzzy sets, intellectual analysis of
knowledge, and systematic approach, which is also confirmed by the results of the research.

5. Conclusions

To develop a complex hybrid model for evaluating projects to strengthen the resilience
and health of regions and cities, the authors used their experience with a team of researchers
and members, respectively: chairman of the working groups for transport and health infras-
tructure within the activities and plans for economic development and social development
of the selected regions. Findings from the stack of project intentions, 896 projects in the field
of transport, influenced the creation of an algorithm for solving the problem. Seven invited
experts with more than 15 years of experience in project management helped determine the
evaluation criteria. The algorithm of the expert model was verified using five real projects.
The gained experience enables the transfer of knowledge and the methodology of solving
the problem has the potential for repetition by other researchers, resp. project evaluators in
practice. The new contributions and new understanding in the field based on the research
of the topic are as follows:

• For the first time developed information models of input data for evaluation of projects
to improve the sustainability and health of regions and cities. The set of criteria is
open, and the model does not depend on their number. Project analysts can always
adapt many criteria to highly specialized project topics;

• The model uses an adequate apparatus of fuzzy sets and allows obtaining a quantita-
tive assessment of the project based on input descriptive (textual) data obtained from
the project application, which increases the degree of validity of future decisions;

• The model reveals the vagueness of input estimates and can derive a quantitative
normalized initial value of the risks of the project, which increases the degree of
validity of further management decisions;

• The model determines the level of feasibility of project financing, considering the target
needs of investors and expert opinions on the possibility of achieving goals to improve
the sustainability and health of regions and cities through the implementation of this
project. The hybrid complex model focuses on the impartial evaluation of projects and
increases the security of their financing;

• The model is easily adapted for different size grant projects and competitions;
• The results demonstrate the applied value of the methodology for assessing the level

of decision-making, the feasibility of project financing in conditions of uncertainty,
and the importance of making sound management decisions based on expert opinions
and unclear conditions.

The created hybrid model has the potential for implementation in the following key
areas. The model can be used to support the decision-making processes of evaluation com-
missions at the level of public administration and self-government and entities authorized
to implement regional policy and local self-government with the support of specialized,
targeted projects, resp. programs. Second, the model can be used in the environment of
small and medium enterprises, respectively, in the non-commercial sphere. Third, the
results of scientific research can also be used to educate and support young scientists and
professionals with social responsibility, which is usually reflected in the creation of social
responsibility of companies, institutions or public associations in an open civil society.

The following research will focus on the development of information technologies for
the evaluation of projects to improve the sustainability and health of regions and cities,
within the concepts of the European Green Deal and Industry 5.0. The integration of human
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values with advanced technologies remains a major challenge. Information technologies
will be based on the created hybrid model and software for project evaluation. Information
technology, the hybrid model and software will together support decision-making on
the security of grant funding. The developed model and its software support will be a
useful tool for project analysts in preventing inefficient project financing and supporting
the European Green Deal and Industry 5.0 concepts. Addressing this issue is also of
great importance for countries applying for membership of the European Union, such
as Ukraine. A state devastated by the war will have to rebuild society and the economy,
while transparency of processes and independent expert evaluation of projects remain a
constant challenge.
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Abstract: In the face of the health challenges caused by the COVID-19 pandemic, healing and
therapeutic design (HTD) as interventions can help with improving people’s health. It is considered
to have great potential to promote health in the forms of art, architecture, landscape, space, and
environment. However, there are insufficient design approaches to address the challenges during
the HTD process. An increased number of studies have shown that emerging information modeling
(IM) such as building information modeling (BIM), landscape information modeling (LIM), and
city information modeling (CIM) coupled with blockchain (BC) functionalities have the potential to
enhance designers’ HTD by considering important design elements, namely design variables, design
knowledge, and design decision. It can also address challenges during the design process, such as
design changes, conflicts in design requirements, the lack of design evaluation tools and frameworks,
and incomplete design information. Therefore, this paper aims to develop a conceptual BC enhanced
IM for HTD (BC-HTD) framework that addresses the challenges in the HTD and promotes health and
well-being. The structure of BC-HTD framework is twofold: (1) a conceptual high-level framework
comprising three levels: user; system; and information, (2) a conceptual low-level framework of
detailed content at the system level, which has been constructed using a mixed quantitative and
qualitative method of literature analysis, and validated via a pre-interview questionnaire survey and
follow-up interviews with industry experts and academics. This paper analyzes the process of BC
enhanced HTD and the knowledge management of HTD to aid design decisions in managing design
information. This paper is the first attempt to apply the advantages of BC enabled IM to enhance the
HTD process. The results of this study can foster and propel new research pathways and knowledge
on the value of design in the form of non-fungible token (NFT) based on the extended advantages of
BC in the field of design, which can fully mobilize the healing and therapeutic behaviors of designers
and the advantage potential of HTD to promote health, and realize the vision of Health Metaverse in
the context of sustainable development.

Keywords: healing and therapeutic design; blockchain; building information modeling (BIM);
landscape information modeling (LIM); city information modeling (CIM); art therapy; mental health;
sustainable development; non-fungible token (NFT); Health Metaverse

1. Introduction

The coronavirus disease 2019 (COVID-19) has triggered a global mental health cri-
sis [1]. Recent studies reported that several population groups, such as children [2], the
elderly [3], caregivers [4], and medical staff [5], have suffered various mental health issues,
including mood disorder, depression, anxiety, and stress. In the face of the impact of the
COVID-19 epidemic, the World Health Organization has put forward a series of recommen-
dations for epidemic prevention, such as home isolation, social distancing, and wearing
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masks [6]. However, prolonged isolation measures have had significant psychological
consequences [7]. Amerio et al. point out that the built environment of housing can affect
people’s mental health when staying home for a long period [8]. Moreover, environmental
factors such as landscape quality and planting in the home space also affect people’s mental
health [9]. Therefore, it is critical to devise measures to deal with the health threat brought
by the COVID-19 to various groups.

Facing the health challenges posed by the COVID-19 pandemic, applications of healing
and therapeutic design (HTD) in the field of art, architecture, landscape, space, and environ-
ment to overcome health barriers through the enhancement of aesthetics in design process
have shown a positive effect on promoting health [10]. Moreover, the process of HTD based
on information modeling (IM) can make better use of design information, strengthen design
communication, and promote healing behavior [11]. In addition, faced with the problem
of data privacy of patients under the COVID-19, blockchain (BC) has the advantage of
protecting data privacy in the field of health care [12]. However, although HTD can help
with improving people’s health, there are design challenges in the whole process of HTD,
such as changes and conflicts in design requirements [13], and incomplete consideration of
design features [14,15]. Furthermore, BC and IM pay little attention to the application of
HTD aiming at promoting health and addressing the challenges of HTD more generally.
Therefore, this paper aims to explore the potential positive effects of integrating both HTD
and the BC enhanced IM, and develop a conceptual BC enhanced IM for HTD (BC-HTD)
framework that provides application value in the context of the COVID-19 pandemic.

2. Healing and Therapeutic Design (HTD) Potential for Addressing Health Problems
of COVID-19

A variety of non-drug treatments, art, and design have shown a positive role in
promoting mental health [16]. Art therapy is a non-verbal therapeutic approach [17] that
promotes health by expressing and communicating [18] through psychotherapy [19] and
artistic creative processes [20], such as drama [21], music [22], and painting [23]. Art therapy
has been considered a valuable way of expression, and art shows great hope in the future
of sustainable development [24]. Recent research on the COVID-19 pandemic reports that
art therapy supports the psychosocial needs of children and young adults [25]; prevents
depressive symptoms [26]; relieves anxiety in hospitalized patients [27]; and promotes
people’s physical, mental, and social health [28].

In the field of design, HTD refers to the use of design as an intervention to positively im-
pact people’s physical and psychological well-being, prevent diseases, and improve health [29],
reduce stress and anxiety, and improve patient satisfaction [30]. Healing and therapeutic
architecture can help with exploring emotional and spiritual issues [31] and promoting mental
health [16]. Healing and therapeutic landscape has been associated with improving individ-
uals’ mental and physical health [32] and accelerating the recovery process of patients [33].
Healing and therapeutic space contributes to the well-being of patients [34] and relieves
stress in an improved overall environment [35]. Additionally, it was argued that healing and
therapeutic environment based on psychological stress theory and psychological development
theory is a non-invasive method to reduce stress [36], which improves people’s quality of
life, sense of freedom, anxiety level, sleep pattern, and weight loss [37]. Hence, considering
the impact of the COVID-19 pandemic, using art, architecture, landscape, space, and the
environment as a HTD medium can promote well-being and healthy lifestyles for all ages [38],
and build inclusive, safe, resilient, and sustainable buildings [39] in line with the United
Nations Sustainable Development Goals (SDGs), namely SDG 3 (Good Health and Well-Being)
and SDG 11 (Sustainable Cities and Communities).

3. HTD and Blockchain (BC) Enhanced Information Modeling (IM)

With the advent of the digital age, the application of intelligent IM, such as BC, building
information modeling (BIM), landscape information modeling (LIM), and city information
modeling (CIM), to promote sustainable development has shown potential to promote
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health in different fields. BC is a decentralized trading and data management technology,
which allows digital information to be distributed without copying or modifying [40,41].
A tracking system established for the COVID-19 pandemic can be further augmented
using artificial intelligence and BC technologies [42]. The application of BC for health data,
health information technology, and health care related studies promote the development
of precision medicine [43] and improve health care services through shared distributed
health data views [44]. Moreover, the application of BIM has embodied a new paradigm of
environmental sustainability in the design concept of ‘healthy buildings’ [45]. BIM in health
monitoring of building structures [46] eventually facilitates the health and well-being of
building occupants [47]. With the rapid development of BIM, many studies explored the
adaptability of IM in the field of landscape, and proposed the concept of LIM related to the
discipline of landscape architecture [48]. Landscape design improves many climate and
health issues [49]. It uses LIM for visualization [50] to help create sustainable cities with
using fewer resources to mitigate environmental impacts [51]. Furthermore, applying the
principles of BIM at a city level to build a CIM can serve as an analyzing and planning tool
for future sustainable cities [52]. When implementing sustainability concepts in cities, CIM
is used to improve public services and life quality for their citizens [53].

The integration of BC and BIM in information management during the life cycle of
buildings brings two main benefits: (1) the transition process from BIM to BC will be easier
and more efficient; and (2) data security can also be ensured during the construction phase
of real estate [54]. Moreover, BIM enhanced by BC improves the security of information
system across the whole life cycle of a building [55–57]. BC also has the potential to solve
problems and challenges in the integration of LIM and CIM. BC, BIM, LIM, and CIM are
complementary, and their integration can overcome their own defects and produce more
advantages. Thus, the IM of BIM, LIM, and CIM driven by BC enhance the sustainable
development in architecture, landscape, and city, which could be used as auxiliary tools to
promote the attention to health problems, and improve the sustainability of architecture,
landscape, and city design throughout the whole life cycle of design via applications of
digital health.

In the face of the impact of the COVID-19 epidemic, it is necessary to think about
how to effectively respond to the reality of global public health emergencies through
design. While COVID-19 has created health challenges, it has also brought unprecedented
opportunities for innovation [58]. With the development of science and technology, digital
technology has stimulated the potential of design innovation, changed traditional design
approaches [59], and enhanced the healing and therapeutic effect of art [60]. The HTD
medias, such as art, architecture, landscape, space, and environment, and the BC enhanced
IM shows great potential in promoting health. In general, art therapy and HTD not only
improve health, but also have potential association to achieve sustainable development.
Liu et al. (2021) argue that the application of HTD in the fields of architecture, landscape,
space, and environment facilitates the achievement of the SDGs, and lays the foundation
for the integration of BC and IM in the design process to drive the promotion of HTD as a
healthy and well-being enabler [10].

4. Method

This paper adopts a mixed quantitative and qualitative method of literature analysis to
develop the conceptual BC-HTD framework, which was validated via a pre-interview ques-
tionnaire survey and follow-up interviews with industry experts and academics. Using the
quantitative bibliometric method, i.e., the Network Visualization of keyword co-occurrence
generated by VOSviewer version 1.6.15, which has been developed by Nees Jan van Eck
and Ludo Waltman at Leiden University’s Centre for Science and Technology Studies
(CWTS) in the Netherlands, can reflect the relationship between different keywords, the
frequency of occurrence, and different clusters [61,62]. Therefore, this paper conducts quan-
titative analysis based on the visual keyword co-occurrence network graph via VOSviewer
software, which firstly analyzes keywords connections between BC, HTD, art therapy, and
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COVID-19, and then discusses the keywords connections between BC, BIM, and design.
In qualitative literature content analysis, this paper analyzes the Double Diamond model
of the British Design Council [63] as the classic design process of HTD. As among the
various human-centered design thinking models, the Double Diamond model [64] has
been regarded as one of the most efficient and persuasive design thinking process models
since it was proposed by the UK Design Council in 2005 [65], which facilitates with discov-
ering problems and finding solutions through the ‘vergence’ and ‘convergence’ thinking
in the four design stages, i.e., Discover, Define, Develop, and Deliver [66]. Based on the
design process of the Double Diamond model, the conceptual BC-HTD framework has
been developed to address challenges during the HTD process one by one in the four
design stages, which has been further validated by industry experts and academics at
the “2021 China Society of Industrial and Applied Mathematics Blockchain Technology
and Application Summit Forum” (CSIAM-BTAF 2021) [67]. The validation was conducted
with five participants through pre-interview questionnaire survey and follow-up inter-
views. The participants are asked to use a score of 1–4 (1 = strongly disagree, 2 = disagree,
3 = agree, 4 = strongly agree) to assess the structural clarity of the conceptual framework,
the appropriateness of the content, and the clarity of the process, which are used as the
evaluation criteria to verify the conceptual BC-HTD framework based on the average score
of all the participants.

As shown in Figure 1, the method flow chart in this paper is divided into four parts:
(1) using quantitative bibliometrics analysis via VOSviewer software to analyze the key-
word co-occurrence relationship between BC, HTD, art therapy, and COVID-19; and
BC, BIM, and design to determine the relationship between HTD and BC enhanced IM;
(2) based on the results of quantitative bibliometric analysis, selecting relevant articles for
qualitative analysis of specific content, and laying a theoretical foundation that underpins
the conceptual BC-HTD framework in the field of digital health; (3) constructing the con-
ceptual BC-HTD framework based on the quantitative and qualitative analysis; and (4)
validating the conceptual BC-HTD framework.

Figure 1. The flow chart of the research methodology.
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5. Results

5.1. Quantitative Analysis Results

It can be seen from Figure 2 that the themes centered on HTD are mainly related
to ‘healing environment’, ‘therapeutic landscapes’, ‘healing garden’, ‘built environment’,
and ‘architecture’; and the themes centered on BC are mainly related to ‘architecture’,
‘information’, ‘management’, ‘framework’, and ‘smart contract’. In Figure 3, the themes
on BC are associated with ‘smart contract’, ‘big data’, ‘internet’, ‘architecture’, and ‘sus-
tainable design’; and the themes centered on BIM are mainly related to ‘building design’,
‘architecture’, ‘big data’, ‘internet’, and ‘environment’. Interestingly, both Figures 2 and 3
uncover that ‘architecture’ has been utilized as a bridge between HTD and BC; BC and BIM,
respectively. This echoes the potential connection between HTD and BC enhanced IM, and
also indicates the possibility of the integration of BC integrating and BIM, LIM, and CIM to
solve the challenges in the HTD process.

 

Figure 2. The relationship between healing and therapeutic design (HTD) and blockchain (BC) via
VOSviewer software (generated by authors).
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Figure 3. The relationship between BC, building information modeling, and design via VOSviewer
software (generated by authors).

5.2. Qualitative Analysis Results

Based on the quantitative analysis results of visual keywords by the VOSviewer
software, the following studies are selected for qualitative analysis of specific content. First,
the important design elements of HTD and the challenges in the design process are analyzed
from the design point of view. Then, the advantages of BC and IM are summarized from
the design perspective.

5.2.1. The Important Design Elements and Challenges of HTD

The HTD studies are mainly associated with the healing and therapeutic architec-
ture [31,68,69], spaces [70–72], environment [36,73,74], and healing and therapeutic land-
scape design based on gardens [33,75,76]. In addition, HTD studies are focused on dementia
patients to improve their environments and their quality of life [77,78]. Based on the appli-
cation field of HTD, the healing and therapeutic architectural design is largely associated
with BIM; and the healing and therapeutic landscape design corresponds to LIM. Further-
more, the design fields of comprehensive healing and therapeutic architecture, landscape,
space, and environment indicate a strong link with CIM. BC has also been linked to LIM
and CIM, to enhance HTD.
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The HTD emphasizes important design elements in the presentation of architecture,
landscape, space, and environment in promoting health via two means:

(1) Understanding and differentiating between different design variables. The change of
design variables and the action mechanism of health impact can facilitate the individ-
ual and collective reflection of design variables in the overall design suggestions [68];

(2) Design decision-making process based on different forms of knowledge of stakehold-
ers. Transforming the implicit knowledge of stakeholders into explicit knowledge
in the design-driven process of healing and therapeutic architecture enhances com-
munication among stakeholders, and avoids arbitrary decision-making to facilitate
the design of healing and therapeutic architecture [79]. Additionally, healing and
therapeutic designers need to make correct design decisions based on evaluations
from the stakeholders, such as architects, patients, and healthcare providers [80]. Fur-
thermore, the stakeholders’ judgments and decisions on the design of the healing and
therapeutic built environment must be based on reliable evidence and knowledge [81].

Although HTD can promote human health through the medium of art, architecture,
landscape, space, and environment, it also faces the following five challenges in the design
process, such as hospital design:

(i) The changes and conflicts in design requirements. For example, due to the lack of
consensus between hospital space design and nursing mode, it is easy to have con-
flicting design needs with nursing mode when designing the healing and therapeutic
landscape of the hospital. It takes a long time to plan the design of the hospital from
the perspective of architectural environment, which is difficult to flexibly respond to
the changing needs over time [13].

(ii) Inconsistent design research framework and methodology. Although there are many
studies on the healing and therapeutic environment with diverse methodologies, there
is a lack of a unified research framework, which makes further research difficult [82].

(iii) Incomplete consideration of design features. The interrelationships between various
design features are easily overlooked when there is HTD for the built and physical
environments in which people with dementia live [14]. In addition, there are many
issues related to aging that are not adequately addressed in the HTD for the environ-
ment in which people with dementia live, and environmental factors have not been
considered comprehensively when intervening in the environment [15].

(iv) Lack of design evaluation tools and frameworks. Facing the dynamic needs of res-
idents for the new generation of buildings, there is a lack of more comprehensive
and informed tools to evaluate the effectiveness of the design and use of healing and
therapeutic buildings, as well as a framework to clarify people-centered issues [83].

(v) Incomplete collection of design data. When there is HTD through art in the medical
environment that are characterized by a diversity of intervention measures and results,
the data collection is not comprehensive, data results are difficult to synthesize, and
the evaluation of design results becomes difficult [16]. In addition, it is difficult to
determine in the field of medical care whether the healing and therapeutic physical
and social environment design results effectively improve the quality of life of pa-
tients, which reflects that the data on the impact of design on treatment results are
inconclusive [34,84].

In order to further explore the challenges of HTD across all the design stages, this
paper maps the five challenges during the HTD process one by one in the four design
stages of Discover, Define, Develop, and Deliver in the Double Diamond model, as shown
in Figure 4. In the Stages of Discover and Define, HTD is faced with the challenges of
changes and conflicts in design requirements, and inconsistent design research frameworks
and methodologies. In the Stage of Develop, HTD faces the challenge of incomplete
consideration of design features. In the Stage of Deliver, HTD is challenged by the lack
of tools and frameworks for design evaluation. Furthermore, HTD faces the challenge of
incomplete collection of design data across all the design stages.
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Figure 4. The mapping of the five challenges in the HTD process to the Double Diamond model
design thinking (generated by authors).

5.2.2. The Advantages of BC

The BC technology, with its features of disintermediation, immutability, and trust,
has become one of the most promising and potentially transformative technologies in
many industries, which contributes to the SDGs of the United Nations and produces ex-
tensive changes in some established industries and practices [85]. BC has key properties
of transparency, security, and traceability [55,86–88]. In addition, decentralization is the
most prominent and essential feature of BC technology [89]. In a data-driven world, BC
technology potentially brings benefits to individuals and organizations that lack informa-
tion infrastructure or have no access to reliable integrated data [90]. Furthermore, using
BC technology as a reliable and secure decentralized information system can potentially
improve the sustainability of building assets by providing transparent and comprehensive
information to all stakeholders at different life cycle stages of an asset [91]. To designers,
BC technology advances the collaborative design process in a novel way of working [92].

In the fields of art and healthcare, BC technology embodies the advantages of promot-
ing the art economy, protecting intellectual property (IP) rights, and enabling data sharing.
First, since BC technology brings efficiency and transparency, and adds value to products
and services in different fields, the art world has begun to utilize BC technology to promote
the art economy [93]. Moreover, the development of BC technology and smart contracts
provides artists with a form of digital copyright management and creates a new tradable
digital asset; such a trend means that IP operates differently in digital culture [94]. In the
field of health care, when the health care system needs to be patient-centered to connect
different systems and improve the accuracy of electronic medical records, BC technology
provides a stable framework for health care data with the functions of data sharing, health
record management, and access control [95]. In terms of information sharing, BC tech-
nology solves the problem of information sharing in the supply chain composed of the
stakeholders, and the information sharing supported by BC can add value to strengthen
the collaborative work of different types of supply chains, such as health and medical
treatment, construction, and smart city [96].

In the field of information technology, BC is a shared data or information database
that is unfalsifiable, untraceable, open and transparent, and collectively maintained [97].
Therefore, the adoption of BC technology can make the development of communities
and enterprises more transparent, efficient and scalable, which accelerates the model of
sustainable development [98]. In addition, BC technology, as an immutable digital record
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tool, allows different people and organizations to collaborate and create shared value,
which solves increasingly complex problems in global value chains in pursuit of sustain-
able development [99,100]. Facing the three-tier new value system of value production,
value recording, and value realization [101], BC provides democratized information access
opportunities for the stakeholders through a new form of value delivery architecture [102].
Furthermore, BC has the following contributions in creating public value and promot-
ing sustainable development: (1) building an authorization environment; (2) helping the
design process to produce innovative solutions; (3) improving operation capacity; and
(4) legalizing the final results [103]. In general, there are a number of advantages of BC
technology, such as decentralization, openness, transparency, collective maintenance, and
efficient sharing of databases, which lay the groundwork for facilitating the HTD process.

5.2.3. The Advantages of Building Information Modeling (BIM), Landscape Information
Modeling (LIM), and City Information Modeling (CIM)

In architectural design, BIM is a digital technology that uses a three-dimensional (3D)
model to establish a set of project databases, which aid to achieve the SDGs of the project’s entire
life cycle through the retrieval and application of information [104]. Based on the sustainable
and transparent BIM collaborative work environment, the information of components can be
copied and verified in the environment, so that all the participants communicate in time across
the whole life cycle of the construction project, and every participant conducts scientific analysis
and makes corresponding decisions through the design information shared by different design
professionals [105]. Designers use BIM for visual design that intuitively helps with understand-
ing the space of key parts and arranging corresponding parts reasonably, so as to make better
use of limited space and effectively improve design efficiency and quality [106]. Moreover, the
use of innovative BIM technology facilitates with realizing end-to-end communication, data
exchange and information sharing among collaborators, and improving the cooperation among
stakeholders [107]. The application of BIM in architectural design has the potential to improve
the quality of information for key design decisions, and the visual technology provided by
BIM helps designers to predict changes in the construction industry [108]. Furthermore, the
BIM automatically associates with updating the design information in the healing building
to avoid manual insertion that takes a lot of time [109]. As such, the BIM can be used as a
shared knowledge resource of equipment information to ensure the integrity and accuracy of
information and data exchange in the design process [110].

In addition, the rapid development of BIM technology provides a mature foundation
for the development of LIM that is related to the design of landscape architecture, which
expands the application objects of BIM. The difference between LIM and BIM is that the LIM
has the core elements of terrain, vegetation, water, and the environment [111]. Based on
accessible data stored in LIM for design creation, realization and management phases, landscape
designers can be enhanced in decision-making and presentation of design outcomes, where
reliable exchange of information increases efficiency, reduces errors, and minimizes the risk of
corrections [112]. In addition, the visual design process provided by LIM improves participation
and cognitive response of the stakeholders [113]. Furthermore, the use of LIM technology brings
obvious benefits to the design process: (1) standardizing the knowledge of landscape design;
(2) supporting the design information of different participants; and (3) improving information
exchange between landscape, architecture, and urban design [114].

Furthermore, with the rapid development of BIM technology in cities, CIM is also
flourishing in city research. The CIM is a technology based on BIM, geographic infor-
mation system, and internet of things, which can realize the co-growth of digital cities
and physical cities, and is also a necessary way to realize smart cities [115]. Integrating
geographic information system and BIM systems to create CIM optimizes the management
and monitoring of urban maintenance works and makes more efficient use of the allocated
economic resources [116]. Moreover, the CIM is a digital 3D model of a city, which includes
different types of information data [117]. The application of CIM technology helps to
improve information management processes and control, and understand data in differ-
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ent domains [118]. Using CIM to build a visual 3D dynamic maintenance management
platform brings the benefits of less intervention, high efficiency, and high precision in the
new concept of ‘Community intelligent modeling’ [119]. By connecting BIM and CIM,
users can be provided with an interactive and rich 3D city model environment in which
data can be accessed, analyzed, and shared anytime and anywhere [120]. Furthermore, the
CIM is an emerging research field [121], which adds value to urban space construction and
its management [122]. Hence, the latest progress of BIM research plays a key role in the
application of CIM [123].

In general, since the CIM includes the information of natural landscape, architecture,
and infrastructure [124], BIM technology is the basis of LIM technology, and the LIM is the
bridge between BIM and CIM, which integrates the design between city and architecture.
The advantages of BIM, LIM, and CIM mainly include: (1) strengthening the communi-
cation and coordination of design work; (2) visualizing 3D design model of architecture,
landscape, and city; (3) verifying the design results with the simulation of 3D model;
(4) sharing common 3D models and coordination information; and (5) standardizing the
design knowledge of architecture, landscape, and the city.

6. The Development of Conceptual BC Enhanced IM for HTD (BC-HTD) Framework

6.1. The Process of HTD Enhanced by BC

As shown in Figure 5, the exchange of information within the context of sustainable
development between stakeholders during HTD will be linked through IM driven by BC,
which assists to understand and differentiate between different design variables. In terms
of information flow, BC integrates data for health information management, as well as
data and tools for visualizing 3D models provided by BIM, LIM, and CIM. Subsequently,
the corresponding design data and tools driven by BC are obtained in the four design
stages of Discover, Define, Develop, and Deliver within the Double Diamond design
process. Additionally, the information in the design process is fed back to the design
information management system via the BC technology—thus forming an interlocking
and progressive relationship, and constantly enriching the data content of the design
information management process. Finally, the management of HTD information for SDGs
3 and 11 to promote health and well-being and sustainable living can be realized.

 

Figure 5. The process of HTD enhanced by BC (generated by authors).
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6.2. The Knowledge Management for HTD Driven by BC

In the process of BC-driven HTD, the knowledge management of the HTD, such as
design information and health information, can inform the knowledge utilization process
between the environment, organizations, and individuals from the inflow and outflow of
knowledge, as shown in Figure 6. In the whole process of knowledge flow, the IM enhanced
by BC is used to record and store the value of the HTD knowledge in art, architecture,
landscape, space, and environment, which forms a set of available knowledge systems
to achieve relevant indicators of sustainable development, and improves the generation
and utilization of knowledge life cycle across the whole knowledge management stages.
In addition, the IM driven by BC is used to transform tacit knowledge achievements of
stakeholders into explicit knowledge to solve the accumulation, security, inheritance, repe-
tition, sharing, and management problems of the HTD knowledge. Hence, the knowledge
management of HTD through innovation driven digital transformation enables design
decision-makers to carry out the decision-making process based on various forms of
knowledge of stakeholders, which aids in realizing sustainable development in terms of
knowledge flow.

Figure 6. The knowledge management of HTD driven by BC (generated by authors).

6.3. The Potential Role of BC Enhanced IM in Addressing HTD Challenges

The potential roles of BC to enhance IM in line with the five identified challenges of
HTD are:

(1) Responding flexibly to changes and conflicts in design requirements. Based on the
advantages of BC in Section 5.2.2, the traceability database network of BC is used to
summarize common information in healthcare, such as hospital design, and collab-
orative information for stakeholders in different time periods, which increases the
consensus of design research and reflects the changing needs of users over time. For
example, Wan et al. find that BC uses trusted ledgers to identify and understand
information communicated between different stakeholders to achieve information
consensus [96]. In addition, based on the advantages of BIM, LIM, and CIM in
Section 5.2.3, the IM can gather the existing knowledge and information in art, ar-
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chitecture, landscape, and other related fields, strengthen the communication and
coordination among stakeholders, and promote the collaborative design process.

(2) Unified design research framework and methodology. The results in Sections 5.2.2
and 5.2.3 indicate that the traceable information database of BC enhanced IM facil-
itates with reviewing the past HTD cases, in which the most commonly used and
most effective research methodology can be understood by sharing the common
architectural, landscape, and city information.

(3) Fully considering the design characteristics. The BC enhanced IM directly transmits
and uses design information collaboratively, and fully considers the interrelationship
between various design features of the virtual built environment and physical envi-
ronment. The IM presents the virtual 3D model to communicate design concepts and
improve the quality of HTD. For instance, Lee et al. point out that digital manufactur-
ing based on BIM provides instant design information and increases work efficiency,
which avoids the problem of incomplete consideration of design characteristics caused
by traditional paper documents [106].

(4) Improving design evaluation tools. The 3D models presented by the IM are used
to simulate and verify the design results, and plan and analyze the elements of
sustainable city development. Based on dynamic needs, the IM is facilitated to
comprehensively and objectively evaluate the effectiveness of the design and the
use of healing and therapeutic buildings, and clarify the human-centered problem
framework. Furthermore, the consensus mechanism of the BC aids with design
evaluation results. For example, Dantas et al. suggest that BIM and CIM can help city
managers make assessments and decisions with simple and accurate data [53].

(5) Comprehensive collection of design data. BIM, LIM, and CIM enhanced by BC can
bring seven main benefits to data collection: (a) BC provides transparent and compre-
hensive information to all the stakeholders at different stages of the HTD life cycle
to improve design sustainability. For instance, Shojaei et al. show that BC stores and
disseminates data information in different stages of asset construction, such as collec-
tion, verification, and extraction, which assists with achieving asset sustainability [91].
(b) BC establishes an open, transparent, collective maintenance, comprehensive and
efficient design sharing information and database. (c) Design information for past,
present, and future traceability is established through the traceability database net-
work of BC. (d) The IM enables end-to-end communication, data exchange, and
information sharing among stakeholders. (e) In the 3D models provided by the IM,
accessing, analyzing, and sharing the data anytime and anywhere standardize the
design knowledge and strengthen the information exchange.

Figure 7 illustrates the potential role of data and tools provided by BC enhanced
IM in stakeholders and design process. From the user’s point of view, BC enhanced IM
facilitates the communication between the stakeholders during the HTD and gathers the
dynamic needs of users through the traceability database network. From the perspective of
design, the IM enhanced by BC establishes document data flow within the HTD process
based on the domains of art, architecture, landscape, space, and environment, and uses
design information and design tools throughout the four design stages of Discover, Define,
Develop, and Deliver of the Double Diamond design thinking to solve the design challenges
in the HTD process. As such, building design information management and collaborative
data with BC enhanced IM for HTD strengthen the connection of HTD stakeholders and
digitally drive the design process.
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Figure 7. The potential roles of BC enhanced information modeling (IM) in addressing HTD chal-
lenges (generated by authors).

6.4. The Conceptual BC-HTD Framework for Sustainable Development

The development of the conceptual BC-HTD framework is based on the findings of
the quantitative and qualitative analysis and the important design elements of HTD and
associated challenges, as shown in Figure 8. The rationale of the conceptual BC-HTD
framework is to use the BC enhanced IM, as tools to drive the design process during
the HTD, and assist the flow of design knowledge and decision-making. The conceptual
BC-HTD framework consists of a strategic high-level framework and a detailed low-
level framework. The red coded numbers represent the important process actions of BC
enhanced IM at different stages to identify the potential roles of the BC integrated IM
(BC + BIM/LIM/CIM) in the whole life cycle of HTD, highlight the importance of design
elements, and address HTD challenges.

6.4.1. High-Level BC-HTD Framework

Based on the relationship between the important design elements, HTD challenges,
and the advantages of the BC enhanced IM, the conceptual high-level BC-HTD framework
encompasses three levels comprising user, system, and information, as shown in Figure 9.

In the user level, BC + BIM/LIM/CIM consolidates the relationship between stakehold-
ers of HTD; emphasizes information exchange, communication and coordination among
stakeholders; and stores data of users’ dynamic needs. At the system level, the advantages
of BC, such as openness, transparency, collective maintenance, comprehensive and efficient
sharing of database, and traceability, address HTD challenges across the four stages of
Discover, Define, Develop, and Deliver of the Double Diamond design process model.
Additionally, the advantages of communication, collaboration, coordination, and visual
3D model of the IM assist the whole HTD process based on the fields of art, architecture,
landscape, space, and environment. In the information level, BC + BIM/LIM/CIM enable
the interaction between the user and the system to be transmitted to the design information
level and interacting within the level. Moreover, the process totally contributes the HTD
information to facilitate with achieving sustainable development via research framework,
design requirements, design characteristics, evaluation framework, and design data. As
such, design driving and design decision-making process are carried out based on the
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HTD information. In addition, the distributed network of BC + BIM/LIM/CIM expands
the application of sustainable HTD information in different fields, such as art therapy,
healthcare, architectural design, and landscape design, in which the BC + BIM/LIM/CIM
is used as sustainable technology to promote sustainable development aimed at promoting
health and well-being.

6.4.2. Low-Level BC-HTD Framework

A conceptual low-level BC-HTD framework is shown in Figure 10. At the system
level of the HTD, the advantages of the BC enhanced IM (B-1) highlighted in the design
processes of HTD. In particular, the B-2 at system level reflects the databases/documents of
HTD, art therapy, architectural/landscape/city design, health records, and medical care
integrated before the design process of the Double Diamond model of HTD. These data at
B-3 related to HTD summarize the research consensus in various fields, unify the research
framework and methodology, and comprehensively collect the data over time. In addition,
the B-4 at a system level promotes the potential role of data and tools in realizing the
sustainability throughout the four design stages of Discover, Define, Develop, and Define
with an intelligent application scenario based on the BC + BIM/LIM/CIM. Through the
flow and use of data, the B-5 at the system level is to judge whether the outcomes of HTD
promote health by unifying data on design outcomes, a human-centered framework, and
comprehensive and objective assessment tools. If the outcome of the HTD promotes health,
the design information and collaborative data used will be managed in the BC enhanced
IM at B-6. If the results of the HTD do not promote health, the relevant data of the HTD
will be reintegrated and returned to the Double Diamond design process of the HTD.

 

Figure 8. The conceptual BC-HTD framework design and development flow chart (generated by authors).
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Figure 9. High-level BC-HTD framework (generated by authors).
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Figure 10. Low-level BC-HTD framework (generated by authors).
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7. Validation and Update of the Conceptual BC-HTD Framework

The conceptual BC-HTD framework for digital health, as illustrated in Figures 8 and 9,
was accepted and invited to present [125], and validated by industry experts and academics
at the CSIAM-BTAF 2021 [67]. All the participants involved in the validation agreed that the
conceptual BC-HTD framework is clear, as shown in Table 1. In addition, the participants
put forward their views to BC driven HTD based on the conceptual high-level and low-level
BC-HTD frameworks, and pointed out that BC has a great potential in fully considering the
important design elements of HTD and solving the challenges in the process of the HTD.
Furthermore, the participants made some helpful suggestions that are taken into account
to improve and enhance the content of the conceptual BC-HTD framework, which are:

(1) In the part of stakeholders, the BC can be used for multi-party trust connection, such
as interconnection, mutual trust, and alliance chain.

(2) The approach of establishing incentives based on the BC encourages the stakeholders
to fully contribute their own data.

(3) For the challenge of HTD, since the BC technology may not be able to work between
multiple stakeholders for pure design behavior, the BC technology must have business
collaboration, commercial behavior, and transaction behavior to cooperate.

(4) The pure function of the BC can be applied to the protection of IP rights. For example,
the design draft and phased achievements of the designers can be recorded via the BC,
which can be confirmed uniquely with digital assets on the BC technology to ensure
non-infringement and measure the designer’s value by transaction behavior.

(5) The advantages of the BC, i.e., traceability, consensus mechanism, and smart contract,
can help address the challenges of incomplete data collection during the HTD process.

(6) Building a real-time design knowledge base with BC enhanced IM is helpful to design
decision-making.

Table 1. Mean value of clarity and appropriateness of the conceptual high-level and low-level
BC-HTD framework (responses of industry experts and academics).

Evaluation Criteria High-Level Low-Level

Clarity of the structure 3.70 3.50
Appropriateness of content 3.15 3.00

Clarity of flow 3.40 3.20

Furthermore, in line with the suggestions of the participants, the conceptual BC-
HTD framework was updated on the user layer in the high-level BC-HTD framework,
as shown in Figure 11, where the A1 was added in “The alliance chain of stakeholders
establishes business collaboration/transaction behavior”, and A5 has been refined as
“Digital assetization of data information pure IP rights and measure the value of design”.
In addition, A2 was updated as “Stakeholders enhance communication and coordination in
interconnection and mutual trust”, and the A3 is rewording as “Reward mechanism driven
collaboration and information sharing”. Furthermore, the participants’ suggestions have
been added to the user layer of the BC-HTD framework to establish business collaboration
and transaction behaviors with stakeholder alliance chains, which ensure interconnection
and mutual trust, encourage the stakeholders to contribute HTD data based on a reward
mechanism, and quantify the design value of IP for digital assetization.

511



IJERPH 2022, 19, 8218

 

Figure 11. Updated high-level BC-HTD framework (generated by authors).

512



IJERPH 2022, 19, 8218

8. Discussion

8.1. Quantifying the Value of Design with BC Enhanced IM in HTD

The results in Section 5.2.2 indicate that the BC can assist to digitize IP and record
value contributions in the process of information sharing. As such, BC has potential ad-
vantages in measuring the value of design. In the field of design, the value of designers
cannot always simply be gauged from design works. This is because value is generated not
only from suppliers (designers), but also from the experience services used by different
participants and users throughout the whole design process [126]. Moreover, the concept
of value in project management has changed from ‘value management’ to ‘understand-
ing how the stakeholders evaluate the value of different things [127]. Therefore, when
the value of designers cannot be measured by design works, the BC represents a huge
advantage. Based on the decentralization, transparency, and security characteristics of
BC, the BC is a good value management method, where the BC encapsulates qualitatively
different data and improves management efficiency, effectiveness, and performance of
participants [128]. For enterprises, the real value of the enterprise can be assessed using the
automatic decision-making value system of the BC [129]. Furthermore, the BC serves as a
record that effectively determines the value of participants’ contributions and functions
as a true sharing economy [130]. As healing and therapeutic gardens play a key role in
reducing the emotional impact of hospitalization in the field of health care, future research
should quantify and monetize the therapeutic benefits of HTD [131].

The BC tracks the contribution of network participants to measure the value brought
with adequately fine granularity [132] and protect the corresponding IP rights based on the
BC consensus mechanism contributed by participants [133]. Additionally, the IP value of
each designer is recorded, managed, quantified, transmitted, and protected in the consensus
mechanism of BC technology, which can stimulate the original motivation of designers,
disseminate knowledge and drive the design behavior, as shown in Figure 12. In the HTD
stages of Discover, Define, Develop, and Deliver, the decentralized fine-grained provenance
tracking and consensus mechanism of BC are used to distinguish the attribution objects of
data, realize the traceability of data, and convert the design documents into digital assets,
which can record, manage, transmit, and quantify the IP value of designers. Thence, the
future research could use BC to distinguish the ownership of data in different design stages
and digitalize design information.

8.2. BC-Based Non-Fungible Token to Quantify the Value of Art Therapy

Moreover, the results of the quantitative analysis presented in Section 5.1 suggest that
there is a certain connection between art therapy and BC, with architecture as a bridge.
When using the artistic medium for HTD, the outcome of artworks, such as paintings and
music, can represent their value to HTD. In the field of art, BC can facilitate solving the
problem of transparency of artworks, and the use of new forms of non-fungible token
(NFT) in the BC, which secures the rights of art works, allows precise control of copyright
and ownership, and highlights new technologies addressing IP issues in digital art [134].
With analyzing the keyword co-occurrence relationship between art therapy and NFT in
the context of COVID-19 in the Web of Science core collection database via VOSviewer,
it can be seen that the COVID-19 is a bridge between art therapy and NFT, as shown in
Figure 13, which indicates a potential association in measuring the value of art therapy in
the way of NFT. When quantifying the value of an artwork, NFT can bring greater certainty
to issues of ownership and authenticity of artwork [135]. In the application of digital assets,
NFT has gained obvious public attention by recording the ownership of digital assets
such as images, music, videos, and virtual works through smart contracts of the BC [136].
Based on the unique properties of BC’s distributed and immutable records, NFT creates a
record of the source of digital artworks in the BC and operate the copyright management
of artworks [137]. Additionally, each uniquely identifiable entity can be mapped to the
NFT’s transfer by tying each entity to the BC [138]. Therefore, future research could use the
approach of NFT in the BC to quantify the value of art-mediated healing and therapeutics,
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and drive the healing and therapeutic behavior of art therapists in the form of digital assets
to promote people’s health and well-being.

Furthermore, BC presents a great potential in the tokenization of digital assets [139]. BC
technology creates a trusted environment based on the essence of transparency, and makes
information publicly used in the whole network in a trusted environment, which can maintain
the integrity and invariance of data, promote stakeholders in different chains to jointly create
value, ensure the availability of information, and provide a coordination mechanism [140].
Therefore, quantifying the value of design with BC enhanced IM drives HTD behavior and
promotes achievement of SDGs. Interestingly, since new digital technologies contribute to the
concept of the Metaverse in which resources connect the virtual digital world to the physical
world [141], the properties of BC in the sharing economy creates sustainable business models
in the Metaverse [142]. The future development trend of Health Metaverse is prospected in
the way of quantifying the design value of BC enhanced IM including BIM, LIM, and CIM,
and NFT management of digital art assets, which has certain social significance to achieve
sustainable development from the field of digital health.

Figure 12. Quantifying the value of design with BC enhanced IM in HTD (generated by authors).
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Figure 13. The relationship between art therapy and non-fungible tokens in the context of COVID-19
(generated by authors).

9. Conclusions

At present, the HTD, which promotes health to achieve sustainable development,
faces design-related challenges in the fields of art, architecture, landscape, space, and the
environment. The development of emerging IM, such as BIM, LIM, and CIM, is enhanced
by BC to promote sustainable development, bringing immediate advantages in solving the
challenges of HTD in the field of digital health. Therefore, this paper is the first attempt to
apply the advantages of BC to IM with a view to enhancing the HTD process in line with
the Double Diamond model of the British Design Council, considering important elements
and challenges in the design process. From a research perspective, in the aftermath of the
COVID-19 epidemic, this study investigates the application of integration of BC with BIM,
LIM, and CIM in HTD, which is aimed at promoting health and well-being heading to the
sustainable development. In terms of research content, this paper proposes a BC-driven
HTD process and a management process of design knowledge. Moreover, the conceptual
BC-HTD framework driven by BC + BIM/LIM/CIM has a high-level framework of three
levels, i.e., user, system, and information, and a low-level framework of detailed content at
the system level, which has been constructed using a mixed quantitative and qualitative
method of literature analysis, and validated and updated via pre-interview questionnaire
and follow-up interviews with industry experts and academics. This paper analyzes the
process of BC enhanced HTD and the knowledge management of HTD to aid design
decisions in managing design information. The potential of BC to quantify the HTD value
is constantly being tapped. The results of this study can help future research to quantify
the value of design in the form of NFT based on the extended advantages of BC in the field
of design, which can fully mobilize the advantage potential of HTD to promote health, and
realize the vision of Health Metaverse in future digital health. In addition, the form of NFT
based on the BC facilitates mobilizing the healing and therapeutic behaviors of designers in
the use of the advantage potential of HTD to promote health in achieving the SDG 3 (Good
Health and Well-Being) and SDG 11 (Sustainable Cities and Communities). However, the
quantitative analysis based on VOSviewer software in this paper focuses on the WOS core
collection database. The conceptual BC-HTD framework is validated by industry experts
and academics. As such, the follow-up research could conduct quantitative analysis of
multiple databases, such as Scopus and ScienceDirect, and explore a practice approach
for BC enhanced IM for HTD to promote health in the context of COVID-19 based on the
conceptual BC-HTD framework.
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95. Hölbl, M.; Kompara, M.; Kamišalić, A.; Nemec Zlatolas, L. A Systematic Review of the Use of Blockchain in Healthcare. Symmetry
2018, 10, 470. [CrossRef]

96. Wan, P.K.; Huang, L.; Holtskog, H. Blockchain-Enabled Information Sharing Within a Supply Chain: A Systematic Literature
Review. IEEE Access 2020, 8, 49645–49656. [CrossRef]

97. Wang, P.; Qiao, S. Emerging Applications of Blockchain Technology on a Virtual Platform for English Teaching and Learning.
Wirel. Commun. Mob. Comput. 2020, 2020, 6623466. [CrossRef]

98. Mora, H.; Morales-Morales, M.R.; Pujol-López, F.A.; Mollá-Sirvent, R. Social cryptocurrencies as model for enhancing sustainable
development. Kybernetes 2021, 50, 2883–2916. [CrossRef]

99. Nikolakis, W.; John, L.; Krishnan, H. How Blockchain Can Shape Sustainable Global Value Chains: An Evidence, Verifiability, and
Enforceability (EVE) Framework. Sustainability 2018, 10, 3926. [CrossRef]

100. Tseng, C.-T.; Shang, S. Exploring the Sustainability of the Intermediary Role in Blockchain. Sustainability 2021, 13, 1936. [CrossRef]
101. Pazaitis, A.; De Filippi, P.; Kostakis, V. Blockchain and value systems in the sharing economy: The illustrative case of Backfeed.

Technol. Forecast. Soc. Chang. 2017, 125, 105–115. [CrossRef]

519



IJERPH 2022, 19, 8218

102. Chong, A.Y.L.; Lim, E.T.K.; Hua, X.; Zheng, S.; Tan, C.-W. Business on Chain: A Comparative Case Study of Five Blockchain-
Inspired Business Models. J. Assoc. Inf. Syst. 2019, 20, 1308–1337. [CrossRef]

103. Tavares, E.C.; Meirelles, F.D.S.; Tavares, E.C.; Cunha, M.A.; Schunk, L.M. Blockchain in the Amazon: Creating public value and
promoting sustainability. Inf. Technol. Dev. 2021, 27, 579–598. [CrossRef]

104. Liu, Z.; Osmani, M.; Demian, P.; Baldwin, A. A BIM-aided construction waste minimisation framework. Autom. Constr. 2015, 59,
1–23. [CrossRef]

105. Sun, H.; Fan, M.; Sharma, A. Design and implementation of construction prediction and management platform based on building
information modelling and three-dimensional simulation technology in Industry 4.0. IET Collab. Intell. Manuf. 2021, 3, 224–232.
[CrossRef]

106. Lee, J.-S.; Kwon, N.; Ham, N.-H.; Kim, J.-J.; Ahn, Y.-H. BIM-Based Digital Fabrication Process for a Free-Form Building Project in
South Korea. Adv. Civ. Eng. 2019, 2019, 4163625. [CrossRef]

107. Lokshina, I.V.; Greguš, M.; Thomas, W.L. Application of integrated building information modeling, IoT and blockchain technolo-
gies in system design of a smart building. In Procedia Computer Science; Shakshuki, E., Yasar, A., Malik, H., Eds.; Elsevier Science
BV: Amsterdam, The Netherlands, 2019; Volume 160, pp. 497–502.
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Abstract: Understanding the impacts of air pollution on public health and individual behavior is
crucial for optimal environmental policy design. Using 2015 census microdata in China, this paper
examined the causal effect of air pollution on working place choice. The research design relies on a
regression discontinuity design based on China’s Huai River Policy. The discontinuity in air pollution
caused by the Huai River Policy provides a natural experiment to estimate the impact of air pollution.
The results show that air pollution significantly increases the possibility of individuals working near
home. The positive effect of air pollution on working near home is more significant for women,
the elderly, urban individuals and those individuals working in secondary and tertiary industries.
This study improves our understanding of the health effects and avoidance behavior associated
with environmental hazards, discusses the negative impact of air pollution on labor mobility and
mismatch by making individuals work nearby, and emphasizes that strengthening air pollution
control should be a long-term policy.

Keywords: air pollution; workplace; avoidance behavior; public health; regression discontinuity
design; China

1. Introduction

Air pollution is considered as a major issue for the community in China. In recent
years, the problem of air pollution caused by China’s rapid, extensive, and low-quality
economic development has attracted great attention from the government and society.
According to the 2019 China Ecological Environment Status Bulletin, a total of 218 days of
severe and serious pollution have occurred in 337 prefecture-level and above cities across
the country, of which the number of days of haze with PM2.5 as the primary pollutant
accounted for 78.8%. In 2019, the World Health Organization (WHO) has announced
ten major threats to human health, among which air pollution ranks first. Epidemiological
studies show that inhaling polluted air will lead to pathological changes in the lung and
respiratory system, chronic damage to organs such as the heart and brain, resulting in
cancer, stroke, heart and brain diseases [1].

Theoretically, there has been a growing body of economic literature on the impact
of air pollution on human capital, including physical health [2–4], mental health [5,6],
cognitive performance [7,8], and productivity [9–11]. Chen et al. [2] and Ebenstein et al. [12]
provided the first quasi-experimental evidence of the impacts of sustained exposure to air
pollution focused on China. They examined the impact of sustained pollution exposure
on life expectancy, based on China’s central winter heating system, and found that the
winter heating policy raised PM10 levels by 46 percent in the region north of the Huai River
between 2004 and 2012, causing a reduction in life expectancy of 3.4 years. Chang et al. [11]
studied workers in the service sector, where jobs may be more cognitively demanding than
those in the manufacturing sector. Using daily performance data for workers in two call
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centers in China, the authors estimated that a 10-unit increase in the Air Pollution Index
(API) decreases the number of daily calls handled by a worker by 0.35 percent. These
studies have reached the consensus that there exist negative effects of air pollution on
human capital and productivity.

Facing high levels of pollution, individuals can take preventive measures to reduce
exposure and mitigate the impact, such as defensive spending (e.g., face masks and air
purifiers) [13,14] and migration [15,16]. Using sales indices for face masks and air purifiers
from China’s largest ecommerce platform, Taobao, Sun et al. [13] showed that people buy
more face masks and air purifiers when ambient pollution levels exceed key alert thresholds.
However, risk-compensating and avoidance behaviors in mitigation and adaptation are
not adequately considered due to data limitations and identification problems. Increasing
defense spending is not the only, nor is it a major preventive measure [17]. Due to the
household registration system and high housing prices, it is difficult to migrate to cleaner
cities in China [17]. Therefore, it is of theoretical and practical significance to explore how
to avoid the impact of air pollution when air pollution is difficult to be controlled in the
short term.

On the other hand, workplace choice is not only an important individual behavior, but
also an important economic concept in labor economics. Choosing where to live and work
will affect the welfare of individuals [18,19]. Whether the labor force can freely choose
the place of work not only affects labor mobility, but also has an important impact on
economic development [20]. Existing studies have studied the determinants of workplace
choice from various aspects, such as income, education, and preference [21–23]. Using data
of 833 knowledge-workers in high-technology and financial services, Frenkel et al. [23]
investigated the residential location and workplace choice of knowledge-workers at the
intra-metropolitan level by applying discrete choice models. They found that the most
important factors are municipal socioeconomic level, housing affordability, and commut-
ing time, while substantial secondary factors are cultural and educational land-use and
culture-oriented lifestyle. However, there is little literature on the relationship between
environment and workplace choice. Especially, when the environmental quality is deterio-
rating, workplace selection may become a way to avoid pollution risks. To reduce exposure,
does air pollution affect people’s workplace choice? We provide an answer to this question
in the context of China.

This paper examined the causal effect of air pollution on working place choice. The
data link the 2015 census microdata at the individual level with air pollution at the county
level. We estimated the effect of air pollution on working near home using a regression
discontinuity design (RD) based on China’s Huai River Policy [2,12,14]. The policy dictates
that areas to the north of the Huai River receive free or highly subsidized coal for indoor
heating. This has led to the construction of a coal-powered centralized heating infrastruc-
ture only in cities north of the Huai River, with no equivalent system in cities to the south.
The central heating system generates considerable air pollutants during coal combustion.
The Huai River Policy provides a compelling natural experiment to estimate the causal
effects of air pollution on working near home.

We obtained several findings. First, there is strong evidence that the air quality is
deteriorating north of the Huai River. On average, the Huai River Policy increases PM10
concentrations in the north by 13.2 percent. Second, we found that the Huai River Policy
has a large and statistically significant positive impact on working near home. The Huai
River Policy increases the probability of working near home in the north by 5.6 percent on
average. Third, we found that an additional 10 μg/m3 of PM10 significantly increases the
probability of working near home by 13.6 percent. Fourth, the positive effect of air pollution
on working near home is more significant for women, the elderly, urban respondents, and
those individuals who work in secondary industries. These findings are consistent with
the existing literature that higher air pollution is associated with poorer health, higher
mortality, and better self-protection [5,6,14].
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We make two contributions to the literature. First, we contribute to a new but growing
body of literature that identifies the coping strategies for environmental shocks. Relevant
work in this body of literature has detected the role of risk-compensating behaviors, such
as pollution information, household location choices, avoidance actions, and defensive
spending (e.g., face masks and air purifiers), in helping households and individuals to cope
with environmental shocks and reduce pollution exposure [13,14,24]. To our knowledge,
our paper is the first to provide evidence on how changes in pollution levels affect work
site selection. Individuals facing high levels of pollution may choose to work near home
to reduce exposure and mitigate the impact. Although some empirical evidence confirms
that households choose locations to seek a better environmental quality (i.e., sorting,
migration) [15,25–31], migration is a long-term choice of a family and limited by many
socio-economic factors (e.g., housing prices and health care). We argue that working near
home may be a more common choice to avoid pollution than migration, especially due
to China’s generally high house prices and hukou restrictions. Our study extends the
literature on pollution avoidance behavior.

Second, we contribute to the literature on labor mobility. This directly connects to the
existing studies on the factors that drive labor mobility and cause labor spatial mismatch.
Many scholars have studied this problem from many aspects (e.g., human capital and
migration cost) [32–35]. We try to answer this question from a new perspective. We argue
that outdoor air pollution reduces the cross-city mobility of labor and the possibility of
cross-regional work. Our empirical results also verify this. In areas with more serious
pollution, the labor force tends to work in local cities rather than across regions, which
means that in areas with more serious air pollution, there is lower labor mobility. This may
be an important reason for labor spatial mismatch [36,37] and market segmentation [38,39],
as well as further widening of the income gap and unbalanced development among
regions [20,40].

The rest of this paper is organized as follows. Section 2 provides background on the
Huai River Policy and its recent reform. Section 3 introduces the data sources and variable
design. Section 4 introduces the empirical strategy. Section 5 discusses the causal impact of
air pollution on working near home. Section 6 presents the heterogeneity analysis. Section 7
discusses our results. Section 8 concludes this paper.

2. Institutional Background: Huai River Policy

As northern China is very cold in winter, respondents use various forms of heating.
The traditional heating method in China is to burn loose coal in a stove. China’s central
heating system began in the 1950s. Referring to the heating mode of the Soviet Union,
China initially established a central heating system mainly using coal as fuel.

Due to resource and budget constraints, central heating gives priority to the cold northern
region, which is limited to cities in north, northeast and northwest China. Specifically, the
Qinling Mountains and Huai River are the dividing line (the average temperature of this line
in January is about 0 ◦C). Cities north of the Huai River have central heating, while cities
south of the Huai River do not have heating. This is also known as the Huai River Policy.

Before 1978, subject to the level of economic development, the development speed
of urban central heating was quite slow. Since the reform and opening up in 1978, China
has gradually transitioned from a planned economy to a market economy. Many private
sectors began to be born on a large scale, and the central heating system also entered a
period of great development. By 2003, most northern cities in China had built central
heating systems.

With the rapid growth of the urban central heating area, the financial burden of
northern cities is increasing. The commercialization reform of heating implemented by the
government in 2003 also changed the original free heating system [41]. The government
abolished the welfare policy of free heating and began to charge for heating. In terms of
charge management, the government still provides heating subsidies for employees of state-
owned enterprises and institutions, but employees of non-state-owned enterprises do not
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enjoy the benefits. The commercialization of heating increases the heat cost of respondents.
However, with the growth of urban construction and personal income, China’s urban
central heating area still maintains a stable and rapid growth. Due to the reform of the
heating policy, coal consumption in northern China continues to grow [12,14]. Since 2003,
although the central heating system has increased the household heating cost, it has not
significantly reduced the household heating demand. Central heating in the northern
regions in winter is still dominated by coal-fired heating.

However, with the rapid growth of the urban heating area, the heating mode with
coal as the main fuel means that the air pollutants (soot, sulfur dioxide, etc.) produced by
coal combustion also increase synchronously. Based on the quasi-natural experiment of the
central heating policy in northern China, some scholars have found, through an RD design,
that central heating leads to more serious air pollution in northern China [2,12,14,42]. This
seems to be a contradiction and trade-off between heating and air quality. Figure 1 shows
the locations of the Huai River (red line) and the air quality. It is clear that counties in
northern China are much more polluted than those in southern China.

Figure 1. Huai River Policy line and PM10 concentrations. Note: The red line is China’s Huai
River/Qinling Mountain Range winter heating policy line. The polygons represent counties, the third
level of the administrative hierarchy in China. The coloring of the polygons corresponds to average
PM10 concentrations from 2014 to 2015.

In order to protect the environment and reduce the impact of pollution on respondents’
health, the government has implemented many projects and policies to reduce the emission
of pollutants. One of the biggest is the replacement of coal with natural gas or electricity as
primary fuels for heating [43]. In 2013, Beijing first proposed and implemented the coal-to-
gas policy, replacing coal with natural gas or electricity for central heating in urban areas,
and providing subsidies to encourage families to replace coal-fired heating in rural areas.
Later, other regions such as Tianjin and Hebei also launched the coal-to-gas policy in 2015
and 2016. It should be noted that despite the policy of changing coal to gas, the northern
region still mainly depends on coal combustion to realize central heating in winter [43].

3. Data

3.1. Population Sample Survey Data

We mainly used the sampling survey data of 1% of China’s population in 2015. These
are nationwide data. China’s National Bureau of Statistics conducted a national 1% popula-
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tion sampling survey at 0:00 on 1 November 2015. The survey takes the whole country as
the whole and prefecture-level cities (regions, leagues, and prefectures) as the subpopula-
tion. The stratification, two-stage, probability proportion and cluster sampling methods
were adopted. The final sample size was 21.31 million, accounting for 1.55% of the total
population of the country. The census takes the individual as the unit, and counts a number
of indicators (e.g., gender and education). Additionally, it also counts a number of indica-
tors of the family characteristics (e.g., hukou and family registration). The individual work
information and characteristic data used in this paper are from this population sample survey.

3.2. Air Pollution

We collected the historical data of 1482 air monitoring stations in China from the air
quality online monitoring and analysis platform (The real-time data are published on the
following website: http://www.aqistudy.cn/ (accessed on 1 May 2021)). The platform is
the largest real-time air quality monitoring network ever built in China, implementing the
full coverage of municipalities, provincial capitals, cities with independent planning, all
prefecture-level cities, key environmental protection cities, and environmental protection
model cities. The data include the PM10 concentration per hour from 1 November 2014
to 30 October 2015. We calculated the pollution data of each county according to the
monitoring information of each monitoring station. First, we averaged the hourly data of
each monitoring station to obtain the daily monitoring results of each monitoring station.
Then, taking the county as the center, we calculated the weighted average of air quality
variable at each air monitoring station within 100 km to obtain the pollution index of each
county every day. Among them, the reciprocal of the distance from each monitoring station
to the county center was taken as the weight. Finally, we calculated the mean value of air
quality indicators in each county during the sample period and finally obtained the PM10
concentration of 2501 counties in China.

3.3. Heating City

The list of heating cities is mainly from the statistical yearbook of China’s urban
construction. In order to be consistent with the statistical range of household mortality,
we mainly used the list of heating cities in 2014. Among 295 prefecture-level and above
cities in China, 130 northern cities had central heating, and the other 165 southern cities
had no central heating system. Although the list of heating cities will change every year,
the change is very small, only increasing or decreasing by one or two cities. Overall, the list
of urban heating in China remains basically unchanged.

3.4. Control Variable

We controlled some individual characteristics, including gender, age, marriage, ethnic-
ity, and type of hukou. We also controlled the meteorological conditions. The meteorological
data come from the China meteorological data network (see http://data.cma.cn (accessed
on 10 May 2021)). The original data are the observation data of 840 meteorological stations
in China, including rainfall, average wind speed, air pressure, and minimum and maximum
temperatures. We mainly used temperature, precipitation, relative humidity, and wind
speed for control since they are the main meteorological factors affecting air pollutants. In
order to calculate the above four variables of each county, we first interpolated the meteo-
rological station data according to the inverse distance weighting (IDW) method to obtain
a 1km×1km grid layer across the country. Then, we extracted the above four variables
of each county center based on this layer. Finally, we obtained the average temperature,
precipitation, relative humidity, and wind speed of each county. The descriptive statistics
of the variables are shown in Appendix A Table A1.
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4. Empirical Strategy

Formally, a linear regression equation for the impact of air pollution on working near
home was estimated as shown below:

Workci = β0 + β1Pollutionc + ϕXci + εci (1)

where subscripts c and i represent counties and respondents, respectively; the dependent
variable Work is an indicator variable that equals one if respondent i works and lives on the
same street, and zero otherwise; Pollution is the PM10 concentration of county c; X is the
vector of observable features that may affect working place selection; ε is the disturbance
term; and the coefficient β1 measures the effect of PM10 exposure on working place selection
after controlling for the available covariates.

The key challenge in estimating the causal impact of air pollution on working place
choice is that variations in air pollution could be endogenous. Consistent estimation of β1
requires that the unobserved determinants of working place selection do not covary with
Pollution after adjustment for the observed covariates, but the validity of this assumption
has been questioned by previous research. For example, air pollution levels are often
associated with complex meteorological processes that can directly affect human health,
and it is difficult to control for all these factors [12,17]. Other unobserved socio-economic
factors (e.g., income) could also confound the impact of air pollution on working near
home. Furthermore, pollution concentrations are prone to measurement error, which will
attenuate the coefficient associated with PM10. Therefore, the OLS estimate of β1 is likely to
be biased.

We addressed the potential endogeneity issue by constructing a regression discon-
tinuity (RD) design based on the Huai River Policy (akin to existing studies such as
Chen et al. [2], Ito and Zhang [14], and Ebenstein et al. [12]). As shown in Section 2, this
policy provides free or heavily subsidized coal for heating north of the river but no subsi-
dies to the south. This has led to the construction of a coal-powered centralized heating
infrastructure only in cities north of the Huai River, with no equivalent system in cities to
the south. Therefore, northern cities face more serious air pollution [12]. Near the Huai
River boundary, the counties in the south become the opposite of the counties in the north.
By comparing the difference in local air pollution caused by the Huai River Policy, we can
estimate the local average treatment effect (LATE) of air pollution on individual workplace
selection [2]. RD design is a quasi-experimental research design which could address the
previous literature’s limitations and provide a clear identification. Following Chen et al. [2]
and Ebenstein et al. [12], we examined whether the Huai River Policy causes discontinuous
changes in PM10 concentrations and the probability of working near home north of the
river using the following specifications:

Pollutionc = α0 + α1Dc + α2 f (Distc) + κXci + νci (2)

Workci = δ0 + δ1Dc + δ2 f (Distc) + γXci + μci (3)

where Dist is the running variable, representing the shortest distance (in km) from each
county to the Huai River, taking positive values for counties to the north of the Huai River
and negative values for counties to the south; D is an indicator variable equal to one for
counties with a positive value of Dist; f (Dist) is a local regression function in Dist that
allows the relationship between outcomes and the running variable (Dist) to vary on either
side of the cutoff; in all our specifications, we also controlled for a vector of covariates (X),
including demographic variables and meteorological conditions such as gender, ethnicity,
age, marriage, hukou type, temperature, precipitation, relative humidity, and wind speed;
μ and ν are the error terms.

The parameters of interest are α1 and δ1, which provide an estimate of whether there
exist discontinuities in PM10 and the probability of working near home north of the river,
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after flexible adjustment for the covariates. If the key assumptions of the RD are satisfied, the
estimated α1 and δ1 reveal the causal effect of the Huai River Policy on Pollution and Work.

The parameters α1 and δ1 can be identified by both non-parametric and parametric
methods. In this paper, we emphasize the results using the non-parametric approach, as the
parametric RD approach is found to have several undesirable statistical properties [43,44].
In practice, the key of the RD design is to select the optimal bandwidth to localize the
regression fit near the cutoff. The choice of bandwidth involves balancing the conflicting
goals of focusing comparisons close to the cutoff (for the “bias” concern) and having a large
enough sample for reliable estimation (for the “precision” concern). We used the mean
squared error (MSE) optimal and data-driven bandwidth selection methods (following
Calonico et al. [45]; Calonico et al. [46]) and different kernel functions (i.e., triangular,
epanech., and uniform) to calculate the optimal bandwidth. For all RD estimations, we
estimated local linear regressions using observations within an optimal bandwidth. All
standard errors were clustered at the county level.

There are two key assumptions for RD designs. One is that the treatment status is
determined by a random assignment or forcing variable and cannot be manipulated [47].
In our design, the forcing variable is the shortest distance (in km) from each county to the
Huai River, which cannot be manipulated, but we still give some evidence. Appendix A
Figure A6 shows the histogram of county distance with a kernel density estimate, and
Appendix A Figure A7 shows the McCrary test [48] (the McCrary test is an important test
used to check whether there is any jump in the density of the forcing variable). We found
that the density of Dist moves smoothly around the threshold. The second assumption is
that any unobserved determinants of PM10 or whether respondents work near home may
change smoothly as they cross the Huai River. In the Result section, we show that a variety
of work- and pollution-related local characteristics (i.e., covariates) (we include two main
sets of covariates that might be related to the outcome variables; the first set is a vector
of weather variables, and the second set is a vector of the demographic characteristics)
are smooth functions across the threshold. Additionally, we used non-parametric RD
estimation involving additional covariates to increase the efficiency of the estimator (if the
relevant assumption is not fully satisfied, adjustment for control variables could remove
potential sources of bias and allow for causal inference. In addition, including balanced
covariates in RD estimation could also increase the precision of the RD estimator) [49].

Next, we used a fuzzy RD approach [46,49,50] to estimate the impact of air pollution
on working near home. This approach is used to assess the impact of an imperfect binary
treatment where the probability of treatment rises at some threshold, but being above or
below the threshold does not fully determine treatment status (i.e., imperfect compliance).
In our context, exposure to PM10 increases significantly to the north of the Huai River, but
pollution exists both north and south of the river, making our context naturally analogous
to a fuzzy RD [51].

The fuzzy RD estimates can be estimated by taking the ratio of the estimated disconti-
nuity in the probability of working near home to the estimated discontinuity in PM10, by
local linear regression at the Huai River (see Calonico et al. [51]). Actually, this result is an
instrumental variable method, in which PM10 is instrumented by the Huai River Policy.
The fuzzy RD estimates of the impact of PM10 on working near home are analogous to the
2SLS estimates [46,49,50]. Specifically, if the Huai River Policy only influences respondents
working near home through its impact on PM10, an important appeal of the results is
that they produce estimates of the impact of units of PM10, so the results are applicable
in other settings (e.g., other developing countries with comparable impacts of units of
PM10 concentrations).

5. Results

5.1. Summary Statistics and Graphical Analysis

Table 1 presents the summary statistics for the main variables and provides evidence
on the validity of the RD design. Columns (1) and (2) report the mean values and SDs
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to the north and south of the Huai River. Column (3) documents the mean difference
between the north and the south along with the standard error, and column (4) reports
the discontinuous changes and standard errors along the Huai River using local linear
regression.

Table 1. Summary statistics, means, and standard deviations/errors.

Variable South North Difference in Means Adjusted Difference

(1) (2) (3) (4)

Panel A: Air pollution exposure at survey counties
PM10 82.748 118.072 35.324 *** 11.225 ***

(14.116) (25.527) (0.044) (3.459)
Panel B: Working place selection of respondents

Working near home 0.646 0.758 0.112 *** 0.053 **
(0.478) (0.428) (0.001) (0.027)

Panel C: Individual characteristics of respondents
Gender 0.489 0.488 −0.002 −0.016

(0.500) (0.500) (0.001) (0.024)
Nation 0.057 0.021 −0.036 *** −0.015

(0.232) (0.144) (0.000) (0.010)
Age 38.870 36.790 −2.080 *** −2.281

(20.570) (20.799) (0.045) (1.599)
Marriage 0.742 0.750 0.008 *** −0.007

(0.438) (0.433) (0.001) (0.010)
Hukou 0.435 0.308 −0.127 *** −0.246

(0.496) (0.462) (0.001) (0.146)
Panel D: Meteorological conditions at survey counties

Temperature 16.510 13.569 −2.940 *** 0.094
(1.201) (1.653) (0.003) (0.154)

Precipitation 9.498 8.879 −0.619 *** −0.205
(0.290) (0.182) (0.001) (0.131)

Relative humidity 77.127 65.521 −11.607 *** 0.776
(2.916) (5.033) (0.009) (0.657)

Wind speed 1.862 2.225 0.362 *** −0.291
(0.489) (0.462) (0.001) (0.273)

Note: SDs for means and standard errors for mean differences are in parentheses. Adjusted differences in
column (4) are the estimated discontinuity along the Huai River using local linear regression discontinuity with a
triangular kernel and the MSE bandwidth selection method. ** Significant at 5%; *** significant at 1%.

We begin the analyses with an assessment of the Huai River Policy’s impact on PM10.
Panel A shows large differences in PM10 concentrations between the south and the north
of the Huai River. According to the local linear RD estimates, the north-south difference
in PM10 along the Huai River is 11.2 μg/m3. In Figure 2, we plot the binned averages of
county-level PM10 concentrations against the distance from the county centroid to the Huai
River. We also plot the polynomial fit of PM10 against the running variable. It is clear that
PM10 has a discontinuous jump to the north of the river.

Similarly, we observed a large decline in the probability of working near home along
the Huai River. Column (3) in Panel B of Table 1 shows that the share of respondents
working near home in the north is much higher than in the south by 0.112. Column (4)
shows that the local linear adjusted differences are 5.3 percent. In Figure 3, we plot the
binned averages of working near home against the distance from the county centroid to the
Huai River and its polynomial fit. An upward jump in the share of working near home is
observed to the north of the river.
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Figure 2. RD plot for PM10. Note: The figure plots the binned averages of county-level PM10

concentrations against the running variable. The solid line represents a quartic polynomial fit of
PM10 on each side of the threshold.

Figure 3. RD plot for work. Note: The figure shows the binned averages of working near home
against the running variable. The solid line represents a quartic polynomial fit of working near home
on each side of the threshold.

Additionally, though the RD design’s identification assumption that unobservables
change smoothly at the boundary is impossible to be tested directly, it would be reassuring
if observable determinants change smoothly at the boundary. We tested a rich set of
demographic characteristics and weather variables and present them in Panels C and D
of Table 1. We found that, though there are differences between the south and north of
the Huai River, the differences from the local linear regressions are much smaller and
statistically insignificant at the boundary.
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5.2. Impact of the Huai River Policy

Table 2 presents the RD estimates of PM10 and working near home along the Huai
River using local linear regression. We used the mean squared error optimal bandwidth
method (MSE) proposed by Calonico et al. [49] and Calonico et al. [46]. Each RD estimate
also has the optimal bandwidth for both sides of the threshold and all standard errors
are clustered at the county level. Columns (1)–(3) report the RD results using the three
different kernel functions without inclusion of any other control variables. In Columns
(4)–(6), we present the results for the same three regressions but with demographic and
weather controls.

Table 2. RD estimates of the impacts of the Huai River Policy.

Variables RD Estimates

(1) (2) (3) (4) (5) (6)

Panel A: Impact of the Huai River Policy on PM10
PM10 11.225 *** 12.137 *** 12.213 *** 11.784 *** 12.603 *** 12.258 ***

(3.459) (3.447) (4.750) (3.367) (3.360) (4.706)
Bandwidth 538.312 500.452 455.471 546.285 507.273 452.124

Panel B: Impact of the Huai River Policy on working near home
Working near home 0.053 ** 0.058 ** 0.064 ** 0.056 ** 0.059 ** 0.059 **

(0.027) (0.028) (0.030) (0.026) (0.028) (0.029)
Bandwidth 274.914 241.226 208.783 279.352 250.149 218.813

Observations 802,178 802,178 802,178 802,178 802,178 802,178
Controls N N N Y Y Y
Kernel Triangular Epanech. Uniform Triangular Epanech. Uniform

Note: Each cell in the table represents a separate RD estimate along the Huai River using local linear regressions with
different kernel functions. Robust standard errors in parentheses are clustered at the county level. Controls include
weather information and sociodemographic variables defined in Table 1. ** Significant at 5%; *** significant at 1%.

Different kernel functions and the inclusion of control variables did not significantly
change the estimate. We emphasize the estimates from the most comprehensive specifica-
tion in Column (4). Panel A of Table 2 shows that the impact of the Huai River Policy on
PM10. We found that the Huai River Policy increases PM10 concentrations in the north by
11.8 μg/m3 on average, which is equivalent to an increase of 13.2 percent in the mean in
the regression sample (given the average PM10 is 89.2 μg/m3).

Panel B of Table 2 reports the RD estimates for working near home. We found that
the Huai River Policy has a large and statistically significant positive impact on working
near home. Specifically, the Huai River Policy increases the probability of working near
home in the north by 5.6 percent on average, which is equivalent to an increase of 8 percent
(given the sample mean is 0.702). These regression results echo the graphical results that
the Huai River Policy causes a significant deterioration in the air quality and an increase in
the probability of working near home in northern China.

5.3. Impact of PM10 on Work

Table 3 presents the estimated effects of an additional 10-μg/m3 increase in PM10
exposure on respondents working near home. Panel A reports the fuzzy RD estimates
using three different kernel functions. To make sure that our analyses are not sensitive
to different specifications, we estimated the fuzzy RD results without and with weather
and demographic characteristics. We found that the RD results are reasonably robust for
different kernel functions and control variables. We present the results in Column (4),
where the triangular kernel function is used and both demographic and weather conditions
are controlled. Panel A shows that an additional 10 μg/m3 in PM10 significantly increases
the probability of working near home by 13.6 percent. This observation is consistent with
the results in the previous section and indicates that the Huai River Policy affects the
probability of respondents working near home via its impact on PM10.
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Table 3. Fuzzy RD and OLS estimates of the impacts of PM10 on work.

Variables Panel A: Fuzzy RD Estimates Panel B: OLS Estimates

(1) (2) (3) (4) (5) (6) (1) (2)

PM10 (per 10 points) 0.132 *** 0.157 *** 0.152 ** 0.136 *** 0.155 *** 0.151 ** 0.005 *** 0.005 ***
(0.043) (0.046) (0.068) (0.043) (0.042) (0.064) (0.001) (0.001)

Bandwidth 401.273 396.563 374.286 412.204 415.305 345.638
Observations 802,178 802,178 802,178 802,178 802,178 802,178 802,178 802,178

Controls N N N Y Y Y N Y
Kernel Triangular Epanech. Uniform Triangular Epanech. Uniform

Note: Each cell in the table represents a separate estimate or regression. Columns (1)–(6) report the fuzzy RD
results estimating the impact of 10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing
variable and PM10 as the treating variable, with the Huai River representing a “fuzzy” discontinuity in the level of
air pollution exposure. Column (1) and (2) in Panel B report the OLS estimates of the association between PM10
and work. Robust standard errors in parentheses are clustered at the county level. Controls include weather
information and sociodemographic variables defined in Table 1. ** Significant at 5%; *** significant at 1%.

Panel B reports the OLS results for comparison. The estimate in Column (2) of Panel B
implies that a 10-point increase in PM10 is associated with a 0.5% increase in the probability
of working near home. In addition, it is worth emphasizing that, relative to the OLS
estimates, the fuzzy RD estimates are more stable and larger in magnitudes, suggesting that
OLS estimates are biased downward possibly due primarily to omitted variables and/or
measurement errors. These findings are remarkably stable and are not affected by the
inclusion of different controls and alternative ways to estimate the RD coefficient and
standard errors.

5.4. Robustness Checks

We conducted several robustness checks to help assess the validity of our results. First,
we used the air quality index (AQI) as an independent variable and re-estimate. We used
the PM10 concentration in the main tables because PM10 is the main pollutant produced
by coal-fired heating. Coal combustion produces a variety of pollutants. We used the
overall measure of ambient air quality, the AQI, to measure pollution. Six air pollutants
(i.e., PM2.5, PM10, SO2, NO2, CO, and O3) were used to compute the AQI (the Ministry
of Environmental Protection: http://www.mee.gov.cn/ (accessed on 10 May 2021)). In
reality, the Ministry of Environmental Protection (MEP) often uses it to inform the public of
pollution levels [43]. The larger the AQI score, the higher the air pollution level. Appendix A
Table A2 reports the results using the AQI. In general, we found that the results are similar
in sign and magnitude to those in Tables 2 and 3.

Second, we constructed two alternative measures for respondents working near home:
whether respondents drive to work (Yes = 1) and the time required for going to work (in
minutes). If one works near home, this means that they are less likely to drive to work, and
that the time required to go to work should be shorter. Appendix A Figures A1 and A2
present the RD plots. Table A3 reports the estimated results. We found air pollution
significantly decreases the probability of respondent driving to work and the time required
for going to work. These results support our findings in the main analysis.

Third, we conducted a placebo test to assess the significance of these findings, ex-
ploring whether discontinuities are observed in other regions of China. We estimated the
discontinuities in PM10 and working near home at 100 km intervals north and south of the
Huai River across China as well as at the actual Huai River (which is reported as the 0 km
displacement). Figure A3 presents estimates and shows that the only statistically significant
discontinuous changes in PM10 and working near home occur at the actual Huai River. In
all other instances, the estimated effect of zero is within the 95% confidence interval.

Fourth, we then examined the sensitivity of our RD estimates to small changes in
bandwidths. We set the bandwidths to range from 100 km to 1000 km. For each bandwidth,
we estimated the discontinuities in PM10 and working near home by local linear regression
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and second-order polynomial regression, respectively. As shown in Figures A4 and A5 in
the Appendix A, the estimate results remain reasonably robust to alternative bandwidths.

Finally, given that air pollution may be responsible for migration in China [15], we
explored the potential impact of migration on the results in two ways. One way was to
test whether air pollution causes respondents to migrate. We defined migration equal
to one if the respondent migrated in the past two years, and zero otherwise, and then
investigated the impact of the Huai River Policy and PM10 on migration using an RD
design. The RD estimates are shown in Table A4. The results in Panel A show that there
is no difference in mobility between the north and the south. The results in Panel B show
that air pollution has no effect on population migration. This result is consistent with the
results of Ebenstein et al. [12]. They assessed migration patterns in China and found that
migration did not appreciably alter people’s lifetime exposure to air pollution. There is
little evidence that there are many environmental migrations in China. The second way
was to exclude those samples with a residence duration of less than 5 years at the same
prefecture city level and re-estimate the models (following Ding et al. [52]). Appendix A
Table A5 reports the results of the RD estimates. In general, we found that the results are
similar in sign and magnitude to those in Tables 2 and 3.

6. Heterogeneity Analysis

To better understand the effect of air pollution on working place choice, we ex-
amined different subgroups based on respondents’ demographic characteristics. It is
helpful for researchers to further study the research topic and for policy makers to design
appropriate policies.

6.1. Gender Difference

We examine the gender difference in Table 4. We compared males and females and
found that exposure to PM10 had a greater positive effect on females working near home
than males in general. Panel A summarize the RD estimates of the Huai River Policy
on working near home for both men and women. We estimated that the increase in the
probability of working near home at the Huai River boundary is around 5.1% and 6.2%
(statistically significant) for males and females, respectively. Panel B summarizes the fuzzy
RD estimates of PM10 on the probability of respondents working near home for both
men and women. A 10-unit increase in PM10 will significantly increase the probability of
working near home for males and females by 9.8% and 11.1%, respectively. These results
indicate that females suffer from air pollution more than males. This is consistent with
existing studies which show that women have a higher risk for cognitive and health declines
associated with increased exposure to air pollution (e.g., Kim et al. [53]; Zhang et al. [7];
Ding et al. [52]).

Table 4. The impacts of PM10 on work by gender.

Variables Panel A: Impacts of Huai River Policy on Work Panel B: Impacts of PM10 on Work

Males Females Males Females

(1) (2) (3) (4) (1) (2) (3) (4)

Working near home 0.051 ** 0.045 * 0.062 ** 0.087 *** 0.098 * 0.079 * 0.111 ** 0.090 *
(0.026) (0.024) (0.029) (0.033) (0.051) (0.043) (0.054) (0.052)

Bandwidth 311.742 264.165 278.618 297.873 307.526 229.815 291.463 233.927
Observations 463,585 463,585 338,593 338,593 463,585 463,585 338,593 338,593

Controls Y Y Y Y Y Y Y Y
Kernel Triangular Uniform Triangular Uniform Triangular Uniform Triangular Uniform

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure. Robust
standard errors in parentheses are clustered at the county level. Controls include weather information and
sociodemographic variables defined in Table 1. * Significant at 10%; ** significant at 5%; *** significant at 1%.
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6.2. Age Group Difference

Second, in Table 5, we investigate the impact of air pollution on working place choice
for different age groups. We divided the sample into two age groups: young people
(aged < 50 years) and old people (aged ≥ 50 years). Panel A summarizes the RD estimates
of the Huai River Policy on working near home for both elderly and young people. We
found that the Huai River Policy has a positive and statistically significant impact on
working near home for the elderly. The increase in the probability of the elderly working
near home at the threshold is around 6.8%. In contrast, the magnitude of the estimates is
much smaller and statistically insignificant for the young group. Based on the fuzzy RD
results in Panel B, a 10-unit increase in PM10 will increase the probability of the elderly
working near home by 14.8%. Since the elderly suffer from air pollution resulting from
the Huai River Policy [43], they are more sensitive to air pollution and are more likely to
choose to work near home to mitigate the negative impact of air pollution on health.

Table 5. The impacts of PM10 on work by age.

Variables Panel A: Impacts of Huai River Policy Panel B: Impacts of PM10 on Work

Age < 50 Age ≥ 50 Age < 50 Age ≥ 50

(1) (2) (3) (4) (1) (2) (3) (4)

Working near home 0.048 0.049 0.068 *** 0.093 *** 0.100 0.115 0.148 ** 0.144 **
(0.030) (0.033) (0.020) (0.020) (0.133) (0.327) (0.074) (0.065)

Bandwidth 291.291 206.563 241.578 319.535 279.627 167.415 284.219 314.158
Observations 600,252 600,252 201,926 201,926 600,252 600,252 201,926 201,926

Controls Y Y Y Y Y Y Y Y
Kernel Triangular Uniform Triangular Uniform Triangular Uniform Triangular Uniform

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity at the level of air pollution exposure. Robust
standard errors in parentheses are clustered to the county level. Controls include weather information and
sociodemographic variables defined in Table 1. ** Significant at 5%; *** significant at 1%.

6.3. Rural–Urban Difference

We also examined how air pollution affects workplace choice behavior between rural
and urban individuals. Samples were divided into two groups by the type of hukou
(i.e., household registration): urban group and rural group. Table 6 reports the RD estimates
for each group. In Panel A, we find that the Huai River Policy significantly increases the
probability of working near home by 18.7% for urban respondents, but insignificantly for
rural respondents. The fuzzy RD results in Panel B show that a 10-unit increase in PM10 will
increase the probability of urban respondent working near home by 25.1%. There are three
reasons. First, air pollution in urban areas is more serious than in rural areas [43], because
there are more pollution emissions (e.g., industrial emissions) and higher implementation
intensities for the Huai River Policy in urban areas. Second, air pollution information is
readily available in urban areas, but the same information is difficult to obtain in rural
areas. Air pollution information is a key determinant of pollution avoidance and associated
health impacts [24,43]. Third, due to the nature of the work and transportation cost, the
work of rural individuals is relatively fixed (e.g., work on the field). In urban areas, the
traffic is relatively perfect and individuals have more job choices. Thus, the effect of air
pollution on working near home for the urban group is more significant than that for the
rural group.
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Table 6. The impacts of PM10 on work by rural–urban.

Variables Panel A: Impacts of Huai River Policy Panel B: Impacts of PM10 on Work

Rural Urban Rural Urban

(1) (2) (3) (4) (1) (2) (3) (4)

Working near home 0.025 0.027 0.187 *** 0.197 *** 0.045 0.034 0.251 ** 0.185 *
(0.025) (0.025) (0.043) (0.046) (0.055) (0.048) (0.128) (0.098)

Bandwidth 293.338 238.894 310.852 251.616 276.526 204.354 285.683 352.119
Observations 554,756 554,756 247,422 247,422 554,756 554,756 247,422 247,422

Controls Y Y Y Y Y Y Y Y
Kernel Triangular Uniform Triangular Uniform Triangular Uniform Triangular Uniform

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure. Robust
standard errors in parentheses are clustered at the county level. Controls include weather information and
sociodemographic variables defined in Table 1. * Significant at 10%; ** significant at 5%; *** significant at 1%.

6.4. Occupation Difference

Last, we examined the occupation difference. Samples were divided into three groups
by the type of occupation of respondents: primary industry, secondary industry, and
tertiary industry. Table 7 reports the RD estimates for each group. Panel A summarizes the
RD estimates of the Huai River Policy for the three groups. We found that the Huai River
Policy has a negative and statistically significant impact on working near home for those
respondents who work in secondary and tertiary industries. Specifically, the increase in
the probability of working near home at the threshold is around 16.1% and 14.7% for those
respondents who work in secondary and tertiary industries, respectively. Correspondingly,
a 10-unit increase in PM10 will increase the probability of working near home by 23.5% and
16.9%, respectively. However, this effect does not exist for those respondents who work in
primary industries. This is due to the nature of the primary industries. Primary industries
depend on natural conditions (e.g., land and trees), which are immovable. Thus, for those
respondents who work in the primary industries, work and workplace cannot be changed
at will.

Table 7. The impacts of PM10 on work by occupation.

Variables Panel A: Impacts of Huai River Policy Panel B: Impacts of PM10 on Work

Ind1 Ind2 Ind3 Ind1 Ind2 Ind3

(1) (2) (3) (1) (2) (3)

Working near home 0.003 0.161 *** 0.147 *** 0.001 0.235 *** 0.169 ***
(0.004) (0.040) (0.030) (0.004) (0.067) (0.055)

Bandwidth 399.085 342.017 379.282 315.258 349.973 373.902
Observations 263,564 235,168 303,446 263,564 235,168 303,446

Controls Y Y Y Y Y Y
Kernel Triangular Triangular Triangular Triangular Triangular Triangular

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure. Robust
standard errors in parentheses are clustered at the county level. Controls include weather information and
sociodemographic variables defined in Table 1. *** Significant at 1%.

7. Discussion

Our RD analysis showed that an additional 10 μg/m3 in PM10 significantly increases
the probability of working near home by 13.6 percent. This implies that, facing high levels
of pollution, individuals would choose to work nearby to reduce pollution exposure given
that migration is restricted. As far as its mechanism and theoretical framework is concerned,
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the main explanation for our findings may be that air pollution has a significant negative
impact on physical and mental health, and this impact is well known [8,12,17]. This
mechanism is supported by many related literature reports. Using the same identification
strategy as this article, Chen et al. [2] and Ebenstein et al. [12] found that the winter heating
policy raised PM10 levels by 46 percent in the region north of the Huai River between
2004 and 2012, causing a reduction in life expectancy of 3.4 years. Individuals can take
preventive measures to reduce exposure and mitigate the negative impact of air pollution.
Based on sales data on air purifiers, Ito and Zhang [14] estimated that a household is willing
to pay $13.40 annually to remove 10 mg/m3 of PM10 and $32.70 annually to eliminate the
increased pollution caused by China’s winter heating policy. Willingness to pay for air
quality is one of the risk aversion behaviors. Our findings are consistent with the above
literature. To mitigate this negative impact of outdoor air pollution, individuals choose
to work near home. If one works near home, which means that they are less likely to
drive to work and need a shorter amount of time to get to work, they can be less exposed
to air pollution. This is a natural and instinctive response to air pollution. Our findings
confirm and expand the conclusions of the existing literature. After 2013, China’s real-time
pollution monitoring and disclosure program (henceforth, the information program) was
launched and marked a turning point in pollution information access and awareness [24].
Therefore, individuals can more easily obtain air quality information and pay attention to
health. Based on personal welfare and utility maximization, individuals are more likely to
choose to work near home to reduce pollution exposure.

On the other hand, in terms of workplace choice behavior, our results show that
in areas with more serious pollution, the labor force tends to work in local cities rather
than across regions. A natural question is, what does that mean? A direct result and
interpretation is that outdoor air pollution reduces the cross-regional flow of labor and
reduces the possibility of labor working across regions. In areas with more serious pollution,
the labor mobility is lower, which is an important reason for labor spatial mismatch and
market segmentation, as well as further widening of the income gap and unbalanced
development among regions [20,40]. In fact, air pollution is aggravating the segmentation
of the labor market as a new natural factor [54]. This is a clue that has not been fully studied
in the previous literature. The existing studies mainly believe that rivers and terrain are
the natural determinants of labor market segmentation [55,56]. In other words, our results
show that if air pollution is controlled and reduced, individuals can choose to work further
away. This can promote labor mobility and balanced development. These are the theoretical
and practical implications of the paper. Our theoretical implication is to build a bridge
between environmental economics and labor economics from the perspective of labor
mobility. The practical implication is that we have emphasized the necessity of pollution
control and that environmental regulation policies should be implemented for a long time.

8. Conclusions

Air pollution is considered as a major issue for the community in China. Understand-
ing how changes in pollution levels affect public health and avoidance behaviors is crucial
for optimal environmental policy design. We used China’s Huai River Policy as an RD
design to evaluate the causal impact of air pollution on working place choice. The Huai
River Policy led to the construction of a coal-powered centralized heating infrastructure
only in cities north of the Huai River, with no equivalent system in cities to the south.
The discontinuity in air pollution caused by the Huai River Policy provides a natural
experiment to estimate the impact of air pollution. The data link the 2015 census microdata
at the individual level with air pollution at the county level.

Our results show that the Huai River Policy has increased PM10 concentrations by
13.2 percent and caused a 5.6 percent increase in the probability of individuals working near
home. This implies that an additional 10 μg/m3 in PM10 would significantly increase the
probability of working near home by 13.6 percent in China, which means that individuals
would choose to work nearby to reduce pollution exposure and mitigate the negative
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impact of pollution on health. Heterogeneity analyses showed that the positive effect
of air pollution on the choice to work nearby is more significant for women, the elderly,
urban respondents and those respondents who work in secondary and tertiary industries.
Following the rich literature, we provided several explanations for our results and discussed
the negative impact of air pollution on labor mobility and mismatch by making individuals
work nearby.

The results provide new evidence on how people protect themselves against pollution.
Individuals facing high levels of pollution would choose to work nearby to reduce exposure
and mitigate the impact. This paper deepens our understanding of coping strategies and
avoidance behaviors to environmental shocks and highlights a negative impact on labor
mobility and regional balanced development. This is crucial for the regional balanced
development policy and environmental policy design in many developing countries. Our
results go beyond the trade-off between the economy and environment, and show that
worsening air pollution could reduce the potential for economic growth. One policy
implication is that to improve the economic quality, air pollution must be further controlled.
If air pollution decreases significantly, the resulting rise in labor mobility will promote
productivity and achieve a win-win situation for the economy and the environment. One
limitation of this paper is that, in recent years, China’s air quality has been continuously
improved and the household registration system has been relaxed, and thus people’s
risk aversion behavior may change (e.g., migration), which may make the estimation
of this paper a higher bound. In future research, we will use updated data and clearer
identification strategies to verify the above problems.
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Appendix A

Figure A1. RD plot for driving to work. Notes: The figure shows the binned averages of driving to
work against the running variable. The solid line represents a quartic polynomial fit of driving to
work by car on each side of the threshold.

Figure A2. RD plot for the time required for going to work. Notes: The figure shows the binned
averages of the time required for going to work against the running variable. The solid line represents
a quartic polynomial fit of time on each side of the threshold.
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Figure A3. Placebo testing: estimated discontinuity in pollution at displaced Huai River boundaries.
Notes: In (a), each point plots the point estimate of a separate estimation of α1 in Equation (2) along
with the 95 percent confidence interval at the displaced Huai River boundaries. In (b), each point
plots the point estimate of a separate estimation of δ1 in Equation (3) along with the 95 percent
confidence interval at the displaced Huai River boundaries. Each RD estimates is based on the MSE
bandwidth selection method and triangular kernel function.

Figure A4. Robustness to alternative bandwidths for the impact of the Huai River Policy on PM10.
Notes: Each point plots the point estimate of a separate estimation of α1 in Equation (2) along with
the 95 percent confidence interval, ranging from 100 km to 1000 km bandwidths. (Panel A) plots
estimates using linear polynomials in distance. (Panel B) plots estimates from equivalent regressions
but using second-order polynomials in distance. Each RD estimate is based on the MSE bandwidth
selection method and triangular kernel function.
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Figure A5. Robustness to alternative bandwidths for the impact of the Huai River Policy on work.
Notes: Each point plots the point estimate of a separate estimation of δ1 in Equation (3) along with
the 95 percent confidence interval, ranging from 100 km to 1000 km bandwidths. (Panel A) plots
estimates using linear polynomials in distance. (Panel B) plots estimates from equivalent regressions
but using second-order polynomials in distance. Each RD estimate is based on the MSE bandwidth
selection method and triangular kernel function.

Figure A6. Distributions of distances of counties from the Huai River.
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Figure A7. McCrary test of the discontinuity in distances of counties from the Huai River. Notes: The
hollow circles represent the point estimates within bins. Solid lines are the density curve estimates.

Table A1. Descriptive statistics.

Variables Obs Mean Std. Dev Min Max

Working place selection
Working near home (Yes = 1) 802,178 0.702 0.458 0.000 1.000

Air pollution
PM10 concentration (μg/m3) 802,178 89.241 30.496 25.192 181.676

Individual characteristics
Gender (Male = 1) 802,178 0.487 0.500 0.000 1.000
Nation (Han = 1) 802,178 0.086 0.281 0.000 1.000

Age 802,178 37.364 20.593 0.000 111.000
Marriage (Yes = 1) 802,178 0.735 0.441 0.000 1.000

Type of hukou (Urban = 1) 802,178 0.410 0.492 0.000 1.000
Meteorological conditions

Temperature of county (◦C) 802,178 3.627 3.883 24.473 3.627
Precipitation of county (mm) 802,178 0.508 0.000 10.118 0.508

Relative humidity 802,178 9.008 34.465 86.018 9.008
Wind speed (m/s) 802,178 0.515 0.931 5.845 0.515

Note: This table reports the summary statistics for the main variables used in the analysis.

Table A2. Robustness to using the alternative air pollution measure (AQI).

Variables RD Estimates

(1) (2) (3) (4) (5) (6)

Panel A: Impact of the Huai River Policy on AQI
AQI 13.241 *** 12.781 *** 12.238 *** 13.331 *** 11.942 *** 12.852 ***

(3.032) (3.103) (4.328) (4.219) (3.534) (3.163)
Bandwidth 494.842 503.716 467.435 473.853 482.471 453.289

Panel B: Impact of the AQI on working near home
Working near home 0.142 ** 0.148 ** 0.161 ** 0.136 ** 0.141 ** 0.157 **

(0.061) (0.065) (0.067) (0.063) (0.064) (0.062)
Bandwidth 478.537 486.562 469.364 459.817 467.384 439.715

Observations 802,178 802,178 802,178 802,178 802,178 802,178
Controls N N N Y Y Y
Kernel Triangular Epanech. Uniform Triangular Epanech. Uniform

Note: Each cell in the table represents a separate RD estimate along the Huai River using local linear regressions with
different kernel functions. Robust standard errors in parentheses are clustered at the county level. Controls include
weather information and sociodemographic variables defined in Table 1. ** Significant at 5%; *** significant at 1%.
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Table A3. RD estimates of the impacts on the alternative work measure.

Variables
Panel A: Impact of the Huai River

Policy on Work
Panel B: Impacts of PM10 on Work

(1) (2) (1) (2)

Driving to work −0.128 *** −0.124 *** −0.244 ** −0.242 **
(0.013) (0.014) (0.113) (0.119)

Bandwidth 365.666 316.909 296.336 297.601
Time required −3.709 *** −3.781 *** −7.186 *** −7.499 **

(1.263) (1.251) (2.195) (2.927)
Bandwidth 354.039 356.565 233.738 229.445

Observations 802,178 802,178 802,178 802,178
Controls N Y N Y
Kernel Triangular Triangular Triangular Triangular

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure. The triangular
kernel function is used. Robust standard errors in parentheses are clustered at the county level. Controls include
weather information and sociodemographic variables defined in Table 1. ** Significant at 5%; *** significant at 1%.

Table A4. RD estimates of the impacts on migration.

Variables
Panel A: Impact of the Huai River

Policy on Migration
Panel B: Impacts of PM10 on Migration

(1) (2) (1) (2)

Migration 0.053 0.070 0.146 0.195
(0.122) (0.123) (0.216) (0.271)

Bandwidth 219.60 243.68 218.91 228.66
Observations 802,178 802,178 802,178 802,178

Controls N Y N Y
Kernel Triangular Triangular Triangular Triangular

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on migration. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on migration, treating distance from the Huai River as the forcing variable and PM10 as the
treating variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure.
The triangular kernel function is used. Robust standard errors in parentheses are clustered at the county level.
Controls include weather information and sociodemographic variables defined in Table 1.

Table A5. RD estimates for samples with a residence duration at the same prefecture-level city of
more than 5 years.

Variables
Panel A: Impact of the Huai

River Policy on Work
Panel B: Impacts of PM10 on Work

(1) (2) (1) (2)

Working near home 0.051 ** 0.054 ** 0.128 *** 0.124 ***
(0.022) (0.027) (0.041) (0.042)

Bandwidth 277.742 279.925 431.48 427.57
Observations 698,504 698,504 698,504 698,504

Controls N Y N Y
Kernel Triangular Triangular Triangular Triangular

Note: Each cell in the table represents a separate estimate or regression. Panel A reports the RD results estimating
the impact of the Huai River Policy on work. Panel B reports the fuzzy RD results estimating the impact of
10 μg/m3 of PM10 on work, treating distance from the Huai River as the forcing variable and PM10 as the treating
variable, with the Huai River representing a “fuzzy” discontinuity in the level of air pollution exposure. The triangular
kernel function is used. Robust standard errors in parentheses are clustered at the county level. Controls include
weather information and sociodemographic variables defined in Table 1. ** significant at 5%; *** significant at 1%.
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Abstract: Using a unique dataset of applicants for the Unified National Graduate Entrance Examina-
tion (UNGEE) of 76 double first-class universities in China, this paper evaluates the causal impact of
air pollution on the migration intentions of highly educated talents by exploiting an instrumental
variable approach based on annually average wind speed. We find that a 1 μg/m3 increase in the
annually average PM2.5 concentration in destination cities decreases the number of applicants for
the UNGEE of elite universities by about 250, but better university quality and more abundant
educational resources can weaken the effect partially. A heterogeneity analysis indicates that the
university-city choices of applicants are shifting from north to south. Our findings suggest that air
pollution may lead to the loss of high human capital.

Keywords: air pollution; migration intention; high human capital; instrumental variable

1. Introduction

Air pollution has become increasingly deteriorated and attracted widespread attention
worldwide, and is a major health hazard. According to the World Bank Report, air pollution
is responsible for millions of deaths and creates economic loss which amounts to trillions
of dollars in Asia and Sub-Saharan Africa (see http://www.yicai.com/news/5097668.html
(accessed on 9 September 2016)). Mounting research has investigated the causal health
effects of air pollution in both developed countries [1,2] and developing countries [3,4].
These studies find that acute exposure to air pollution can cause damage to physical and
mental health, such as increasing mortality [5], increasing overweight and obesity rates [6],
reducing life expectancy [7], and reducing hedonic happiness [8]. A growing body of
literature also finds that people may adopt avoidance strategies, and even re-locate and
migrate to reduce air pollution exposure in highly polluted areas [9–11]. Due to higher
incomes and greater knowledge of the harmful effects of air pollution, elites are more
sensitive to air pollution and have a higher willingness to pay for avoiding pollution [12,13].
However, little is known about the influence of air pollution on migration intentions of
highly educated talents in developing countries.

Data on the applicants for the UNGEE of double first-class universities in China
provide an opportunity to study the effects of air pollution on the migration intentions of
highly educated talents. First, the UNGEE, or kaoyan, is a selective examination organized
by the education authorities and admissions agencies for the selection of graduate students.
The UNGEE is becoming more and more difficult as the number of applicants increases
year by year. (In the past five years, the number of applicants for the UNGEE has increased
rapidly. In 2017, for the first time, the number of applicants exceeded 2 million. In 2021, the
number of applicants reached 3.77 million with an increase of 360,000 from 3.41 million
in 2020, which has reached a record high. The number of applicants was 4.57 million
in 2022. See http://www.moe.gov.cn/jyb_xwfb/s5147/202012/t20201228_507808.html
(accessed on 26 December 2020)). The requirements and difficulties of the UNGEE of
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double first-class universities, China’s elite universities, are much greater than those of
ordinary universities. Most applicants of double first-class universities are about to obtain
or have already obtained bachelor’s degrees, which allows us to focus on highly educated
talents. Second, the dataset on applicants only includes the number of applicants for
full-time master’s degree students. If applicants are admitted as full-time postgraduate
students, they must study for master’s degrees in university for the next two to three years.
Therefore, the university-city choices represent their intentions to move over the next few
years. In addition, compared with college-city choices after the National College Entrance
Examination (gaokao), applicants are more likely to work and live in cities in which they
apply for their master’s degrees in the future. Using a unique manually collected dataset
on the applicants for UNGEE of 76 double first-class universities in China, this paper
estimates the causal effects of air pollution on the migration intentions of highly educated
talents. We exploit an instrument variable (IV) for air pollution to correct the estimated bias
of the ordinary least square estimation (OLS) from omitted variables and measurement
errors. The IV estimation results show that a 1 μg/m3 increase in PM2.5 concentration in
destination cities significantly decreases the number of applicants by 250. This effect is
equivalent to 2.2%, given the average 11,547 applicants. The magnitude of the result is
consistent with the research on the job location decisions [14]. The reduction in the number
of applicants in social science due to air pollution is larger than that in natural science. The
results are consistent across different specifications and alternative samples. Moreover,
heterogeneous effects show that air pollution decreases more applicants for the UNGEE of
first-class discipline universities, which reveals that better university quality can remedy
the negative effects partially. Furthermore, we also find that the university-city choices of
applicants are shifting from north to south.

This paper makes three contributions to the existing literature. First, to the best of our
knowledge, it is among the first to investigate the causal impacts of destination cities’ air
pollution on migration intentions in highly polluted developing countries, using unique
university-level applicant data. A large literature in environmental economics explores
the negative effects of original and destination cities’ air pollution on job location deci-
sions [12,14], and net-outmigration rates in China [11]. However, little is known about the
relationship between air pollution and migration intentions. This paper is closest to that of
Qin and Zhu (2018) and Jia and Chen (2021). They find that increases in original cities’ air
quality index (AQI) increase the settlement intentions of floating migrants and emigration
interests in China. We study the same linkage between air pollution and migration inten-
tions, but we focus on the effects of different pollutants (PM2.5 versus AQI) on migration
intentions of different groups (highly educated talents versus potential international mi-
grants and floating migrants). Using an online search index on “emigration” to construct a
daily measurement of city-level people’s emigration interests, Qin and Zhu (2018) examine
the effects of air pollution on emigration interests with the Poisson regression model. Jia
and Chen (2021) study the effects of air pollution on migrants’ settlement intentions with an
instrumental variable approach using the ventilation coefficient. Based on survey questions
from the 2017 National Migrant Population Dynamic Monitoring Survey, a dummy variable
is constructed to measure the settlement intentions of floating migrants by Jia and Chen
(2021). However, we exploit an instrumental variable based on wind speed and use the
number of applicants for UNGEE of double first-class universities to measure short-term
migration intentions of highly educated talents.

Second, this paper also adds to the literature on the determinants of migration de-
cisions. A large body of studies have focused on economic and environmental factors
such as income [15], wage [16], labor market demand [17] and housing prices [18]. There
is some evidence of the causal relationship between air pollution and migration choices
and the intentions of floating migrants [11] and the general population [19]. Few research
studies have focused solely on highly educated groups. This study confirms previous
findings that air pollution is associated with brain drain, not only from the perspective of
job location choices of graduate students, but also from the perspective of location choices
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of studying for master’s degrees. Relative to previous literature on the job location choices
of Tsinghua graduates and general college graduates [12,14], we focus on the applicants
for UNGEE of 76 double first-class universities. Our sample includes more elite univer-
sities than Zheng et al. (2019) and is more concentrated on high quality universities than
Lai et al. (2021).

Third, although many studies find that air pollution has negative effects on economic
and social welfare from the perspective of productivity [20], human capital [21], crime [22],
and physical and mental health [23,24], evidence of the causal relationship between air
pollution exposure and talent loss is insufficient because of data availability. Highly
educated talents are the core competitiveness of development in the future. The economic
and social costs of the loss of talents are becoming increasingly apparent. Policy makers
should focus on environmental amenities to attract talents, who are more sensitive to air
pollution and climate change.

The rest of this paper is structured as follows. The Section 2 presents data and empirical
strategy. Section 3 introduces the baseline results and provides robustness checks. Section 4
discusses the heterogeneous effects of air pollution on the quantity of applicants across the
quality, type, and region of universities. Section 5 compares the results with the existing
literature. Section 6 concludes.

2. Methodology

2.1. Data and Variables Analysis

It is plausible for us to define the applicants who apply for 76 double first-class
universities of UNGEE as the elites. According to the requirements of the China Grad-
uate Admission Information Network, the applicants for UNGEE must be the people
who are about to obtain or have already obtained bachelor’s degrees, or have graduated
from vocational college for over 2 years (see https://yz.chsi.com.cn/kyzx/jybzc/2021
09/20210903/2105941509.html (accessed on 3 September 2021)). However, for the appli-
cants who graduated from vocational college, the aimed universities that they choose
require them to have academic achievements in the journals of the Chinese Science Cita-
tion Database or Chinese Social Sciences Citation Index in the past 3 years, additionally.
Therefore, most of the applicants who apply for UNGEE successfully are those who are
about to or have obtained bachelor’s degrees. According to the data that was released by
the National Bureau of Statistics of China, until 2019, the number of undergraduates in
China accounted for only about 3.8% of the total population (see http://www.stats.gov.cn/
(accessed on 2 December 2020)). No matter the education degree or the population pro-
portion, applicants who apply for UNGEE can be treated as elites in China. Under this
premise, based on 137 double first-class universities that are listed in China’s fourth round
of subject evaluation (see http://www.cdgdc.edu.cn/xwyyjsjyxx/xkpgjg/ (accessed on
28 December 2017)), and further considering whether the schools’ official websites have
published the application data of past years for UNGEE, 76 universities are finally de-
termined as the research sample (The specific list of 76 universities is shown in Table A1
in the Appendix A. Some universities have different campuses in different cities; in this
paper, the campuses of the same universities in different cities are regarded as different
universities). We manually crawl the data that include the quantity of applicants for
2010–2021, the number of students to be enrolled in the admission brochure for 2010–2021,
and the enrollment ratio for 2009–2020. The amount of universities that we choose holds
for 55.5% of all double first-class universities, and the geographical distributions of them
cover 34 prefecture-level cities of 25 provinces in China. Figure 1 plots the specific re-
gional distribution and number of double first-class university for every city. From the
layout, the universities are locating in Shihezi of Xinjiang in the west, Ningbo of Zhe-
jiang in the east, Harbin of Heilongjiang in the north, and Haikou of Hainan in the south,
which have a generally representative in area. Owing to the fact that the data of some
universities are missing in some years, the data that we use are an unbalanced panel
data and the total amount is 585. Due to the need to examine the differences between

549



IJERPH 2022, 19, 8813

applicants of different disciplines, and according to the “Catalogue of Disciplines and
Majors for Granting Doctoral” and “Master’s Degrees and Cultivating Postgraduates” that
are issued by the Ministry of Education of the People’s Republic of China (MOE of PRC)
(see http://www.moe.gov.cn/srcsite/A08/moe_1034/s3882/201209/t20120918_143152.html
(accessed on 14 September 2012)), we further divide the applicants into social science and
natural science and then re-count the quantity of the different discipline applicants (so-
cial science includes: philosophy, economics, law, education, literature, history, military
science, and management; natural science includes: science, engineering, agriculture,
and medicine).

Figure 1. Regional distribution and quantity of sample universities in China. Note: This figure
presents the regional distribution and quantity of all sample universities in China, and the different
degrees of gray represent the different amounts of universities in each city.

To determine the variables, we select the number of applicants for UNGEE in each
university as the dependent variable (Apply) and choose the average urban PM2.5 concen-
tration as the independent variable (PM2.5). As for the control variables, we mainly consider
the following three aspects. The first is the factors of the university: when applicants choose
a university in applying for UNGEE, they refer to the expectedly admitted student number
that is published in the admission brochures of the aimed university firstly. The more the
quantity of students to be recruited, the higher the probability of admission, and the more
intense the intentions of students to apply are. Therefore, we add the number of students
to be enrolled into the model as the control variable in school (Enrollment). The second is
the characteristics of the city: the applicants also take urban features of the city where the
intended university is located into consideration. A better urban economic development,
richer recreational life, and lower living cost will be more attractive to applicants. Hence, we
add per capita GDP (Rj_gdp), third industry proportion (Industry 3_rate), and consumer
price index (CPI) into the equation. In addition, applicants will also consider comfort,
convenience of urban life, and educational resource. So, the density of the population
(Popu), the number of buses and trams (Transpor), and per capita educational expenditure
(Edu_cost) are also added into the model. Last is the climate conditions of the city: different
growth backgrounds make applicants have different climatic adaptability. If the applicants
are admitted by the intended university, they will study and live in the city where the
intended university is located as “quasi-residents” for 2 or 3 years, so the applicants will
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also consider the climatic features of the city when apply for UNGEE. We put annually
average rainfall (Avgrain) and annually average temperature (Avgtemp) into the model.
The application for UNGEE of the corresponding year was completed in October of the
previous year, so the explanatory variables, except the expectedly admitted student number,
are introduced into the model with a lag of one term.

The data of the universities are from official websites of 76 double first-class univer-
sities. The other data such as per capita GDP, consumer price index (CPI), third industry
ratio, and so on are from the 2009–2020 “China Urban Statistical Yearbook”, and the urban
PM2.5 concentration data are from the 2009–2020 PM2.5 density map released by Columbia
University; the annually average temperature and annually average rainfall are from the
China Meteorological Data Sharing Service System.

2.2. Descriptive Statistics

We use the “summary” command of Stata to perform the statistical analysis with
the main variables that are used in this paper. The statistics include observation, mean,
minimum, maximum, and standard deviation. Table 1 shows the summary statistics for the
main variables used in the analysis. On average, the quantity of applicants for UNGEE in
each university is about 11,547, and there is a big difference between various universities.
Among them, there are relatively more applicants who major in social science, accounting
for about 57.6%, and relatively fewer applicants for natural science, holding for around
only 42.4%. The mean of urban PM2.5 concentration is approximate 49.79 μg/m3, and there
are little differences between different cities.

Table 1. Descriptive statistics of main variables.

Variables Obs Mean SD Min Max

Apply 585 11,547 7446 237 41,522
Rw_apply Social science 585 6654 5654 6 28,297
Zr_apply Natural science 585 4895 4097 0 21,627

PM2.5 585 49.79 16.73 4.50 99.71
Enrollment 585 2809 1584 145 8737

Rj_gdp 585 133.73 64.84 16.91 462.95
Industry 3_rate 585 59.72 13.06 25.69 83.87

CPI 585 137.34 13.38 109.65 171.37
Popu 585 957.61 646.68 15.61 4119

Edu_cost 585 1573 2012 14.13 9623
Transpor 585 15.29 7.68 1.27 167.70
Avgtemp 585 14.49 4.05 3.10 25.53
Avgrain 585 26.57 13.96 4.03 71.97

Avgwindsp 585 2.23 0.41 1.08 4.13

Note: The consumer price index (CPI) is calculated with 100 based on 2008.

Before reporting the benchmark results, we preliminarily examine the relevance
between PM2.5 concentration and the number of applicants. From the fitting diagram
(Figure 2), there is a strong negative correlation between PM2.5 concentration and the quan-
tity of applicants. In addition, the regression coefficient is −236.6853, and p-value is 0.00,
which is significant at 1% level. It illustrates that the more severe the city air pollution, the
fewer the number of applicants. Next, we will use a panel fixed-effect model to empirically
test the specific impacts of air pollution on the applicants’ university-city choices.
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Figure 2. PM2.5 concentration and the number of applicants. Note: This figure displays the relation-
ship between PM2.5 concentration and the number of applicants for all sample universities.

2.3. Empirical Strategy

Theoretically, we use Equation (1) to estimate the impacts of air pollution on the
university-city choices of applicants.

Applyicpt = α0 + α1PM2.5icpt + α2Xicpt + λi + πt + εicpt (1)

In Equation (1), Applyicpt denotes the number of applicants for UNGEE in each
university; PM2.5icpt is the annually average PM2.5 concentration of the city where the
intended university is located; Xicpt is a series of control variables; and λi represents
the fixed effect of a school individual, which can control for time-invariant confounders
specific to school; πt is a time fixed effect, which can account for shocks common on all
universities and cities in a particular year; and εicpt denotes the random error. In each
variable, the subscript i denotes university, c means city, p is province, and t represents year.
The α1 depicts the average impacts of air pollution on the number of applicants in each
university. If its estimated value is significantly negative, it means that air pollution has a
negative impact on the quantity of applicants. Its amount indicates that the average PM2.5
concentration changes by 1 μg/m3, how many will change in the number of applicants in
each university.

Based on this, this paper may meet endogenous challenges caused by omitted variables,
measurement error, and reverse causation. The dependent variable of this paper measures
applicants’ choosing intentions rather than actual migration behaviors, so there is no need
to consider the endogenous problems caused by simultaneity. In terms of omitted variables,
although Equation (1) controls the fixed effect of university and avoids the omitted variables
at schools, the factors affecting applicants’ university-city selection at the city and province
are more complex, and it is unfeasible to fully involve in the model, so there will exist
unconsidered factors in the error term. Additionally, the data that we manually collected
may exist with a measurement error. To overcome the challenges, we use the instrumental
variable of air pollution to perform a two-stage least squares (2SLS) estimation based on
Equations (2) and (3).

The first stage:

PM2.5icpt = β0 + β1 Avgwindspicpt + β2Xicpt + λi + πt + μicpt (2)
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The second stage:

Applyicpt = γ0 + γ1P
�
M2.5icpt + γ2Xicpt + λi + πt + νicpt (3)

To determine the instrumental variable, we mainly consider whether the selection
of instrumental variable meets the restriction of relevance and exclusion restriction at the
same time. The relevance restriction means that the instrumental variable has a clear effect
on the endogenous variable (PM2.5), and the exclusion restriction means that the only
reason for the relationship between the instrument variable and dependent variable is the
endogenous variable. The existing literature usually chooses meteorological indicators
as the instrumental variable for air pollution. For example, based on the fact that the
higher the altitude, the higher the atmospheric temperature will be, Arceo et al. (2016)
and Chen et al. (2022) use thermal inversion as the instrumental variable of air pollution.
Normally, the hot air rises and the cold air falls, which facilitate the diffusion of pollutants,
but in turn, there is a thermal inversion, and the pollutants are not easy to diffuse. So, the
more serious the thermal inversion, the more severe the air pollution. When studying the
impacts of environmental regulation on the layout of polluting industries, based on the fact
that the intensity of regulation is related to the degree of pollution, Broner et al. (2012) use
the ventilation coefficient as the instrumental variable for environmental regulation [25].
Generally, the higher the wind speed, the lighter the pollution will be, and the better the
condition of lateral diffusion. So, the smaller the ventilation index, the stronger the environ-
mental regulation. Similar to this, we choose the annually average wind speed (Avgwindsp)
as the instrumental variable of air pollution. In general, if the wind speed is higher, the
lateral diffusion conditions of pollutants will be better, and the PM2.5 concentration will be
lower. Therefore, the PM2.5 concentration and wind speed will have a negative relationship.
Figure 3 depicts the fitting scatter diagram of the instrumental variable (annually average
wind speed) and endogenous variable (PM2.5 concentration). The regression coefficient
is −10.5289, and the p-value is 0.00, which is significant at 1% level. It discloses that two
variables are changing conversely, which satisfies the relevance restriction, and the wind
speed is usually determined by the city’s meteorological conditions, which is not directly
related to other factors that affect applicants’ university-city selection, so it also meets the
exclusion restriction.

Figure 3. Wind speed and PM2.5 concentration. Note: This figure displays the relationship between
annually average wind speed and the PM2.5 concentration of all sample cities.

553



IJERPH 2022, 19, 8813

3. Empirical Results

3.1. The Baseline Results

As a reference, the ordinary least squares (OLS) estimation is first performed based on
Equation (1), and the variables of university, urban, and climate are added to the equation
step by step. The columns (1)–(3) of Table 2 show the regression results.

Table 2. Impact of air pollution on applicants’ number (OLS estimates).

Variables OLS

Apply (1) (2) (3)

PM2.5 −58.5446 ** −58.6956 ** −56.5464 **
(23.10) (23.82) (23.71)

Enrollment 2.0565 *** 2.1590 *** 2.1918 ***
(0.26) (0.26) (0.26)

Rj_gdp −12.4473 −10.0484
(8.94) (9.95)

Industry_3rate −49.3432 −42.9970
(57.23) (56.97)

CPI 296.9077 ** 293.5499 **
(126.15) (126.12)

Popu −0.8787 ** −0.9502 **
(0.45) (0.45)

Transpor 8.6109 −5.2994
(21.06) (21.90)

Edu_cost 0.1588 0.1245
(0.13) (0.13)

Avgtemp −906.4734 **
(396.44)

Avgrain −53.6604 **
(24.49)

School FE Yes Yes Yes
Year FE Yes Yes Yes

N 585 585 585
R2 0.5340 0.5396 0.5453

Note: Standard errors clustered at city level are reported in the brackets. *** p < 0.01, ** p < 0.05.

Column (1) is the estimated result of adding only the variable of university. The
estimated coefficient of PM2.5 is significantly negative, and the estimated coefficient of the
number of students to be enrolled is significantly positive. Columns (2) and (3) are the
regression results of adding the variables of city and climate in turn. From the column (3)
that adds all the control variables, the estimated coefficient of PM2.5 is still significantly
negative, revealing that the PM2.5 concentration has a negative impact on the university-city
selection of applicants. The higher the PM2.5 concentration in the city where the aimed at
university is located, the smaller the number of applicants to the university will be. The
estimated coefficient of the number of students to be enrolled is still significantly positive
at the 1% level, demonstrating that the number of applicants will increase with the increase
of students’ number to be enrolled. From the perspective of the control variables, the
estimated coefficient of the consumer price index (CPI) is significantly positive, which is
inconsistent with our expectation, and the estimated coefficient of population density is
significantly negative, indicating that the applicants may dislike a city of high population
density. Lastly, the estimated coefficients of the annually average temperature and annually
average rainfall are significantly negative, showing that the applicants may escape from
the city of high temperature and rainy climate.

Next, we use the annually average wind speed as an instrumental variable of air
pollution to estimate Equations (2) and (3). To be consistent with the OLS estimation,
the variables of university, city, and climate are added to the equations in turn, and the
estimation results are shown in columns (1)–(3) of Table 3.

554



IJERPH 2022, 19, 8813

Table 3. Impact of air pollution on applicants’ number (2SLS estimates).

Second Stage

Variables 2SLS

Apply (1) (2) (3)

PM2.5 −250.4749 ** −324.9521 *** −250.4680 **
(104.96) (103.45) (97.61)

Enrollment 2.2718 *** 2.5286 *** 2.4464 ***
(0.30) (0.33) (0.31)

Rj_gdp 1.7623 −0.2087
(11.35) (10.68)

Industry_3rate −115.8101 * −90.9361
(68.81) (65.07)

CPI 153.2544 194.7881
(151.26) (142.80)

Popu −1.4972 *** −1.3889 ***
(0.55) (0.52)

Edu_cost 0.0296 0.0336
(0.16) (0.15)

Transpor 13.6354 1.2228
(23.67) (23.57)

Avgtemp −733.7366 *
(431.00)

Avgrain −54.7615 **
(26.12)

School FE Yes Yes Yes
Year FE Yes Yes Yes

N 585 585 585
R2 0.5491 0.5152 0.5680

First Stage

Avgwindsp −7.4706 *** −8.7096 *** −9.2802 ***
(1.39) (1.47) (1.57)

F 41.18 35.22 30.77
N 585 585 585

Note: Standard errors clustered at city level are reported in the brackets. *** p < 0.01, ** p < 0.05, * p < 0.1.

From column (1), the first stage shows that the estimated coefficient of average wind
speed (Avgwindsp) is significantly negative at the 1% level, indicating that the faster
the wind speed, the lower the PM2.5 concentration will be. And the F value (41.18) is
larger than 10, there is no risk of a weak instrumental variable. In the second stage, the
estimated coefficient of PM2.5 is significantly negative at the 5% level but compared with
the result estimated by the ordinary least squares (OLS) (column 1 of Table 2), the absolute
value becomes larger, revealing that the OLS estimated result could be underestimated.
Columns (2) and (3) are the estimated results of adding urban and climatic variables in
turn. From column (3), the coefficient of PM2.5 is still significantly negative, indicating
that the increase in PM2.5 concentration by an average 1 μg/m3 will generate a reduction
of applicants’ quantity by about 250, which accounts for 2.2% of the average quantity
of all applicants. The estimated coefficient of the number of students to be enrolled is
still significantly positive; specifically, the number of students to be enrolled increases
by 1, and the amount of applicants increases by around 2. Additionally, the estimated
coefficients of population density, annually average temperature, and annually average
rainfall are significantly negative too. One exception is the consumer price index (CPI),
although the result is still positive, but it is no longer significant, demonstrating that the
consumer price index (CPI) may have few causal effects on applicants’ university-city
choices. Meanwhile, the first stage shows that the estimated coefficient of average wind
speed is still significantly negative, and the F value (30.77) is still higher than 10, further
certifying that our determination of the instrumental variable is plausible.
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Due to different majors, the attention to the air information of applicants for different
disciplines may be differential, and the ratio of gender between different disciplines are also
distinguishing. Existing studies have shown that compared with males, females are more
concerned about air quality [26,27]. Taking the difference into consideration, we further
investigate the effect of air pollution on different subjects’ applicants. The estimation result
is shown in columns (1) and (2) of Table 4.

Table 4. Different discipline applicants.

Second Stage

2SLS

Variables (1) (2)

Apply Social Science Natural Science

PM2.5 −200.0694 *** −50.1722
(73.80) (44.07)

University Yes Yes
Urban Yes Yes

Climate Yes Yes
School FE Yes Yes
Year FE Yes Yes

N 585 585
R2 0.4359 0.5507

First Stage

Avgwindsp −9.2802 *** −9.2802 ***
(1.57) (1.57)

F 30.77 30.77
N 585 585

Note: Standard errors clustered at city level are reported in the brackets. University control includes number of
students to be recruited; urban controls include GDP per capita, the proportion of the tertiary industry, consumer
price index, population density, education expenditure per capita, number of buses and trams (per 10,000 people);
climate controls include annually average temperature, annually average rainfall. *** p < 0.01.

Column (1) is the estimated result of social science. The estimated coefficient of PM2.5
is −200.0694, which means that the average PM2.5 concentration increases for 1 μg/m3,
and the number of applicants for social science decreases by about 200. Column (2) is the
estimated result of natural science: for every 1 μg/m3 increase in PM2.5 concentration, the
number of applicants for natural science will decrease by about 50, but it is statistically
insignificant, demonstrating that air pollution may have few significant effects on the
choices of natural science applicants. It is consistent with our anticipation that the applicants
of social science may pay more attention to air quality and have a higher standard for life,
due to the professional knowledge that they are exposed to every day. In addition, social
science has a larger scale of female students who are more sensitive to air pollution than
male students, so the sensitivity to it is higher.

3.2. Robustness Checks

In order to further verify the robustness of benchmark regression results, we mainly
consider replacing the independent variable, control variable, and excluding other affecting
factors to test the results.

3.2.1. Alternative Air Pollution Indicators

China’s outdoor pollutants of air pollution mainly include PM2.5 and SO2 [28–30].
SO2 is easily soluble in human body fluids, and the long-run existence can lead to upper
respiratory tract infections, chronic bronchitis, emphysema, and other diseases, so it may
also affect the university-city choices of applicants. We substitute PM2.5 with SO2, re-
estimate Equations (2) and (3), and the regression result is shown in column (2) of Table 5.
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Table 5. Robustness check results.

Second Stage

2SLS

Variables (1) (2) (3) (4) (5)

Apply Baseline
Replace Independent

Variable
Replace University

Control Variable

Exclude Agglomeration of
Double First-Class

Universities

Add Non-Double
First-Class Universities

PM2.5 −250.4680 ** −215.1581 ** −526.1274 ** −135.2575 *
(97.61) (97.44) (190.00) (73.75)

SO2 −57.2924 *
(30.24)

University Yes Yes Yes Yes Yes
Urban Yes Yes Yes Yes Yes

Climate Yes Yes Yes Yes Yes
School FE Yes Yes Yes Yes Yes
Year FE Yes Yes Yes Yes Yes

N 585 585 585 288 1117
R2 0.5680 0.2077 0.5780 0.4578 0.5679

First Stage

Avgwindsp −40.5707 ** −9.1943 *** −11.4495 *** −6.9300 ***
(15.90) (1.57) (3.00) (1.23)

F 16.30 30.82 28.64 30.64
N 585 585 288 1117

Note: Standard errors clustered at city level are reported in the brackets. University control of column (3) includes
ratio of enrollment, university control of other columns includes number of students to be recruited; urban
controls include GDP per capita, the proportion of the tertiary industry, consumer price index, population density,
education expenditure per capita, number of buses and trams (per 10,000 people); climate controls include
annually average temperature, annually average rainfall. *** p < 0.01, ** p < 0.05, * p < 0.1.

The result shows that the estimated coefficient of SO2 is negative at the 10% level; a
rise in SO2 concentration by one unit on average causes a reduction of applicants’ numbers
by about 57. It further demonstrates that air pollution does have a negative impact on
the university-city choices of applicants, which verifies the robustness of the benchmark
regression results.

3.2.2. Alternative University Control Variable

In the baseline regression, we choose the number of students to be enrolled that
published in their intended university’s admission brochure as the university control
variable. However, when applying for UNGEE, applicants also focus on the admission
ratio of recent years, as the admission proportion can reflect the competition and difficulty
of target university. In view of this, we displace the number of students to be recruited with
one year lag of admission ratio to re-regress Equations (2) and (3); the result is reported in
column (3) of Table 5. It shows that the estimated coefficient of PM2.5 is −215.1581 at a 5%
significant level, which is analogous to the estimated coefficient of benchmark regression
(−250.4680), indicating that the baseline regression result is stable.

3.2.3. Excluding the Agglomeration of Double First-Class Universities

Some double first-class universities exist as an agglomeration in partial Chinese
cities; the agglomeration in a single city may underestimate the impact of air pollution on
applicants’ university-city choices. During the data collection process, we notice that Beijing,
Shanghai, Wuhan, Nanjing, and other traditional first-tier and second-tier cities have more
than 5 double first-class universities. In order to eliminate the impact, we exclude cities
with more than 5 double first-class universities in the sample and re-regress the equations.
Column (4) of Table 5 reports the regression result. After moving partial cities, although the
absolute value of the estimated coefficient in PM2.5 becomes larger, it is still significantly
negative, showing that the benchmark regression result is steady. Specifically, for every
1 μg/m3 increase in PM2.5 concentration on average, the number of applicants applying
for UNGEE decreases by about 526, which is greater than the benchmark result (250). The
reason is that these excluding cities such as Beijing, Shanghai, Wuhan, Nanjing, and so
on are the traditional preferred city for study. Furthermore, the gathering of double first-
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class universities represents more abundant educational resources, which can bring more
opportunities and growth to applicants, and may increase the attractiveness to applicants.
Thereby, these advantages can weaken the negative impact of air pollution on applicants’
choosing intentions. Therefore, after removing these sample cities, the regression coefficient
becomes larger.

3.2.4. Considering the Non-Double First-Class Universities

The sample that we use in the baseline regression is the data of 76 double first-class
universities. During the data collection process, we note that the official websites of some
non-double first-class universities have also published application data over these years.
Therefore, we add the data that we manually crawl from the website of 82 non-double
first-class universities into the sample to re-regress the equations, and the result is shown in
column (5) of Table 5. It shows that the coefficient of PM2.5 is significantly negative, so the
benchmark conclusion still holds. For every 1 μg/m3 increase in PM2.5 concentration on
average, the number of applicants decreases by about 136. Compared with the benchmark
result (250), the absolute value decreases, illustrating that the sample of non-double first-
class universities lowers the sensitivity. Generally speaking, applicants who apply for
non-double first-class universities usually are the group that did not perform very well
in gaokao and usually have a relatively poor starting point during their undergraduate
degree, so the range of universities they can choose from is limited. Therefore, compared
with air quality, they may pay more attention to other factors such as who is more likely to
be admitted when make their university-city choices.

4. The Heterogeneous Effects

In addition to the average effects, we further investigate how the effects differ in
terms of university. Firstly, according to the results of China’s fourth round of subject
evaluation, we divide the universities into different qualities, and investigate the hetero-
geneity between world-class universities and first-class discipline universities. Secondly,
according to the division of university by the MOE of PRC, the heterogeneity between
comprehensive and non-comprehensive universities is examined. Finally, we take the
location of universities into consideration, and we estimate the heterogeneity between
northern and southern universities.

4.1. Different Quality Universities

The attractiveness of a different quality university for applicants has certain differences.
Compared with first-class discipline universities, world-class universities are more likely
to be pursued by applicants. Therefore, the air pollution sensitivity between applicants
who apply for different quality universities may be distinguishing. China’s fourth round
of subject evaluation divided double first-class universities into world-class universities
and first-class discipline universities. Generally speaking, world-class universities usually
have a better quality than first-class discipline universities. According to the result, we
separate 76 universities into world-class universities and first-class discipline universities
and examine the heterogeneity between them. We define the dummy variable for the world-
class university and its interaction with the air pollution measure in Equations (2) and (3)
to estimate the heterogeneous effect. The regression result is shown in column (1) of Table 6.

The result reveals that air pollution has a significantly negative impact on applicants
for double first-class universities. However, compared with first-class discipline univer-
sities, the world-class universities lower the sensitivity of air pollution for applicants. It
demonstrates that air pollution indeed affects the choices of applicants, but the quality
of the university can weaken the effect. The world-class universities are those at the top
in China, which are also the targets that all students pursue, so applicants will only take
air pollution a little into account when faced with a better-quality university choice. The
result is similar with our conclusion in the robustness checks of excluding the agglomera-
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tion of double first-class universities, which further illustrates the potential importance of
university quality and educational resources in the university-city selection of applicants.

Table 6. The heterogeneous effects on migration intentions.

Second Stage

2SLS

Variables
(1) (2) (3)

Apply

PM2.5 −431.7390 ** −404.8751 * −33.6891
(196.27) (218.04) (132.13)

PM2.5 × World-class university 420.1479 **
(189.89)

PM2.5 × Comprehensive university 348.2737
(336.12)

PM2.5 × Northern university −186.2481 *
(98.38)

University Yes Yes Yes
Urban Yes Yes Yes

Climate Yes Yes Yes
School FE Yes Yes Yes
Year FE Yes Yes Yes

N 585 585 585
R2 0.3631 0.3281 0.5856

First Stage

Avgwindsp −6.2735 *** −11.1137 *** −5.4436 ***
(1.84) (1.91) (1.40)

F 29.52 30.42 29.68
N 585 585 585

Note: Standard errors clustered at city level are reported in the brackets. University control includes number of
students to be recruited; urban controls include GDP per capita, the proportion of the tertiary industry, consumer
price index, population density, education expenditure per capita, number of buses and trams (per 10,000 people);
climate controls include annually average temperature, annually average rainfall. *** p < 0.01, ** p < 0.05, * p < 0.1.

4.2. Different Types of Universities

The university of a different type contains different majors, and comprehensive uni-
versities usually contain more sorts of majors than non-comprehensive universities. So,
the number of applicants who apply for comprehensive universities may be larger than
non-comprehensive universities, and there may be differences in air pollution sensitivity
among them. Based on this, according to the sort of university from the MOE of PRC
(Search each university in https://www.baidu.com/, accessed on 26 December 2020), we
divide 76 double first-class universities into comprehensive and non-comprehensive, and
then define the dummy variable for the comprehensive university and its interaction with
the air pollution measure in Equations (2) and (3) to estimate the heterogeneous effect. The
estimated result is presented in column (2) of Table 6. The result discloses that air pollution
has a significantly negative impact on the choices of applicants, but there is no significant
difference in applicants for the two types of universities. It demonstrates that there is no
significant difference in the sensitivity of applicants to air pollution among different types
of universities.

4.3. Different Regions of Universities

The Qinling-Huaihe geographical line divides China into the two parts of the south
and north. Due to the cold climate in winter, the Chinese government provides a free
heating system for all households and indoor places in the north, and the supply of heating
requires a large amount of fossil fuels such as coal, which emits a lot of pollutants, but it
does not exist in the south. The policy difference causes an initial difference in air pollution
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between the two regions [3,7]. In view of this, we divide 76 double first-class universities
into southern and northern according to the Qinling-Huaihe boundary, and then define the
dummy variable for northern university and its interaction with air pollution measure in
Equations (2) and (3) to estimate the heterogeneous effect. Column (3) of Table 6 represents
the regression result.

The result shows that air pollution has little impact on applicants for southern uni-
versities, but the universities of the north significantly aggravate the negative effect on
applicants, which is consistent with our anticipation. The applicants who live or study in
China have a full recognition that air pollution in the north (the average PM2.5 concentra-
tion is 51.41 μg/m3) is more serious than in the south (the average PM2.5 concentration is
47.99 μg/m3). Worse air quality may affect their physical and mental health during the
study period for a master’s degree, and the inherent awareness may drive them to evade a
northern university when other reference factors such as university quality are identical.

To verify the above conclusion of different regions, we analyze the application data and
PM2.5 concentration data and then draw the trend graphs (Figure 4). The left side of Figure 4
shows the trend of northern air pollution deterioration ratio (deterioration ratio = (average
northern PM2.5 concentration − average national PM2.5 concentration)/average national
PM2.5 concentration), and the right side of Figure 4 is the trend of the proportion that
the applicants of northern and southern universities account for the whole country from
2010 to 2021. From the left side, we can find that the ratio has gradually increased during
the period, manifesting that compared with the whole country, northern air pollution
is aggravating. From the right, the proportion of the number of applicants to northern
universities is gradually decreasing, while the ratio of southern universities is gradually
increasing, summarizing that with the deterioration of northern air quality, the university-
city choosing intentions of applicants are shifting from north to south. The factual analysis
confirms our above conclusion reasonably.

 

Figure 4. Northern PM2.5 concentration ratio and northern-southern ratio of applicants’ number.
Note: The (left) figure displays the ratio that northern PM2.5 concentrations are higher than all of
the country, and the (right) figure displays the ratio that northern and southern applicants’ number
account for the whole country.

5. Comparison with Existing Literature

Ultimately, we summarize the estimates of the effects of air pollution on migration or
migration intention in the existing literature in Table 7. Firstly, some literature focuses topics
on talents [13,14,31]. Based on the same perspective of college or university graduates and
the same pollutant of air pollution as us, Lai et al. (2021) find that with a 1 μg/m3 increase
in PM2.5 concentration in the original city, the probability of college graduates to leave the
city increases by 1%, which is lower than our result (2.17%). From the view of corporations,
Wang and Wu (2021) disclose that with a 1 μg/m3 increase in PM2.5 concentration in the
original city, the stock of technologically innovative professionals decreases by 0.15%. Using
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AQI as a pollutant of air pollution, Xue et al. (2021) conclude that with a 100-point increase
in AQI in a destination city, the search volume index of choosing a destination city as the
intended work place for corporate human capital decreases 2.74%, and the magnitude is
similar with our result (2.17%).

Table 7. Summary of the estimated air pollution impacts on migration or migration intention in
existing literature.

Paper Country Type of Migration Pollutants
Factor of

Dependent
Variable

Increase in
Pollutant

Concentration

Change in
Migration or

Migration
Intention

This study China Applicants of
UNGEE PM2.5

The quantity
of applicants
(move into

destinational city)

1 μg/m3

(destinational city) −2.17%

Qin and Zhu (2018) China Emigration interests
in prefecture cities AQI

Baidu search index
on “emigration”

(move into
destinational city)

100-point
(destinational city) −2.30–4.80%

Li et al. (2020) China Children’s
migration PM2.5

Probability of
children’s migration

with parents
(move into

destinational city)

1 μg/m3

(destinational city) −5.18%

Liu and Yu (2020) China Urban migration AQI

Migrants’ interest
in settling

down in current city
(stay in

original city)

100-point
(original city) −15.1%

Lai et al. (2021) China College graduates PM2.5

Probability to leave
current city (move
out of original city)

1 μg/m3

(original city) +1.00%

Wang and
Wu (2021) China and India

Technological
innovative

professionals (TIP)
PM2.5

Stock of TIP (move
out of original city)

1 μg/m3

(original city) +0.15%

Jia and Chen (2021) China Floating migrants AQI

Migrants’
settlement
intentions
(move into

destinational city)

100-point
(destinational city) −33.2%

Xue et al. (2021) China Corporate human
capital (executives) AQI

Search volume
index of intended

work places
(move into

destinational city)

100-point
(destinational city) −2.74%

Chen et al. (2022) China Migration in
China’s counties PM2.5

Net-outmigration
ratio (move out of

original city)

1μg/m3

(original city) +0.53%

In this paper, we use the application of UNGEE to measure migration intention, and
some existing literature also measures migration intention from other perspectives. Treating
the Baidu search index on “emigration” as the migration intention, Qin and Zhu (2018)
reveal that the increase of 100-point in the AQI of the destination city decreases 2.3–4.8%
emigration interests to the destination city, which is lower than the urban or floating
migration interest in settlement [32,33]. Apart from migration intention, some literature
also pay attention to actual migration. Liu and Yu (2020) and Chen et al. (2022) disclose
that the net outflow of population increases 15.1% and 0.53% with the increase of 100-point
in AQI and 1 μg/m3 in the PM2.5 concentration of the original city. Lastly, using children
migration data, Li et al. (2020) detect that the probability of children migration with parents
decreases 5.18% with a 1 μg/m3 increase in the PM2.5 concentration in the destination
city [34]. Based on the same pollutant of air pollution, the result is larger than ours, which
reveals that the children who are identified as the vulnerable group are more sensitive to
air pollution than teenagers.
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6. Conclusions

Based on the merging of application data for UNGEE of 76 double first-class uni-
versities and urban PM2.5 concentration data in China, this paper uses wind speed as
the instrumental variable of air pollution and exploits the two-stage least squares (2SLS)
method to empirically investigate the effect of air pollution on applicants’ university-city
choices. We find that air pollution has a negative impact on the university-city choices
of applicants: the average increase in urban PM2.5 concentration by 1 μg/m3 reduces the
number of applicants for each university of a destination city by about 250. Among them,
the number of applicants for social science decreases significantly by 200, and the number
of applicants for natural science decreases by 50. Compared with previous research, our
conclusions are subtly different. Additionally, the impacts of air pollution on applicants are
highly heterogeneous. Air pollution has more significantly negative effects on applicants
of first-class discipline universities than world-class universities. The reason is that the
quality of university can weaken the negative effects of air pollution on applicants. How-
ever, the impacts have no significant difference in comprehensive and non-comprehensive
universities. Lastly, due to the reason that air pollution in the north is more deteriorated
than in the south, the universities located in the north aggravate the negative effects of air
pollution on applicants, which results in the fact that university-city selecting intentions of
applicants have a tendency that shift from north to south.

This paper provides evidence for studies on the effects of air pollution on high human
capital migration intention from developing countries. Furthermore, by comparing with
previous studies, we disclose a differential completion from the perspective of university.
The conclusions of this paper show that applicants who apply for UNGEE are highly
sensitive to air pollution, and the applicants of social science are more sensitive than natural
science. There are also differences between different qualities and regions of the universities.
All of the above conclusions can be further extended to the working location decisions of
graduates, or flowing orientation of talents, and provide practical recommendations for the
introduction of talents in a number of cities. In the mature development stage, governments
should prioritize economic development, but also try to trade off the environment condition,
and take measures to build an “environmentally friendly, resource-saving, and livable” city
to attract a “knowledge-based and innovative” labor force to join in. In addition, taking
heterogeneous effects into consideration, policy makers should implement differentiated
policies for different groups and regions.

This study also has some limitations: the first is that we do not have more microscopic
individual data, such as personal information for each applicant, which can track the
migration origin and destination of each applicant. We can only use the quantity of
applicants for every university to measure migration intentions. The second is that we do
not have the physical and mental health data of the Chinese university students at our
sample universities, so we cannot analyze the mechanism of impact from physical and
mental health channels. And so we can’t know that how air pollution affects applicants’
university-city choices.
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Appendix A

Table A1. List of 76 double first-class universities.

Beijing (15)

Beijing University, Renmin University of China, Beijing University of Aeronautics and Astronautics, China Agricultural
University, Beijing Normal University, Minzu University of China, Central University of Finance and Economics, University of

International Business and Economics, China University of Political Science and Law, Beijing University of Posts and
Telecommunications, Beijing Forestry University, Capital Normal University, Beijing Foreign Studies University, China

University of Mining & Technology (Beijing), University of Chinese Academy of Sciences

Tianjin (4) Nankai University, Hebei University of Technology, Tianjin Medical University, Tiangong University

Shanghai (7) Tongji University, Shanghai Jiao Tong University, East China Normal University, Donghua University, Shanghai International
Studies University, Shanghai University of Finance and Economics, Shanghai University

Chongqing (1) Southwest University

Guangzhou (4) Sun Yat-sen University, South China University of Technology, Jinan University, South China Normal University

Nanjing (5) Nanjing University, Southeast University, Nanjing University of Posts and Telecommunications, Nanjing Forestry University,
Nanjing Agricultural University

Wuxi (1) Jiangnan University

Suzhou (1) Soochow University

Xuzhou (1) China University of Mining and Technology (Xuzhou)

Hangzhou (1) Zhejiang University

Ningbo (1) Ningbo University

Wuhan (5) Wuhan University, China University of Geosciences (Wuhan), Huazhong Agricultural University, Zhongnan University of
Economics and Law, Central China Normal University

Changsha (3) Central South University, Hunan University, National University of Defense Technology

Hefei (1) Anhui University

Fuzhou (1) Fuzhou University

Xiamen (1) Xiamen University

Zhengzhou (1) Zhengzhou University

Kunming (1) Yunnan University

Shihezi (1) Shihezi University

Tibet (1) Tibet University

Xian (4) Xidian University, Shaanxi Normal University, Northwest University, Chang’an University

Xianyang (1) Northwest A&F University

Chengdu (2) Sichuan University, Southwestern University of Finance and Economics

Dalian (1) Dalian University of Technology

Shenyang (2) Northeastern University (Shenyang), Liaoning University

Harbin (1) Harbin Engineering University

Haikou (1) Hainan University

Yinchuan (1) Ningxia University

Lanzhou (1) Lanzhou University

Qinhuangdao (1) Northeastern University (Qinhuangdao)

Jinan (1) Shandong University (Jinan)

Weihai (1) Shandong University (Weihai)

Qingdao (2) Ocean University of China, China University of Petroleum (East China)

Inner mongolia (1) Inner Mongolia University
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Abstract: This paper contributes to the study of regional economic resilience by analyzing the
dynamic characteristics and influence mechanisms of resilience from the perspective of spatial
heterogeneity. This paper focuses on the resistance and recoverability dimensions of resilience and
analyzed the dynamic changes in economic resilience in China’s Yellow River Basin in response to
the 2008 economic crisis. The multi-scale geographical weighted regression model was utilized to
examine the effect of key factors on regional economic resilience. Our findings show the following:
(1) The resistance of the Yellow River Basin to the financial crisis was high; however, the recoverability
decreased significantly over time. (2) The spatial heterogeneity of driving factors was significant,
and they had different effect scales on economic resilience. Related variety, government agency,
environment, and opening to the global economy had a significant effect on economic resilience
only in a specific small range. Specialization, unrelated variety, and location had opposite effects in
different regions of the Yellow River Basin. (3) Specialization limited the area’s resistance to shock but
enhanced the recoverability. Related variety improved regional economic resilience. Unrelated variety
was not conducive to regional resistance to shock and had opposite effects on the recoverability in
different regions. (4) Government agency and financial market promoted regional economic resilience.
Environment pollution and resource-based economic structure limited regional economic resilience.
Opening to the global economy and urban hierarchy limited regional resistance to shock, but strong
economic development had the opposite effect of improved regional resistance. The location in the
east of the Yellow River Basin enhanced the recoverability; however, the location in the west limited
the recoverability.

Keywords: regional economic resilience; spatial heterogeneity; spatiotemporal evolution; influence
mechanism; Yellow River Basin; China

1. Introduction

As complex dynamic systems, regional economic systems are frequently affected by
uncertain shocks such as international financial crisis and COVID-19 [1–3]. How to deal
with uncertain shocks, resist the impact of the shocks, and quickly restore development has
become the key to maintaining the healthy and sustainable development of cities in the
current highly uncertain shock environment [4–6]. However, regional (urban) economic
systems show significant spatial differences in coping with shocks. Specifically, some
regions have been seriously affected by shocks, resulting in stagnation of or a decline in
economic development. Interestingly, some cities can resist the negative impact of shocks
and achieve rapid economic recovery in a short time through adjustment [7–9]. The different
performances of urban response to shocks have led to extensive discussions in economic
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geography and regional science on how to cope with shocks and to what extent regional
economic systems can recover or even transform [10–13]. Regional economic resilience
is considered to be the key to explaining such differences [14,15]. Especially under the
COVID-19 epidemic shock, regional economic resilience has become a buzzword in the
current academic and policy circles both in developed and emerging economies [3,16–18].
Regional economic resilience addresses the regional ability to resist and recover from
external shocks and, broadly speaking, to adapt to uncertain contexts for maintaining
the evolving abilities for economic development and growth [4,6,10]. Regional economic
resilience provides a new perspective for analyzing the evolution mechanism of regional
systems under uncertain shock environments [3].

The Yellow River Basin is an important ecological region and major economic zone
in China. It spans eight provinces and has significant differences in different scale units
within the region. The Yellow River Basin includes the eastern coastal areas and the
central and western regions of China. Regional economic development has long depended
on resource-based industries and opening to the outside world [1,19], and investment
has a great pulling effect on regional development. This has played an important role
in the economic development of the Yellow River Basin, but it has also caused serious
environmental pollution. However, in the context of the financial crisis, this over-reliance
on specific investment and poor environments may limit the regional economic resilience
to the shock [20]. This is mainly because, under the influence of the financial crisis, foreign
trade declined, foreign capital began to withdraw capital to reduce losses, and the desire
for domestic capital investment declined. After the shock, China entered a high-quality
development stage, and the environmental situation has since become an important force
to support economic development. The reduction in investment and the weak environment
limit the ability of the Yellow River Basin to cope with the shock, and the economic
development is slow.

The weak ecological environment and extensive development model of the Yellow
River Basin lead to its extreme vulnerability to external shocks such as the financial cri-
sis [21], resulting in the interruption of the regional development path and falling into
the recession track. The Yellow River Basin is a typical vulnerable area to the financial
crisis. Under the background of China’s national strategy of ecological protection and
high-quality development of the Yellow River Basin in 2019, how to deal with uncertain
shocks and maintain stable economic development in the Yellow River Basin has become
the key to high-quality development. There is an urgent need to study the characteristics of
economic resilience in the Yellow River Basin and explore the differences in the influence
mechanism of regional economic resilience from the perspective of basin heterogeneity.
This paper attempts to explore ways to improve the ability of the Yellow River Basin to
deal with external shocks so as to maintain the sustainable economic development of the
Yellow River Basin in the event of uncertain shocks in the future.

Therefore, in this paper, we attempt to contribute to the study of regional economic
resilience in terms of dynamic measurement of regional economic resilience and the spatial
heterogeneity of the influence mechanism. Based on the dynamic perspective, we took
the prefecture-level cities in the Yellow River Basin of China as the research object. We
conducted a dynamic analysis on the level of economic resilience of the Yellow River Basin
in the face of the 2008 international financial crisis. We tried to explore the spatiotem-
poral evolution law of regional economic resilience. On this basis, we comprehensively
considered structural factors, agency-based factors, resource-based economic structure,
environment, and urban hierarchy factors and provide empirical analysis on the spatial
differences in influencing factors of regional economic resilience under different spatial
scales. This paper attempted to explore the influence mechanism of regional economic
resilience so as to provide a theoretical reference for the sustainable and stable development
of the Yellow River Basin under uncertain shocks.

The remainder of this paper is organized as follows. Section 2 reviews the relevant
literature. Section 3 introduces the study area, methodology, and influence factors of
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regional economic resilience. After showing the spatiotemporal evolution characteristics of
regional economic resilience in Section 4, Section 5 discusses the determinants of regional
economic resilience in the Yellow River Basin. Section 6 concludes the paper.

2. Review of Literature

At present, the world is facing various uncertainties. Such uncertain events may
cause serious consequences and eventually lead to the emergence of shocks or risks such
as a financial crisis [22,23]. The shocks or risks will have an important impact on the
investment decisions of different actors. The shocks may lead to expected investment
failure and limit regional sustainable development [20]. Regional economic resilience
is considered to be the key factor to explain a region’s response to uncertain shocks or
risks. How to reduce the possibility of occurrence of uncertain risks, mitigate the negative
impact of risks, reduce the vulnerability of the economic system, and improve the regional
economic resilience to cope with future shocks is the key to maintaining regional sustainable
and stable development under the current highly uncertain environment [20,23,24].

Resilience was first used to represent the rebound of physical systems after experienc-
ing shocks. Holling introduced the concept of resilience into ecology, indicating the ability
of ecosystems to recover to a single equilibrium state after a shock [25]. Subsequently,
the connotation of resilience was extended to multiple equilibrium states, indicating the
ability of a region to return to the original stable state or enter a new stable state after
a shock [26,27]. From the perspective of evolution, the concept of evolutionary resilience
was put forward [6,10,28]. Evolutionary resilience emphasizes that the system is always in
the never-ending process of nonlinear dynamic change, and resilience reflects the long-term
adaptation process of the system in the uncertain shock environment [11,29]. Regional
economic resilience refers to the ability of a regional economic system to resist shocks in
the face of external shocks, to mitigate the impact of shocks, and to recover the pre-shock
development trajectory of the region or shift to a new and better development trajectory
through adaptation [3,26].

The concept of regional economic resilience involves the discrimination of adaptation
and adaptability. Adaptation starts from the path dependence and emphasizes the structure
and mode formed by the regional economic system in its long-term historical development
process. This historical shaping has strong adaptation. In a short time, when a region
is subject to external shocks, the path dependence of the regional system can maintain
the original development path of the region or the path renewal based on the original
foundation and emphasize the resistance, recovery, and renewal of the region from the
shock [11,17]. Additionally, adaptability is more about path breakthrough, emphasizing
that when the regional economic system is subject to external shocks, under the agency
of the state and other governments, it can break the original development path, establish
a new development path, achieve path breakthrough, and maintain the new development
of the region in the long term, thus emphasizing the re-orientation [10,30]. Therefore, the
explanation of regional economic resilience in our paper is more from the perspective of
adaptation in a short period of time, emphasizing the resistance and recovery of the region
to the shock.

Resilience measurement is mainly based on two methods: constructing a single index
or an indicator system. A resilience index is mainly aimed at “sudden shocks” (especially
the 2008 international financial crisis). It is measured through core variables such as GDP
and employment [31–33]. However, most of the existing studies chose provincial units for
research, and this ignores the urban differences within province [34,35]. Most of the studies
were analyzed from the static perspective [29,36]. Resilience is measured by the variables
at the beginning and end of the shock, which only reflects the final resilience in this period.
However, the economic resilience at different times in this period is not measured, and
the change process of economic resilience in this period cannot be reflected. There are few
studies from the dynamic perspective, which cannot fully reflect the influence process of
external shocks on regional economy [37]. The index system method is mainly aimed at the
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measurement of regional economic resilience under “slow-burn” shocks [38,39], involving
crisis contexts such as resource depletion and population contraction. However, there is no
consensus on indicators, resulting in large differences in index systems [40].

The influencing factors of regional economic resilience are the focus of empirical
research. Influenced by the evolutionary economic geography, the influencing factors of
regional economic resilience mainly focus on structural factors such as industrial structure
and industrial development models [10,12,37]. They also focus on the impact of regional
basic industry composition, diversification, and specialization on regional economic re-
silience. It is generally believed that regions with more significant manufacturing industries
are seriously affected by financial crisis [29]. Specialized structures will accelerate shock
diffusion. Diversified structures can play the role of “shock absorber” and reduce the influ-
ence [3,6,8,37]. Diversified structures also involve the discussion of related diversification
and unrelated diversification [17]. In addition, the role of agency-based factors such as
entrepreneurship and government support has been paid an increasing amount of attention.
It is found that agency-based factors can affect economic resilience through adjusting the
structural factors [3,4,12,41], but the role of government agency is often ignored in the
existing research [3,17].

There are few studies on economic resilience at the watershed scale [1]. Watershed
units cover a wide range, and the existing studies did not pay attention to the spatial het-
erogeneity of watershed-scale objects. Goodchild believes that scale is the most important
topic in geographic information science [42]. The influence mechanism of a certain socio-
economic phenomenon is often determined by multiple spatial processes of different scales.
However, the existing studies ignored the spatial heterogeneity of influencing factors and
often assumed that all influencing factors play a role in the whole study area [34,37]. It
should be noted that some influencing factors may only have a significant impact in a small
area but not in other areas. Some influencing factors have positive effects in a certain area
but negative effects in another specific area. This is also the focus of our paper.

Based on the framework of regional economic resilience proposed by Martin [8,13,26]
combined with the characteristics of our study area and considering spatial heterogeneity,
we put forward the theoretical analysis framework of this paper. Regional economic
resilience is the ability of a region to adapt to external uncertain shocks such as a financial
crisis. It is mainly reflected in two dimensions: resistance and recoverability. Resistance
reflects the vulnerability of a region to a financial crisis and the depth of impact. High
resistance indicates that the region is less affected by the shock. Recoverability reflects the
regional recovery after the financial crisis. High recoverability indicates that the region
can actively adapt to the environmental changes after the shock and achieve recovery
development through path adjustment and transformation.

3. Study Area and Possible Influencing Factors

3.1. Study Area and Period Division

The Yellow River Basin in China mainly covers eight provinces and regions (Figure 1),
including 91 prefecture-level cities [43]. In 2018, the population of the Yellow River Basin
accounted for 23.8% of China, while the GDP accounted for only 20.35% of China, and the
economic development was slow. Moreover, there are many resource-based cities in the
Yellow River Basin, accounting for 46%.

Considering data availability and administrative consistency, we used the GDP growth
rate to divide the economic development stages of the Yellow River Basin before and after
the 2008 financial crisis, providing a basis for the measurement of regional economic re-
silience [12,29]. The GDP growth rate of China and the eight provinces is shown in Figure 2.

It can be found that, before the 2008 financial crisis (2004–2007), the GDP rate showed
a continuous upward trend and reached its peak in 2007, which was the recovery period of
the region facing the last shock. However, after the 2008 international financial crisis, the
GDP rate declined rapidly, reaching the first trough in 2009, and the international financial
crisis basically ended after 2010. Therefore, the period 2008–2009 was the contraction
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period of the Yellow River Basin facing the financial crisis. The “4 trillion” support policy
proposed by China in response to the financial crisis played an important role in the
economic recovery development, making the GDP rate rise briefly in 2010. However, China
then ended the high-speed growth trend, paid attention to the high-quality development of
the economy, and stepped into a medium–high-speed growth trend. After 2010, the GDP
rate showed a downward trend. This downward trend was mainly due to the influence of
environmental change caused by the 2008 financial crisis and transformation of China’s
economic development mode, which still belongs to the recovery period after the financial
crisis. Therefore, we believe that 2010–2018 is the recovery period of the Yellow River Basin
after the financial crisis.

 

Figure 1. The location of the Yellow River Basin in China.

 

Figure 2. The GDP growth rate in 2004–2018.

3.2. Research Methods
3.2.1. Measurement of Regional Economic Resilience

In this paper, the regional economic resilience is measured by constructing the resis-
tance and recoverability index [8,12], which is calculated by comparing the change of urban
GDP with the expected change.
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The calculation of the expected change of urban economic output in the contraction
(2007–2009) or recovery (2009–2018) period is as follows:

(
ΔRi

t+k
)expected

=
n

∑
j

Rij
t × Gn

t+k (1)

where
(

ΔRi
t+k
)expected

represents the expected change of economic output of city i in the

contraction or recovery period (t + k), Rij
t represents the economic output of industry j of

city i at starting time t, and Gn
t+k represents the change rate of national economic output

in t + k time.
The calculation of resistance and recoverability is as follows:

Resistance =
(
ΔRi

contraction)− (ΔRi
contraction)expected∣∣∣(ΔRi

contraction
)expected

∣∣∣ (2)

where
(
ΔRi

contraction) represents the actual change of economic output of city i during the

contraction period, and
(
ΔRi

contraction)expected represents the expected change of economic
output of city i during the contraction period.

Recoverability =

(
ΔRi

restore)− (ΔRi
restore)expected∣∣∣(ΔRi

restore)expected
∣∣∣ (3)

where
(
ΔRi

restore) represents the actual change of economic output of city i during the

recovery period, and
(
ΔRi

restore)expected represents the expected change of economic output
of city i during the recovery period.

Resistance (recoverability) greater than 0 means that the resistance (recoverability) of
the city in the face of shock is higher than the national average.

3.2.2. Multi-Scale Geographical Weighted Regression (MGWR)

MGWR considers the problem of spatial heterogeneity and improves the geographic
weighted regression by allowing different bandwidths of each variable [44]. At the same
time, it provides the influence scale of different variables, which can analyze the effect
of each variable on the dependent variable at different scales and obtain more reliable
estimation results. The MGWR model can reflect whether an independent variable has
a significant impact on the dependent variable in the whole study area, whether an indepen-
dent variable has a significant impact on the dependent variable in a specific range within
the study area, and whether an independent variable has opposite or different impacts on
the dependent variable in different ranges within the study area. The calculation of the
MGWR model is as follows:

yi =
k

∑
j=1

βbwj(ui, vi)xij + εi (4)

where βbwj represents the regression coefficient of the j-th variable, bwj represents the
bandwidth used by the regression coefficient of the j-th variable, (ui, vi) represents the
spatial coordinates of region i, xij represents the observed value of the j-th variable of region
i, and εi is the random perturbation term.

3.3. Possible Influencing Factors of the Yellow River Basin’s Economic Resilience

Regional economic resilience is affected by many factors. The industrial structure is
considered to be a key factor affecting regional economic resilience and has been widely
discussed [27,45]. However, the role of government agency is often ignored [3,6]. The pro-
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portion of state-owned enterprises is significant, and the regional economic development is
seriously affected by the government’s macro-control. Therefore, the economic resilience
of the Yellow River Basin to cope with uncertain shocks may be more deeply affected by
government agency. However, the influence mechanism of regional economic resilience is
not clear. It is urgent to further explore the role of different structural and agency-based
factors in regional economic resilience [12]. According to the literature, we summarize the
main factors affecting regional economic resilience as follows.

3.3.1. Industrial Structure

The industrial structure is a key factor affecting regional economic resilience, and
a change in the industrial structure will affect the resistance and recoverability of a regional
economy to shocks [26,46]. The specialized structure is more likely to be exposed to shocks,
which is prone to the shock diffusion of “pulling one hair and moving the whole body” [17].
The vulnerability of regional economic systems is high, meaning that rapid fluctuations in
the regional economy can be easily caused. However, in the recovery stage, the specialized
industrial structure may be more conducive to regional recovery, mainly because the
specialized structure can help to improve the implementation effect of specific policies and
guide the rapid transformation of specific industries to achieve recovery and development.

A diversified structure plays the role of “shock absorber” [3,17,47]. When the shock
has a specific industrial orientation, other types of industries are less affected and can com-
plement and maintain economic development [12,29]. However, the effect of diversified
structures on regional economic resilience is not clear, which mainly involves the discus-
sion of related variety and unrelated variety. Related variety focuses on the technology
substitution or complementarity between different industries, and different industries have
similar knowledge or capability bases [6,8]. Related variety takes into account industrial
cooperation while dispersing the shock, which is considered to be the core of developing
long-term economic resilience [11,26]. Unrelated variety can block the spread of specific
shocks due to the lack of industrial linkages. In the short term, it may be conducive to the
dispersion of shocks, but in the long term, it is not conducive to industrial innovation and
economic resilience [29].

3.3.2. Opening to the Global Economy

The degree of openness to the global economy includes the degree of cooperation
outside the region and can also represent the degree of embedding in the global economy
or participating in the global division of labor. A high degree of openness to the global
economy means that the region can attract external funds and technologies, export products
and services to the outside world, and improve the efficiency of the regional economic
system. After the shock, it can adapt to the new environment in time and improve the
regional ability to deal with the shock [34,48,49]. However, opening to the global economy
plays a double-edged sword role in regional economic resilience. When the shock seriously
affects the regional import and export departments, the regions with a high degree of
openness to the global economy may be more seriously impacted, which limits the regional
ability to deal with the shock [4,31].

3.3.3. Government Agency

As a key factor affecting regional economic resilience, government agency can even
determine regional economic resilience [3,17,50]. Government agency, such as regulation
and control, can guide the optimization and adjustment of the regional industrial structure
to change the development mode and attract high-quality talents and then affect the level
of regional economic resilience to cope with the shock [4,40,51]. After the shock, the
government support or investment play can limit the negative influence of the shock to the
greatest extent. The government can provide support for the recovery and development
of enterprises or industries [26]. Government agency can provide policy support for the
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regional economic system to update the development path or create a new path and
improve the regional economic resilience to the shock [3,52].

3.3.4. Financial Market

The financial market of the regional economic system is an important variable to deal
with the financial crisis. It determines the development of the regional economy under
uncertain shocks through the process of investment or resource utilization [20]. Regions
with a good financial market may have a better ability to cope with shocks. This is mainly
because a good financial market helps to attract capital. After the shock, it can provide
enough capital support for enterprises to cope with the shock, help the industry through
the difficult period, and then enhance the regional resilience. At the same time, a good
financial market can provide stable capital investment for industrial adjustment, improve
or transform resource utilization efficiency, promote regional innovation output and the
pace of industrial transformation, and then enhance regional resilience [26,34,48].

3.3.5. Resource-Based Economy

Resource-based cities in the Yellow River Basin account for 46%. Studies have shown
that compared with other cities, resource-based cities have high vulnerability and poor
adaptability to shocks [3,11,12]. The development of cities in the Yellow River Basin mostly
depends on resource-based industries, which are greatly affected by market prices. Under
the 2008 international financial crisis, the price of raw materials seriously declined. The
development path of the Yellow River Basin relying on resource-based industries may limit
the ability of the region to resist shocks. With China entering a high-quality development
stage and the intensification of resource depletion, the development of the resource-based
economy in the Yellow River Basin has been severely restricted. Strong path dependence
has hindered the industrial breakthrough and transformation, which may limit the regional
recovery and transformation. In a word, the resource-based economy in the Yellow River
Basin may limit the resilience [3,12,37].

3.3.6. The Environmental Condition of the Yellow River Basin

The ecological environment of the Yellow River Basin is relatively fragile, facing se-
rious resource and environmental problems. As China enters the stage of high-quality
development, the environment has become the key to restricting the sustainable devel-
opment of regional economy [1,19,53]. The development mode of the Yellow River Basin
over-relying on resource-based industries has aggravated environmental pollution and
restricted the entry of high-end talents and high-tech industries. There are many indus-
tries with high energy consumption and high pollution, which are more vulnerable to
fluctuations in the international market, which may lead to the low ability of the region
to cope with the financial crisis. With the transformation of the regional development
mode, the regions with improved environmental conditions after the shock have realized
industrial adjustment and transformation, attracting talents, new technologies, and new
industries. The regions can adapt to the new environment and achieve rapid recovery
and development.

3.3.7. Urban Hierarchy

The Yellow River Basin covers a large area, and the urban hierarchy varies greatly. The
hierarchy difference between cities may be a factor affecting the resilience. In the context of
economic globalization, cities with a high degree participate more in the regional division
of labor and have close external relations. The negative impact of the international financial
crisis may have a more serious influence on the economy of high-grade cities through the
process of economic globalization. However, after the shock, high-grade cities may attract
talents and capital through their attraction, actively participate in the regional division of
labor in the post-financial crisis era, and quickly restore regional economic development.
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In addition, regional economic resilience is also related to the level of economic
development. It is generally believed that areas with good economic development can
provide funds, infrastructure, and technical support for the region to cope with shocks [4].
Areas with a high urbanization level can attract the agglomeration of resource elements,
and their modern industrial structure and development mode may help the region adapt
to the transformation in time after the shock [54].

Based on the existing literature, we selected industrial specialization, industrial diver-
sification, degree of openness, government agency, environment, resource-based economy,
and urban hierarchy as key elements and took economic development level and modern-
ization level as control variables to explore the influence mechanism of economic resilience
in the Yellow River Basin. The connotation and calculation method of each variable are
shown in Table 1.

Table 1. Description of influencing factors.

Variable Definition Unit

Regional economic resilience Resistance and recoverability index

Specialization Specialization index (SPC)

Related variety Related variety index (RV)

Unrelated variety Unrelated variety index (U-RV)

Openness Total import and export/GDP (OPE) %

Government agency Fixed asset investment/GDP (GOV) %

Financial market Deposits of banking system
national/GDP (FIN) %

Resource-based economy Proportion of employed persons in
mining industry (REB) %

Environment Carbon emissions (ENV) Million tons

Urban hierarchy

0 for urban population less than
0.5 million, 1 for urban population

between 0.5 and 1 million, and 2 for
urban population greater than

1 million (CDG)

Urban development Per capita GDP (GDP) CNY

Urbanization Ratio of urban population to total
population (URB) %

Specialization (SPC) and diversification (RV, U-RV) are calculated by the number
of employed persons in urban units by industry in various regions. The calculation of
specialization index is:

SPCi =
k

∑
j=1

∣∣Vi,j − Vj
∣∣ (5)

where Vi,j represents the proportion of the employment of industry j in region i in the total
employment of the region. Vj represents the proportion of the employment of industry j in
the total employment of the Yellow River Basin.

Economic diversification is represented by related variety (RV) and unrelated variety
(U-RV) respectively. The calculation of related variety is as follows:

RVi,t =
k

∑
j=1

Pi,j × Ei,j; Ei,j =
n

∑
s=1

(Pi,s
/

Pi,j
)× ln(Pi,j

/
Pi,s

) (6)

where Pi,s is the proportion of employment in the s-th industry of city i at time t, and n
is the number of all industries. In the paper, n is 19, Pi,j is the proportion of employment
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in the j-th major department of city i at time t, and k is the number of major departments,
which is divided into six major departments on the basis of 19 industries in the paper.

The calculation of unrelated variety is:

U − RVi,t =
k

∑
j=1

Pi,j × ln(1
/

Pi,j
) (7)

Considering the serious lack of data in some cities, only 87 cities were selected for
analysis in the influencing factor analysis part.

3.4. Data Sources

Our data were derived from the China City Statistical Yearbook for 2004–2018 and the
relevant province’s statistical yearbook.

4. Spatiotemporal Evolution Characteristics of Regional Economic Resilience

4.1. Temporal Evolution Characteristics

Based on Equations (2) and (3), we dynamically measured the resistance and recover-
ability levels of the Yellow River Basin in the face of the 2008 international financial crisis.
At the same time, in order to compare the economic resilience of the Yellow River Basin to
this shock, we also measured the recoverability of the region to the previous shock before
2008. In order to further reflect the temporal evolution of the overall economic resilience of
the Yellow River Basin, we calculated the average value of the resistance and recoverability
levels of the Yellow River Basin and eight provinces from 2005 to 2018. The results are
shown in Figure 3.

 

Figure 3. Average economic resilience of the Yellow River Basin.

The results show that before the 2008 financial crisis, that is, during the period of
2005–2007, the average recoverability of the Yellow River Basin and most provinces was
greater than 0, indicating that the economy of the Yellow River Basin had recovered. In
the stage of resistance to the 2008 financial crisis (2008–2009), the average resistance of
the Yellow River Basin and most provinces was greater than 0, indicating that the Yellow
River Basin was less affected by the shock than the national average level, and the regional
economy had high resistance to the shock except for Henan. This is mainly because of the
“4 trillion” support policy put forward by the state in response to the international financial
crisis, which buffered the impact of the shock on the Yellow River Basin during this period.
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During the recovery phase (2010–2018), the recoverability of the Yellow River Basin
and all provinces showed a downward trend, and in recent years, the average recoverability
of the Yellow River Basin has been less than 0. From 2010 to 2018, the recoverability level of
the Yellow River Basin decreased by 163%. This shows that in the recovery stage, under
the background of “three periods superimposed” and China’s entry into the high-quality
development stage compared with the national average level, the recoverability of the
Yellow River Basin was weak, the ability of the regional economy to adapt to the new
environment was weak, and the regional transformation and development were slow.
Except for Shaanxi, Ningxia, and Henan, the average recoverability of the other provinces
was less than 0 in 2018. For a long period of time, the Yellow River Basin could not adapt to
the new environment during the recovery period, making it difficult to update or break
through the path of regional economic development, and the speed of regional economic
development was lower than the national average.

There were significant differences in economic resilience among different provinces.
This spatial difference in economic resilience may lead to spatial differences in the mecha-
nism of influencing factors.

4.2. Spatial Evolution Characteristics

The level of resistance or recoverability of the Yellow River Basin in 2005, 2007, 2008,
2009, 2010, and 2018 was selected for visual expression to reflect the spatial evolution
characteristics of economic resilience in the Yellow River Basin. The specific results are
shown in Figure 4.

Figure 4. The economic resilience of the Yellow River Basin.

Figure 4 shows that the recoverability of the Yellow River Basin was high from 2005 to
2007 but showed a downward trend. The proportion of cities with recoverability less than
0 rose from 31% in 2004 to 47% in 2007. From 2008 to 2009, the resistance of the Yellow River
Basin to the financial crisis was higher than the national average, with average resistances
of 0.26 and 0.24, respectively, but the resistance level in the eastern part of the Yellow River
Basin decreased significantly. Cities with high resistances showed significant characteristics
of spatial agglomeration. From 2008 to 2009, the proportion of cities with resistance less
than 0 rose from 22% to 44%. From 2010 to 2018, the recoverability of the Yellow River
Basin showed a significant downward trend. The recovery and development of the Yellow
River Basin were slow after the shock. The average recoverability decreased from 0.18 to
−0.11, decreasing by 162.9%. From 2010 to 2018, the proportion of cities with recoverability
less than 0 rose from 33% to 65%. Cities with high recoverability were mainly concentrated
in the south of the Yellow River, while other regions had low recoverability over time. The
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regional development path after the shock could not adapt to the new environment. At the
same time, it was found that the resistance or resilience of the Yellow River Basin showed
characteristics of spatial differences.

5. Determinants of Economic Resilience in the Yellow River Basin

5.1. Model Comparison and Scale Analysis

Before the regression of the model, we carried out variance inflation factor (VIF) test on
the selected influencing factors. The results show that the VIF values of all variables were
less than 4, indicating that there was no multicollinearity among the influencing factors,
so regression analysis could be carried out. Table 2 shows the regression results of the
OLS model and MGWR model in the 2008–2009 resistance period and 2010–2018 recovery
period, respectively. The results show that the goodness-of-fit R2 and log-likelihood (log-
L) values of the MGWR model were higher than those of OLS model, and the Akaike
information criterion (AIC) value was lower than that of OLS, indicating that the regression
result of the model was more accurate after considering spatial heterogeneity. At the same
time, it was found that the heterogeneity scale plays an extremely important role in the
influence mechanism of regional economic resilience. Some variables only had an impact
on economic resilience within a specific range. Once the specific range was exceeded, the
impact of the variable disappeared. In other words, the action process of different factors
on regional economic resilience runs on different spatial scales.

Table 2. Statistical description of regression coefficient.

OLS MGWR

Coefficient
(2008–2009)

Coefficient
(2010–2018)

Bandwidth
(2008–2009)

Bandwidth
(2010–2018)

Constant 0.000 0.000 85 44
SPC 0.069 −0.075 44 81
RV 0.124 0.252 * 53 79

U-RV −0.084 −0.113 85 44
OPE −0.336 ** 0.036 57 85
GOV 0.443 *** 0.109 55 83
FIN 0.181 0.312 *** 85 85
REB −0.122 −0.268 ** 85 85
ENV 0.064 −0.086 72 81
CDG −0.273 ** 0.047 85 85
GDP 0.273 * −0.147 48 85
URB 0.225 −0.244 * 85 85
R2 0.418 0.408 0.727 0.696

Log-L −99.901 −100.624 −66.952 −71.678
AIC 223.802 225.247 191.099 193.483

*** p < 0.01; ** p < 0.05; * p < 0.1.

The MGWR results show that in the resistance stage (2008–2009), the bandwidth of
specialization, related variety, opening to the outside world, government agency, and GDP
were small. They had high spatial heterogeneity. Beyond this scale, the regression coeffi-
cient changed dramatically. In the recovery stage (2010–2018), the bandwidth of constant
and unrelated variety were small. The constant represents the impact of different locations
on regional economic resilience when other independent variables are determined. Its
bandwidth was 44, indicating that the recoverability of the Yellow River Basin was the
most sensitive to location and had a great impact in a local range. The impact of influ-
encing factors on economic resilience can be shown by the coefficient spatial distribution
map below.
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5.2. Spatial Pattern Analysis of Influencing Factors
5.2.1. Resistance in 2008–2009

The regression coefficient of each significant variable is shown in Figure 5. Industrial
structure variables had significant effects on resistance, and the characteristics of spatial
heterogeneity were obvious. The SPC variable significantly limited regional economic
resistance (Figure 5a). The specialized structure had a significant impact on the economic
resistance mainly in the central and southern regions of the Yellow River Basin. The value
range of this variable was −0.263~−0.235. The negative impact of the financial crisis
quickly spread to all industries due to excessive linkages between industries, causing
regional economic recession.

Figure 5. Spatial coefficient distribution of significant variables in 2008–2009.

The RV variable significantly promoted economic resistance (Figure 5b). RV played
a significant role mainly in the central and northern regions of the Yellow River Basin. The
improvement in related variety improved the ability of the region to cope with the shock.
The value range of the RV was 0.269~0.506. This is mainly because related variety strength-
ened the connection between different departments. Firstly, related variety dispersed the
impact of the shock, avoiding the influence quickly spreading to other industries so as to
maintain economic development. Secondly, related diversified industries absorbed the per-
sonnel and resource elements of the affected industries, which is conducive to accelerating
industrial adjustment and resource reuse.

The U-RV variable had a significant negative effect on regional economic resistance
(Figure 5c). The unrelated variety structure in the northeast of the Yellow River Basin had
a higher restrictive effect on regional economic resistance. The value range of the U-RV was
−0.217~−0.192. The economic development of the Yellow River Basin has long relied on
resource-based industries, which were seriously affected by the shock. The proportion of
industries unrelated to resources was low. Even though these industries were less affected
by the shock, they had less impact on economic development. At the same time, the
unrelated variety structure is not conducive to the flow of talents and resources. After
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the shock, the efficiency of resource utilization was reduced, which is not conducive to
economic development.

The OPE variable significantly limited regional economic resistance (Figure 5d). The
role of OPE in the east was not significant. The negative effect of OPE was greater in the
central area. The value range of the OPE regression coefficient was −1.077~−0.311. This
is mainly because the foreign trade of the central and western regions of the Yellow River
Basin mainly depends on natural resources. The financial crisis led to a decline in the price
and demand of the international resource market, which had an important impact on the
resource export industry. This limited the resistance of the central and western regions to
the financial crisis.

The GOV variable significantly promoted regional economic resistance (Figure 5e) and
showed a spatial heterogeneity characteristic. The regression coefficient increased gradually
from the center and south of the Yellow River Basin to the west. The value range of this
variable was 0.185~0.615. The results show that in the face of the international financial
crisis, government agency helped cities actively resist the shock. There are many resource-
based cities in the center and west of the Yellow River Basin, and the state-owned economy
accounts for a large proportion. Government agency plays a profound role in the choice of
investment and development mode. Government agency can provide funds and policy
support for industrial adjustment and help expand the domestic market to digest resource
products, thus maintaining economic development and enhancing economic resistance.

The FIN variable had a significant positive effect on regional economic resistance on
a global scale (Figure 5f). The regression coefficient increased gradually from the north of
the Yellow River Basin to the south. The value range of the FIN regression coefficient was
0.300~0.342. This is mainly because a good financial market can provide enough financial
support for industrial adjustment or overcoming difficulties and avoid capital withdrawal
after the shock. The government can also attract funds into the market through a series
of financial support measures to improve resource utilization efficiency and maintain
economic development.

The REB variable significantly limited economic resistance on a global scale (Figure 5g).
The regression coefficient decreased gradually from the east of the Yellow River Basin to the
west. The value range of the REB regression coefficient was −0.241~−0.195. The financial
crisis led to a decline in the price and demand of the international resource market, which
had a profound impact on the resource-based industries. There are many resource-based
cities in the center and west of the Yellow River Basin, and their economic development
depends on resource-based industries, which hindered the ability of the regional economy
to resist the shock.

The ENV variable significantly limited regional economic resistance (Figure 5h) and
showed a spatial heterogeneity characteristic. The regression coefficient decreased grad-
ually from the center of the Yellow River Basin to the west. The value range of the ENV
regression coefficient was −0.320~−0.239. The environmental conditions in these regions
play a more significant role in limiting regional resistance to shocks. This is mainly because
these regions have long relied on traditional resource industries, which has exacerbated
environmental pollution in the process of development. After the financial crisis, the
development of traditional resource industries was restricted, and environmental pollu-
tion restricted the entry of talents and high-tech industries, resulting in an insufficient
foundation for industrial adjustment in these regions, thus limiting the ability to resist
the shock.

The CDG variable had a significant negative effect on regional economic resistance
on a global scale (Figure 5i). The value range of the CDG regression coefficient was
−0.382~−0.208. The urban hierarchy in the west of the Yellow River Basin was more sensi-
tive to economic resistance. This is mainly because high-level cities have more participation
in the global division of labor, and the Yellow River Basin is mostly at the supply and
processing ends in the global division of labor. After the financial crisis, the international
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market was depressed, and the high-level cities that participated in the global division of
labor were more seriously affected, which hindered the economic resistance.

The GDP had a significant positive effect on regional economic resistance (Figure 5j)
and showed a spatial heterogeneity characteristic. The value range of the GDP regression
coefficient was 0.420~0.865. Economic development was more sensitive to economic
resistance in the north of the Yellow River Basin. A series of supporting measures taken by
the region to resist the shock needed the support of local economic development, especially
in the center and west of the Yellow River Basin, where economic development is slow.

5.2.2. Recoverability in 2010–2018

The regression coefficient of each significant variable is shown in Figure 6. The
location reflected by the constant term had a significant effect on the regional economic
recoverability on a certain scale (Figure 6a). The location in the west of the Yellow River
Basin had a significant negative effect on the recoverability, while the location in the
east of the Yellow River Basin had a significant positive effect on the recoverability. The
value range of the constant coefficient was −0.379~0.580. This is mainly because the
west of the Yellow River Basin has a large proportion of resource industries, the regional
environment is poor, and the economic development is relatively slow. This location
hindered the adaptation and transformation of the region in the recovery period. However,
the east of the Yellow River Basin is a coastal area with good economic development. This
location promoted the transformation process of the region in the new environment, and
the regional recoverability.

Figure 6. Spatial coefficient distribution of significant variables in 2010–2018.
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Industrial structure variables had significant effects on recoverability, and the charac-
teristics of spatial heterogeneity were also obvious. The SPC variable significantly promoted
regional economic recoverability in the center and east of the Yellow River Basin (Figure 6b);
this is contrary to the regression result of resistance. The regression coefficient increased
gradually from the center of the Yellow River Basin to the east. The value range of this
variable was 0.205~0.373. In the recovery stage, the specialized industrial structure was
conducive to the implementation of specific industrial policies, accelerating industrial
transformation and improving resource utilization efficiency.

The RV variable significantly promoted economic recoverability on a global scale
(Figure 6c). The regression coefficient increased gradually from the northwest of the Yellow
River Basin to the southeast. The value range of RV was 0.331~0.583. This is mainly because
related variety can promote the generation of innovation activities. When external shocks
occur, it can actively adapt to the external environment through inter-industry exchanges,
update existing departments, or cultivate new industrial departments.

The U-RV variable had a significant effect on regional economic recoverability on
a certain scale (Figure 6d). The unrelated variety structure in the northeast of the Yellow
River Basin had a negative effect on recoverability, but it had a positive effect in the center
and south of the Yellow River Basin. The value range of U-RV was −0.464~0.435. As
China enters the stage of high-quality development, unrelated variety can break the path
dependence of regions, achieve path breakthrough, and create new development paths to
recover economic development. However, the unrelated variety structure may ignore the
role of existing industries, and the cost of cultivating completely unrelated new industries
is high, which may have the opposite effect on some regions.

The GOV variable significantly promoted regional economic recoverability in the
northeast of the Yellow River Basin (Figure 6e). The value range of this variable was
0.158~0.194. Government agency provided financial and policy support for the break-
through development of the industry and played an important role in guiding industrial
adjustment and accelerating the transformation of the development mode. Especially in
the eastern coastal areas, the policy inclination was greater, the economic development was
better, and the government’s supporting role was more significant.

The FIN variable had a significant positive effect on regional economic recoverability
on a global scale (Figure 6f). The regression coefficient increased gradually from the west
of the Yellow River Basin to the east. The value range of the FIN regression coefficient was
0.265~0.368. The good financial market provided enough funds for industrial adjustment
and supported the industry in adapting to the new environment.

The REB variable significantly limited economic recoverability on a global scale
(Figure 6g). The regression coefficient decreased gradually from the center and south
of the Yellow River Basin to the surrounding areas. The value range of the REB regression
coefficient was −0.447~−0.369. At this stage, great changes took place in China’s devel-
opment mode, focusing on the quality of economic development. The past development
model based on resource consumption could no longer adapt to the new environment.
The large proportion of traditional resource-based industries limited the recovery and
development of the regional economy.

The ENV variable significantly limited regional economic recoverability in center of
the Yellow River Basin (Figure 6h). The value range of the ENV regression coefficient was
−0.236~−0.199. Most of these areas were concentrated in Shaanxi, Shanxi, and Henan.
There are many resource-based cities. The past development model seriously damaged
the environment. In the recovery stage, this poor environmental condition restricted the
investment in industrial technology upgrading, hindered the introduction of high-tech
industries, and led to the slow development of the regional transformation.

The URB variable had a significant negative effect on regional economic recoverability
on a global scale (Figure 6i). The value range of the URB regression coefficient was
−0.397~−0.290. The regression coefficient decreased gradually from the center of the
Yellow River Basin to the surrounding areas. This may be related to the measurement of
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urbanization. We measured urbanization based on the proportion of the non-agricultural
population, which cannot fully reflect the quality of urbanization.

6. Conclusions

Regional economic resilience is considered to be an important factor to explain and
understand the differences in regional performance in coping with and adapting to external
shocks [8,26]. Especially under the environment of the COVID-19 epidemic shock, regional
economic resilience has attracted an increasing amount of attention from academia and
politics [3,17]. In the existing studies, spatial heterogeneity was considered less, and the
influence of structural factors on regional economic resilience was mostly analyzed at the
macro overall scale. There was less analysis of the elements of agency-based factors. At the
same time, the effect of various factors on regional economic resilience has a scale effect;
that is, the effect of some influencing factors may only be significant on the local spatial
scale, and beyond this scale, it has little effect. Therefore, we took the Yellow River Basin
as the research object. We analyzed the spatiotemporal evolution process of economic
resilience in the face of the international financial crisis in 2008. On this basis, considering
the characteristics of spatial heterogeneity, we analyzed the influence factors of economic
resilience in the Yellow River Basin by integrating structural factors, agency-based factors,
resource-based economy, and environment and urban hierarchy factors.

Based on our results, we draw the following conclusions:

(1) The resistance of the Yellow River Basin to the financial crisis was high, and it was
less affected by the shock in the early stage, but it showed a small decline. The recov-
erability of the Yellow River Basin after the shock was weak, showing a significant
downward trend with the evolution of time. In the long run, the Yellow River Basin
could not adapt to the new environment. The economic resilience of the Yellow River
Basin showed significant spatial agglomeration and difference characteristics.

(2) In the resistance period and recovery period, the influence mechanism of economic
resilience in the Yellow River Basin was significantly different. However, spatial het-
erogeneity played a significant role in different periods. Related variety, government
agency, environment, and opening to the global economy had a significant effect on
economic resilience only in a specific small range, beyond which the impact was small.
Specialization, unrelated variety, and location had opposite effects in different regions
of the Yellow River Basin.

(3) Structural factors still played a significant role in regional economic resilience, but
the influence mechanism was changed in different periods. Specialization limited
the area’s resistance to shock but enhanced the recoverability after the shock. Re-
lated variety significantly improved the regional ability to cope with the shock by
giving full play to the “shock absorber”. Unrelated variety was not conducive to
regional resistance to the shock and had opposite effects on the recoverability in
different regions.

(4) Government agency and financial market significantly promoted the regional eco-
nomic resistance and recoverability. Environment pollution and resource-based eco-
nomic structure significantly limited the regional economic resistance and recoverabil-
ity. Opening to the global economy and urban hierarchy limited the regional resistance
to the shock, but strong economic development had the opposite effect of improved
regional resistance. The location in the east of the Yellow River Basin enhanced the
recoverability; however, the location in the west limited the recoverability.

7. Discussion

From the perspective of evolutionary economic geography, considering the dynamic
evolution and spatial heterogeneity of basin-scale economic resilience, we discussed the
economic resilience mechanism in the face of 2008 international financial crisis by using the
MGWR model. For this special scale unit of the Yellow River Basin, we needed to consider
the characteristics of spatial heterogeneity and explore the effect of different factors on
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regional economic resilience at different spatial scales in order to provide a policy reference
for the Yellow River Basin to deal with uncertain shocks in the future.

The structural factor is an important factor of regional economic resilience, which has
been verified again. In the process of high-quality development of the Yellow River Basin,
we need to pay attention to the connection and cooperation between different industries not
only to ensure decentralized shocks but also to ensure innovation spillover. Governments
should play their role in macro-control and provide policy support for the high-quality
development of the Yellow River Basin. Government agency should promote the pace of
industrial transformation, accelerate the renewal or creation of regional development paths
and promote the transformation process of resource-based cities. The government should
enhance the regional specialization of high-tech industries and improve the efficiency of
resource utilization. The Yellow River Basin should reasonably control the level of cities,
enhance the status of cities in the global division of labor, pay attention to foreign and
domestic market, and enhance regional resistance. In view of the unfavorable location
conditions such as Qinghai and Gansu, local governments should formulate development
strategies considering regional characteristics in future planning. It is worth noting that
in the future, we need to implement different development policies on different scales
according to the actual urban situation.

Our research also has deficiencies. Due to data limitations, our paper only discussed
the economic resilience of the Yellow River Basin in the face of the international financial
crisis from the dimensions of resistance and recoverability. At the same time, this paper
only selected some key elements to analyze the influence mechanism. In fact, the resilience
of the regional economy is affected by many factors. We ignored factors such as innovation
and entrepreneurship.
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Abstract: Voivodships are centres of economic, social, and cultural life—they gather economic and
social activities. This research aimed to evaluate the spatial differentiation of the quality of life in
voivodships in Poland with the use of a synthetic measure. To achieve the research objective, the
research methods used were literature analysis, statistical analysis, and synthetic measure. The
Technique for Order Preference by Similarity to an Ideal Solution method was used to build synthetic
measures. The choice of variables in 2010–2020 was largely conditioned by the availability of data
collected in the regional system at the level of voivodships at the Local Data Bank of the Central
Statistical Office. As a result of the analysis of voivodships in Poland, based on the quality of life
measure, four groups were distinguished (according to the value of quartiles). In the group of the
best voivodeships there were: Pomerania, Masovia, Lower Silesia, and West Pomeranian in 2010, and
Masovia, Pomerania, Greater Poland, Lower Silesia, and Lesser Poland in 2020, and in the IV, the
weakest group: Lodz Province, Podlasie Province, Lubusz Province, and Holy Cross in 2010, and
Lodz Province, Podlasie Province, Holy Cross, and Lublin Province in 2020. The synthetic quality
of life ranged from 0.37 to 0.56 in 2010 and from 0.39 to 0.64 in 2020. Regional authorities, taking
care to improve economic potential, cause increasing the attractiveness of the area and attracting
new entrepreneurs, create new jobs, and improve the quality of life of the inhabitants. Quality of
life is shaped by economic activity and working conditions, health, education, free time and social
relations, economic and physical security, and the quality of the natural environment. The results of
the research conducted allow local governments to make comparisons. The conclusions drawn may
allow them to identify potential directions for developing policy optimization.

Keywords: quality of life; healthy region; healthy environment; spatial; synthetic measure; voivodship

1. Introduction

The existing connection among the economy, the existing networks of dependence
and cooperation, and the increasing unification of markets has become one of the causes of
the contemporary crisis [1]. It is not only a financial and economic crisis but also a social,
ecological, and political crisis. The growing interconnection of regional economies creates
the threat of transferring negative phenomena to related economies in the tightening
cooperative network and the global system of flows (resources, factors of production,
capital, goods and services, etc.) [2,3]. Development problems should be considered, inter
alia, in the area of restrictions and barriers to doing business, or taking advantage of
opportunities for further development.

The modern economic system is facing the challenge of responding to increasing needs
while facing changes in the quality of life and climate, and the depletion of raw materials
and the deterioration of our global environment [4]. A green economy allows for the
harmonious management of local resources. It is an economy that contributes to improving
human wellbeing and increasing social justice, while significantly reducing environmental
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risks and resource scarcity. It stands for a low carbon, resource sparing, and socially solid
economy. A green economy means a restructuring of economic activity and infrastructure
to ensure greater returns on natural, human, and economic capital. The green economy
is indicated as a new model of management in which the range of ecological solutions is
increased. As emphasized, this is the way to achieve sustainable development; it is not an
alternative concept.

One of the tasks of local government administration units is to care for the process
of sustainable development and to improve the quality of life (as the sum of a healthy
region (city, commune) and a healthy environment (natural and human functioning and
enterprises)), and to improve competences and social cohesion, effectively manage local
resources (such as the environment, people, infrastructure, and financial resources), provide
residents and economic entities with a feeling of stability, reducing the uncertainty of
company operations. In the economic sphere, the priority should be building a modern
industry, supporting entrepreneurship, and investing in innovations and new technologies.
The indicated areas can be achieved while maintaining sustainable development consistent
with environmental protection and sustainable management of resources [5].

The undeniable determinant of socioeconomic development and the quality of life
is the natural environment, the resources of which constitute the foundation of economic
activity and the integrity of societies. The natural environment is both the basis for the
broadly understood development and is also a barrier due to the exhaustion of resources.
The limitation of environmental resources in combination with the unlimited needs of
people makes it necessary to manage its resources rationally. Because of this, it is possible
to use the natural environment, and thus satisfy human needs, which results in obtaining
an appropriate quality of life [6].

J. Piasny defines the standard of living as the entirety of the real living conditions
of people, the degree of satisfaction of their material and cultural needs by a stream of
goods and services, financed both from private and social funds [7]. J. Drewnowski and W.
Scott define the standard of living of the population as the level of satisfaction of needs per
unit of time, following as a result of goods, services, and living conditions enjoyed by the
population during that unit of time [8].

Considering the issue of the quality of life, the authors decided to formulate the
following research questions: What is the spatial differentiation of the quality of life
in terms of regions in Poland? Does the level of quality of life depend on the level of
variables characterizing the development process (endogenous socioeconomic variables)?
The following questions were assessed in turn: Which endogenic potential variables shape
the level of quality of life? To what extent does the financial situation shape the quality
of life?

2. Literature Review

The European Union and numerous international organizations have included the
green economy in the developed strategies. The European Union wants to create its
competitive advantage in the economy, production, technological development, research
and innovation by using the concept of sustainable development. The United Nations
Conference on Sustainable Development RIO + 20 in June 2012 was also focused on the
concept of green economy, where it was emphasized that it is necessary to redefine the
economy and adopt a new model of socioeconomic development (green economy), in which
special attention is given to environmental issues. Contrary to the current model (brown
economy), largely based on the use of fossil fuels and other nonrenewable resources, the
new model should learn from the experiences of the environmental economy and ensure
the right relationship between the economy and ecosystems [9]. It is worth emphasizing
that the concept of green growth is in line with the assumptions of the Europe 2020 strategy,
which is based on three main pillars: smart, sustainable, and inclusive growth. Europe
needs to strengthen the synergies between smart and green growth to cope with climate
change, environmental and energy challenges, and increasing resource scarcity [10].
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The green economy is a way of obtaining and using resources. The related structural
changes in the economy are caused by the emergence of new industries of waste recycling,
emission-free energy production, absorption of greenhouse gas emissions, and green urban
planning. These changes should be accompanied by a parallel increase in the quality of
life of the inhabitants [11]. However, a real transition to a green economy is only possible
with sustainable development. The green economy includes green products and services,
investments, green sectors of the economy, public procurement, and jobs. In the concept
of a green economy, on the one hand, there is a certain restriction to economic processes,
and on the other hand, the adjective green suggests a constant presence of ecological cri-
teria. A new aspect of defining a green economy is the inclusion of social references and
environmental aspects in every decision and production process. The concept of a green
economy becomes multidimensional, pointing to the economic, social, and environmental
dimensions. The green economy is more than the sum of the commitments already made:
it has the potential to introduce us to a new development paradigm and a new business
model where growth, development, and the environment are seen as reinforcing each
other [12]. Increasing resource efficiency, promoting sustainable consumption and produc-
tion, combating climate change, protecting biodiversity, combating desertification, reducing
pollution, and managing natural resources and ecosystems responsibly is imperative and
at the same time driving the transformation towards a green economy [13]. The indicated
processes should also have a positive impact on the quality of life of the inhabitants.

The benefits of a circular green economy include better resource and ecological effi-
ciency, a lower carbon footprint, less dependence on fossil resources, and the valorization of
byproducts and waste materials from multiple sources (e.g., agroindustrial). This concept
focuses on the idea of recycling, reusing, remanufacturing and maintaining a sustainable
production process. A sustainable and environmentally friendly way of disposing the waste
is crucial for the protection of the environment and human health. In this respect, the waste
biorefinery is an example of its potential. Environmental, social, and economic problems are
closely intertwined, complex and complex [14,15]. The multifaceted nature of the problems
becomes a serious challenge for governments, politicians, and decision-makers [16,17].
The concept of a green economy has been criticized for significant overlap with or an
attempt to replace sustainable development. Deterioration of the natural environment
affects the quality of life of the population. The quality of life assessment can be positive or
negative (low, medium, high quality of life; better, worse, more or less developed). The
essence of nonvaluing (descriptive) interpretation consists in determining the separateness
(differences) or similarities of the quality of life [18,19].

Quality of life is a complex, multifaceted category. High quality of life as the overriding
goal of the concept of sustainable development should be the result of the development
policy at all levels of management (national, regional, and local) [20]. Quality of life refers
to the degree of satisfaction of material and nonmaterial needs of individuals and social
groups, and it is defined both by objective indicators, e.g., life expectancy, the extent of
poverty, the level of enrollment, and subjective indicators, e.g., the degree of satisfaction
with living conditions and its various aspects, level of happiness, stress, meaning in life.
The concept of quality of life is defined as multidisciplinary due to its complexity and
internal connections [21]. Quality of life can be viewed in terms of human health, the state
of the economy, employment, infrastructure development, crime, and the environment,
both at an individual and a social level [22,23].

J. Berbeki (2005) in his works pointed to a subjective assessment of the quality of life
of the inhabitants of the Małopolskie voivodship. A. Zborowski raised the issue of the level
and quality of life in the space of an urban region (based on the example of Krakow). A.
Sobali-Gwosdz (2004) draws attention to the size of cities, their rank and their functions
in the assessment of the quality of life. M. Gotowska and A. Jakubczak (2012) emphasize
the influence of local authorities on the lives of residents [24–27]. Most often, the quality
of life is interpreted as the degree of satisfaction concerning material and spiritual human
needs. It is shaped by many factors, the most important of which are: housing situation,
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employment security, health and life protection, the possibility of learning and improving
qualifications, access to culture, access to commercial establishments, the condition of
technical infrastructure, and the degree of satisfaction of individual needs. J. Rutkowski
includes general satisfaction with life, expectations, prospects, aspirations (subjective
factors), and the social and economic conditions we live in (objective factors) as factors
influencing the shaping of the quality of life [28,29].

High quality of life is of particular importance in local territorial systems. How we
perceive and evaluate our lives is strongly influenced by local (regional) aspects. It is the re-
sponsibility of local (regional) authorities to use the forces inherent in economic and spatial
systems, i.e., social capital, together with environmental and economic potential [30,31].
Increasing the quality of life is the main goal of sustainable development. The quality of
life is assessed using the housing dimension (quality of housing and housing environment)
and is one of the main issues influencing the quality of life [32]. The level and quality of life
of the population are influenced by numerous microeconomic factors (including human,
material, and financial resources, which create a closed environment for households and
the population) and macroeconomic factors (development policy, fiscal policy, unemploy-
ment, and inflation) [33,34]. Institutional factors (administration, social infrastructure and
social assistance, public safety) influencing the quality of life are a relatively new area
of measurement [35]. When discussing the quality of life, the most frequently analysed
factors include health protection, life safety, the condition of the natural environment, the
standard of living of the inhabitants, the condition of public transport and communication,
the housing situation, education and training opportunities, and access to culture. An
important area of the quality of life is social infrastructure and social assistance, which is
the base of the social policy of the state.

Circular economy (green economy or bioeconomy—including economic activities in
materials and the field of energy) shows the need for the new global society and economy
to be based on renewable processes, favouring biodiversity, bringing benefits (tangible and
intangible) to all people (their quality of life) now and in the future [36]. The key element
is the management of limited natural resources [37]. The green economy is interpreted as
‘4R‘—i.e., reduction, reuse, recycling, and recovery. These relate to reducing resource con-
sumption and preserving natural capital, energy resource recovery (e.g., burning waste for
heating), and consumption based on continuous growth and increasing resource capacity
by decoupling economic growth from environmental pressures [38,39].

3. Materials and Methods

This research aimed to evaluate the spatial differentiation of the quality of life in
voivodships in Poland with the use of a synthetic measure. This enables the ranking and
grouping of voivodeships from the point of view of the main criterion, together with
examining whether and to what extent the variables of its structure determine it, and
indicating the importance of local research and the information obtained as part of the
research carried out at various stages of decision-making in a territorial unit. The synthetic
measure (built using the Technique for Order Preference by Similarity to an Ideal Solution
method) facilitates the comparison of objects in multidimensional spaces but also allows
them to be organized in terms of the phenomenon under study. The factor analysis and
the coefficient of variation were used to delimit the variables, and the correlation analysis
was used to determine the relationships between the variables. The scatter diagrams and
maps of spatial differentiation of the studied phenomenon are presented. The method of
descriptive analysis was also used, together with a literature study on the quality of life
and its determinants.

Empirical (measurable) data were collected in the spatial terms of Polish voivodships.
The choice of variables was conditioned by the availability of secondary data collected in
the Local Data Bank of the Central Statistical Office (BDL GUS) for the years 2010–2020.
The research was carried out dynamically, determining the values of min {xij} and max {xij}
for the entire research period. A voivodship should be understood as a local government
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unit, i.e., a regional self-government community (all inhabitants), the highest level of the
basic territorial division of the country, established to perform public administration. The
analysis was made on the NUTS 2 level, in Poland—voivodships.

When examining spatial differentiation in terms of the main criterion (quality of
life), a certain number of diagnostic variables should be distinguished that characterize
the level of the analysed phenomenon, which can be written using a multidimensional
data matrix [40]. As a complex phenomenon, the quality of life was characterized based
on variables illustrating, among others, social, economic, infrastructural, environmental,
financial, and green economy aspects. The spatial (intraregional) polarization of the quality
of life variables in the modern economy occurs primarily between cities (regions of growth
in the region) and peripheral areas [41].

The selection of diagnostic variables and their verification in terms of content and/or
statistics allowed for the definition of the observation matrix, which consists of objects and
features. It was written as Xij:

Xij =

⎡⎢⎢⎣
x11 x12 . . . x1m
x21 x22 . . . x2m
. . . . . . . . . . . .
xn1 xn2 . . . xnm

⎤⎥⎥⎦, (1)

where: Xij—denotes the values of the j-th variable for the i-th object, matrix of data objects,
i—object number (i = 1, 2, . . . , n), j—variable number (j = 1, 2, . . . , m).

The determinants characterizing the quality of life are interactive. They are a tangle
of interrelated variables that create a multidimensional space. The following variables
presented in Table 1 were distinguished in the study (selected after statistical and con-
tent evaluation).

Table 1. List of variables describing the quality of life.

Variables Unit S/D *

X3 Dwellings equipped with sanitary facilities—water supply % s
X4 Dwellings equipped with sanitary facilities—bathroom % s
X6 Dwellings equipped with installations—gas mains % s
X7 Uses the system—water supply system % s
X8 Uses the system—sewage system % s
X9 Persons using the system—gas network % s
X10 Total migration balance per 1000 population Osoba d
X11 Total average monthly disposable income per 1 person PLN s
X16 Deaths per 1000 population - d
X17 Natural increase per 1000 population - s
X18 Total employed per 1000 population Osoba s
X22 Population per bed in general hospitals Osoba s

X25 Total industrial and municipal wastewater requiring
treatment discharged to water or land during the year Dam3/km2 d

X26 Industrial and municipal wastewater requiring treatment
discharged to water or land during the year—treated Dam3/km2 d

X27 Total waste collected during the year T d
X27 Share of the area of active landfills in the total area % d
X29 % Population using sewage treatment plants % s
X31 Share of green areas in the total area % s
X33 Gross enrolment rate—primary schools - s
X34 Average gross monthly salaries PLN s
X36 Own income per capita PLN PC s
X37 Property expenditures per capita PLN PC s
X38 Income from personal income tax (PIT) PLN PC s
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Table 1. Cont.

Variables Unit S/D *

X39 Income from corporate income tax (CIT) PLN PC s
X40 Expenditure on transport and communications PLN PLN PC s

For the construction of the synthetic measure, a set of 42 potential diagnostic variables collected by public statistics
and related to the analysed phenomenon was originally adopted; the table shows the number of those selected for
the construction of the synthetic measure as a result of the analysis. The variables were removed based on the
correlation coefficient, coefficient of variation, and factor analysis; * S stimulant/D destimulant/. Source of data: a
study based on the BDL CSO data.

Difficulties related to the implementation of the research (selection of variables in
the structure of the synthetic measure) are related, among others, to changes in legal
regulations regarding the income system, the scope of tasks performed by territorial units,
budget reporting, changes in the administrative division, changes in the socioeconomic
situation, random events, or the lack of data collected as part of public statistics at the level
of municipalities (or points, or provinces; some data were incomplete, data did not cover
all voivodeships).

After determining and collecting data on the initial set of features, verification activities
were undertaken according to the statistical criterion. This allowed for the elimination of
quasi-constant variables. For this purpose, the coefficient of variation was used, given by
the formula:

Vi =
Si

x
(2)

where: Vi—coefficient of variation for the i-th variable, Si—standard deviation for the i-th
variable, and x is the arithmetic mean of the i-th variable. Diagnostic features should show
sufficient spatial variability, i.e., they should be the carrier of information differentiating
the examined objects. From the set of variables, the features satisfying the inequality were
eliminated |Vi| ≤ V∗, where V* denotes the critical value of the coefficient of variation.
The value V* = 0.10 was adopted as the critical value [42].

Variables strongly correlated with each other as carriers of similar information were
also eliminated. It is assumed that in the case of identifying too high a value of the
correlation index, a representative should be selected. The choice can be made based
on the merits. The value r* = 0.75 is also taken as the threshold level of the correlation
coefficient [43]. According to K. Kukuła and K. Kukuła and L. Luty, the correlation between
the features does not rule out the correctness of their selection for the study, because the
linear ordering of objects is based on the value of a synthetic variable. It is obtained by
summing unified diagnostic variables considered important from the substantive point of
view [44,45].

The selection of variables was also made based on factor analysis performed in the
Statistica program (Statistica 13, TIBCO Software Inc., StatSoft Polska, Kraków, Polska).
The indicated method allows for the transformation of the original set of objects into a set
of their groups, using orthogonal transformations of the original data matrix (e.g., factor
analysis, principal components method) [46]. It allows for a reduced number of analysed
variables and transforms the old system of variables into a new system consisting of the
main factors. Factor analysis is a method of studying the structure of internal relationships
in multivariate observations [47–49].

The eigenvalues of the reduced correlation matrix, defining the variances of subsequent
factors and their percentage share in the overall variability of the entire set, are presented
in Table 2. After finding the presence of strong and statistically significant correlations
between the analysed features, the number of factors was determined. Five factors were
selected, four of them individually explain more than 10% of the total variance; the fifth
explains 6.786%. Together, they explain 89.56% of the total variance.
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Table 2. Groups of factors and their eigenvalues describe the quality of life.

Factor Own Value
% of Total
(Variance)

Cumulative
(Own Value)

Cumulative (%)

1 9.577473 39.90614 9.57747 39.90614
2 4.196891 17.48705 13.77436 57.39318
3 3.181361 13.25567 16.95573 70.64885
4 2.912074 12.13364 19.86780 82.78250
5 1.628870 6.78696 21.49667 89.56946

Data source: own study based on the CSO BDL data, in the Statistica program.

Based on the scree criterion, the five most important factors that make up the ‘slope’
were identified as the most important. The factor loadings, similar to the coefficients
included in the eigenvector, reflect the influence of individual variables on a given principal
component. These are the values showing what part of the variance of a given component
is constituted by the original variables.

Based on the information included in Tables 2 and 3, it can be seen that the first main
factor, exhausting 39.90614% of the total variability resource, and its eigenvalue is 9.577473.
It is identified by the variables X10, X11, X18, X33, X34, X36, X38, X39, characterized by
positive factor loadings.

Table 3. Values of factor loadings after rotation with the ‘Varimax’ method.

Variables Factor (1) Factor (2) Factor (3) Factor (4) Factor (5)

X3 0.146035 0.926340 0.184745 0.208493 0.108775
X4 0.225769 0.837793 0.260945 0.372442 −0.045131
X6 0.153575 0.283894 0.793697 0.313021 0.217332
X7 0.017929 0.766253 −0.490532 −0.305696 0.136024
X8 0.101065 0.905829 0.191370 0.227639 −0.092560
X9 0.139483 0.216800 0.831425 0.305760 0.164121

X10 0.789840 0.265765 0.137077 0.410081 0.159171
X11 0.795852 0.274948 0.013686 −0.329413 −0.265372
X16 −0.048288 −0.172561 −0.198620 −0.869399 0.253781
X17 0.363022 0.067732 0.189999 0.832429 −0.146957
X18 0.840321 0.297020 0.251333 0.027656 0.248020
X22 −0.003097 0.396936 −0.102618 0.775106 0.109800
X25 0.273933 0.231362 0.720062 −0.410569 0.056443
X26 0.292836 0.234781 0.724555 −0.358166 0.089340
X27 0.348106 0.838415 0.037944 −0.219797 0.172228
X29 0.092625 0.882838 0.203478 0.143047 −0.074970
X31 −0.040598 −0.029420 0.943407 0.138305 0.007733
X33 0.814294 −0.036575 0.163372 0.017195 0.212391
X34 0.920246 0.080156 0.147446 −0.033572 0.160096
X36 0.929814 0.030116 −0.003919 0.215951 0.045051
X37 −0.296295 −0.068217 −0.070475 0.125170 −0.904070
X38 0.950249 0.230411 0.085565 0.008273 0.165767
X39 0.937224 0.053138 0.001038 0.151287 0.192889
X40 −0.248796 −0.008971 −0.182734 0.096070 −0.924675

War.wyj. 6.821100 5.182818 3.939372 3.326612 2.226768
Udział 0.284212 0.215951 0.164141 0.138609 0.092782

Extract: Principal components; Marked loads are >0.700000. Source: own study based on the CSO BDL data, in
the Statistica program.

The second factor consists of the variables X3, X4, X7, X8, X27, X29. It explains
17.48705% of the total variation resources, and the eigenvalue of this factor is 4.196891;
therefore, its importance in presenting the diversity of the entire set from the mathematical
point of view is the most important.

The third factor (formed by X6, X9, X25, X26, X31) accounts for 13.25567% of the
common varieties of all variables, and its eigenvalue is 3.181361. The fourth factor is
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identified by the variables X16 (with a negative factor load), X17, X22. It exhausts 12.13364%
of the common varieties of all variables, and its eigenvalue is 2.912074. The last fifth factor
is characterized by negative factor loadings (variables X37, X40) exhausts 6.78696 resources
of common variation, and its eigenvalue is 1.628870.

The analysis of the level of the coefficient of variation and correlation leads to the
conclusion that the selected input variables are slightly correlated with other variables. The
value of the coefficient of variation ranged from 0.02 (X33), −2.78 (X10) to 1.99 (X17) in 2010,
and from X33 (0.02), −4.26 (X10) to 0.95 (X25) in 2020; in 2010, for the variables X17 (1.99),
X25 (0.92), X26 (0.89), the lowest X3 (0.03), X33 (0.02), X10 (−2.78), and in 2020, respectively,
X25 (0.95), X26 (0.84), X31 (0.74) and X33 (0.02), X17 (−0.5), X10 (−4.26). It should also be
noted that the variables are positive (15 in 2010, 16 in 2020) and negative (9 and 8 variables,
respectively). asymmetry W in the case of stimulants (19 variables in both extremes for
the years presented) is not a favourable situation, as it means that a greater number of
communes have values of these variables lower than their average.

In the next stage of the research, the direction of variable preferences regarding the
general criterion under consideration was determined, dividing them into stimulants
and destimulants [50,51]. Most of the variables are obvious and their determination is
intuitive. In doubtful cases, it is worth using Grabiński’s procedure, which uses the
fact that stimulants should be positively correlated with stimulants (the same is true
for destimulants) and negatively correlated with destimulants [52]. The correctness of
determining the nature of the variables can be verified by specifying the direction of
correlation of individual variables with the decision variable. For a stimulant, this direction
should be positive, and for a destimulant, the direction should be negative [53].

Diagnostic variables usually have different titers and different ranges of variation,
which makes it impossible to compare and add them directly [54–56]. To make the variables
comparable, the unitarization procedure was used, the purpose of which is to replace the
different ranges of the variability of individual variables with a constant range [57,58].

The normalization of diagnostic variables, by the zeroed unitarization procedure, was
performed depending on their types, according to the following formulas [42]:

Zij =
xij − minixij

maxixij − minixij
, when xi ∈ S, (3)

Zij =
maxixij − xij

maxixij − minixij
, gdy xi ∈ D (4)

where: S—stimulant, D—destimulant; i = 1, 2 . . . n; j = 1, 2 . . . m,

maxxij—maximum value of the j-th variable,
minxij—minimum value of the j-th variable,
xij—is the value of the j-th variable for this object,
Zij—the normalized value of the jth variable for this object (belongs to the interval [0; 1]) [59–63].

All variables are standardized concerning the range of variability and their location in
the observation space. As a result of unitarization, we obtain a matrix of feature values:

Zij =

⎡⎢⎢⎣
z11 z12 . . . z1m
z21 z22 . . . z2m
. . . . . . . . . . . .
zn1 zn2 . . . znm

⎤⎥⎥⎦, (5)

where Zij is the unitary value of j-th variables for the i-th object.
A synthetic measure based on the Technique for Order Preference by Similarity to

an Ideal Solution (TOPSIS) method was used to assess the spatial differentiation of the
quality of life in voivodships in Poland. This measure allowed for a multidimensional and
comprehensive examination at the level of the phenomenon in individual examined objects,
conducting comparative analyses of objects (in spatial and time terms), and their linear
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ordering [64,65]. The first synthetic measure of development was proposed by Z. Hellwig
to evaluate the economic development of selected countries. The synthetic measure made it
possible to order the examined objects according to the level of phenomena (which cannot
be measured with one measure). It provides the basis for the evaluation and comparison of
multifeature objects according to the established criteria, and a comparative image between
the analysed objects allows for indicating weaker and better areas of the unit’s operation.
Moreover, it enables the grouping of the analysed territorial units. It can be a helpful tool for
assessing the accuracy of past decisions and the effectiveness of past regional management
instruments [66].

The TOPSIS linear ordering method is a reference method in which two reference
points of objects in multidimensional space are determined—a pattern and an antipat-
tern [67,68]. Their coordinates are as follows:

(a) for the pattern:

z+j =

{
max

{
zij
}

for stimulant variables
min

{
zij
}

for destimulant variables
(6)

(b) for the antipattern:

z−j =

{
min

{
zij
}

for stimulant variables
max

{
zij
}

for destimulant variables
(7)

The Euclidean distances of individual objects from the pattern and antipattern were
successively calculated, according to the formulas:

(a) distances of objects from the pattern:

d+
i =

√√√√ 1
n

m

∑
j=1

(
zij − z+j

)2
(8)

(b) distances of objects from the antipattern:

d−
i =

√√√√ 1
n

m

∑
j=1

(
zij − z−j

)2
(9)

where: n—is the number of variables forming the pattern or antipattern, zij—is the unitized
value of the j feature for the tested unit (or the normalized value of the jth variable of the
ith object), and z+j /z−j —is the pattern or antipattern object [69,70].

The synthetic measure for individual objects according to the TOPSIS method was
determined based on the formula:

qi =
d−

i

d−
i + d+

i
, gdzie 0 ≤ qi ≤ 1, i = 1, 2, . . . , n; (10)

with the proviso that: qi ∈ [0; 1]; d−
i —is the distance of the object from the antipattern

(from 0) and d+
i is the distance of the object from the pattern (from 1). A higher value of

the measure indicates a better situation for an individual in the analysed area. The TOPSIS
method enables the assessment to be made with the use of an unlimited number of criteria,
the readability of the obtained results is high, and it allows for a linear ordering of objects
(e.g., building a ranking of units in spatial terms). A significant advantage of the TOPSIS
method is its computational simplicity, the indication of a positive and negative model, and
a large number of alternative criteria that can be used in the evaluation process [71–76].

In the last stage of research, the division into typological groups was used to interpret
the obtained measures. The first, second, and third quartiles were adopted as threshold
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values. The size of the synthetic measure in the first group means a better unit, and weaker
units for the groups that follow [77].

The next step was to test the strength of the relationship between the variables. For
this purpose, Pearson’s linear correlation coefficients were used, expressed by the formula:

rxy =
∑n

i=1

(
xi −↼

x
)(

yi −
↼
y
)

√
∑n

i=1

(
xi −↼

x
)2

∑n
i=1

(
yi −

↼
y
)2

(11)

where, rxy—Pearson’s linear correlation coefficient, x and y are measurable statistical

features x = (1,2, . . . n), y = (1,2, . . . n), and
↼
x ,

↼
y are the arithmetic average of the x and y

features. The Pearson linear correlation coefficient takes the value from the interval, where,
when rxy = 0, there is no linear relationship, and when rxy = 1 or rxy = −1, there is an exact
linear relationship between the features (positive or negative).

Additionally, a dendrogram is presented, a scatter plot with a fit line, and linear
regression analysis and autocorrelation analysis were performed [78].

In the assessment of the synthetic measure, the cluster analysis using Ward’s minimal
variance method with the Euclidean distance was also used. Its results are presented in the
form of a dendrogram. This method is a hierarchical and agglomeration approach. Owing
to it, it was possible to designate groups of voivodeships similar in terms of the quality
of life. Hierarchical rankings of homogeneous clusters were developed for comparative
purposes for the years 2010–2020. The necessary calculations were performed using the
Statistica program.

To assess the impact of endogenous potentials of Polish voivodeships on the spatial
differentiation of the synthetic quality of life measure, a regression model describing the
dependence of the variables was estimated. Regression analysis (implemented in the
Gretl program) examines the relationship between the variables of interest to us. It allows
describing the relationships between the explanatory variables (Y) and the explained
variables (X), between which there are more or less clear linear relationships. Linear
regression analysis aims to calculate regression coefficients such that the model predicts
the value of the dependent variable as well as possible so that the error of estimation is as
small as possible. We describe a linear regression model by the following formula:

yi = b xi + a, i = 1, 2, . . . , n, (12)

In the case of the multiple regression model, when we have a larger number of
variables, we use the following formula:

y = b1 x1 + b2 x2 +...+ bi xi + a, i = 1, 2, . . . , n, (13)

where:

b—is the regression coefficient calculated for the individual variables of the model;
x—explanatory variable;
y—is the dependent variable;
a—is an intercept.

In the process of building a regression model, high autocorrelation of variables should
be excluded, and the fit of the model should be checked using the analysis of variance.
Next, we move on to reading the beta standardized coefficients and their significance level.
Then, we determine the percentage of the variance explained by reading the (preferably
corrected) R2 statistic. The coefficient of determination determines the degree to which the
estimated regression function explains the variability of the variable y. It takes values from
0 to 1. The closer to 1, the better the regression function fits the empirical data [79–84].

Spatial autocorrelation means that the values of geographically close objects are more
similar to each other than distant ones. This phenomenon causes the formation of spatial
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clusters with similar values [85–87]. Positive spatial autocorrelation occurs when we
observe the spatial accumulation of high or low values of the observed variables. Negative
autocorrelation means neighbouring high values with low values in the space, and low
values with high values. Lack of spatial autocorrelation means spatial randomness, i.e., high
and low values of the observed variables are distributed independently [85]. By analysing
the result of autocorrelation, it is possible to determine clusters of objects similar to each
other. Knowing and understanding the structures of space enables better anticipation of
changes and facilitates taking actions in development policy [88,89].

Global Moran, I statistics can be used to investigate spatial relationships [90,91]. The
statistics check whether adjacent parcels form clusters with similar synthetic measure
values. It was determined based on the formula [92]:

I =
∑n

i=1 ∑n
j=1 wij(xi − x)(xj − x)

So σ2 . (14)

Local Moran statistics are negative when a given area is surrounded by regions with
significantly different values of the studied variable. Positive values of the statistics should
be interpreted as follows: the region is surrounded by similar regions. Owing to this, it
is possible to determine clusters with low or high values of the studied variable [93,94].
The local version of the Moran statistics is the most popular analysis and is known as
LISA (Local Indicators of Spatial Association). The local form of the I Moran coefficient for
observations, which determines the similarity of the spatial unit to its neighbours and the
statistical significance of this relationship, is determined by the formula:

Ii =
(xi − x)∑n

j=1 wij(xj − x)

σ2 , (15)

where:

n—number of spatial objects (number of points or polygons);
xi, xj—values of the variable for the compared objects;
x—average value of the variable for all objects;
wij—elements of the spatial weight matrix (weights matrix standardized with rows to one),

so=
n
∑

i=1

n
∑

j=1
wij,

σ2 =
∑n

j=1(xi−x) 2

n ,—variance [95].

The Moran I statistic takes a value from the interval (−1, 1), where the value ’0‘ means
no spatial autocorrelation, negative values are negative autocorrelation (<−1, 0; units with
different values appear next to each other in space, differentiation of the examined objects),
positive values signal a positive spatial correlation (0, >1; units with similar values occur
next to each other, forming clusters) [96,97].

To illustrate the spatial dependence of the quality of life distribution in voivodships
in Poland, the I Moran statistics were calculated using the Queen matrix standardized by
rows to one. The calculations were made in the PQStat program.

4. Results

Figure 1 presents the results of the classification of voivodeships in Poland obtained
based on the synthetic measure of the quality of life. Four influences were identified,
numbered, respectively, 4, 6, 2, 4 (in groups I, II, III, IV) of the voivodship in 2010 and
5, 3, 4, 4 in 2020. The best voivodships were in the group I: Pomerania, Masovia, Lower
Silesia, and West Pomeranian in 2010 (Masovia, Pomerania, Greater Poland, Lower Silesia,
and Lesser Poland in 2020), and in IV—the weakest: Lodz Province, Podlasie Province,
Lublin Province, and Holy Cross in 2010 (Lodz Province, Podlasie Province, Holy Cross,
and Lublin Province in 2020), in the light of the variables and linear ordering methods
included in the study. The synthetic measure of the quality of life ranged from 0.37 (Lublin
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Province and Holy Cross) to 0.56 (Pomerania) in 2010 and from 0.39 (Lublin Province) to
0.64 (Masovia) in 2020. From 2020 to 2010, all voivodships recorded an increase in the
value of the quality of life measure (Lesser Poland, Greater Poland, and Masovia to the
highest degree). The classification of voivodships was carried out based on quartiles, which
were threshold values for subsequent groups. Figure 1 shows the classification of Polish
voivodeships according to the synthetic measure of the quality of life. Black indicates the
group of voivodeships characterized by a better condition in the main criterion under study,
the lighter the grey showing increasingly weaker units.

  

 
 

Figure 1. Cont.

598



IJERPH 2022, 19, 9185

 

Figure 1. Groups and spatial differentiation of the synthetic measure of the quality of life in voivod-
ships in Poland in 2010 and 2020. Source: own study based on the BDL CSO data.

Figure 2 shows the number of observations and the model of the distribution of the
synthetic measure of the quality of life in 2010 and 2020. The synthetic measure ranged
from 0.37 to 0.56 in 2010 and from 0.39 to 0.64 in 2020. Both in 2010 and 2020 we observe
lefthand skewness (As < 0). Left skew indicates that a greater number of units have values
for these variables greater than their mean. The most numerous range in 2010 is 0.46–0.48
and 0.50–0.52; in both cases it was made up of three voivodeships (19%). In 2020, the
most numerous range is 0.54–0.56 (three units, 19%), which means that there is a dominant
feature in this range.

 
Figure 2. Distribution diagram showing the synthetic measure of the quality of life in voivodships in
Poland in 2010 and 2020. Source: own study based on the BDL CSO data.

Statistical characteristics of the synthetic quality of life measure (Table 4) in voivod-
ships in Poland in 2010 compared to 2020 show differentiation of the studied phenomenon.
The standard deviation was 0.06 and 0.07. It indicates a slight differentiation of units in the
examined aspect. The coefficient of variation (0.13–0.14) shows slight disproportions. The
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range (0.20–0.25) indicates the size of the dispersion between the smallest and the largest
value of the variable in the studied area.

Table 4. Measures differentiating the synthetic measure of the quality of life in voivodships in Poland
in 2010 and 2020.

2010 2020

min 0.37 0.39
max 0.56 0.64

range 0.20 0.25
average 0.47 0.53
median 0.48 0.54

standard deviation 0.06 0.07
quartile deviation 0.04 0.04

coefficient of variation 0.13 0.14
positional coefficient of variation 0.08 0.08

quartile range 0.08 0.08
skewness (asymmetry) −0.53 −0.41

kurtosis (measure of concentration) −0.58 −0.59
Source: own study based on the BDL CSO data.

Pearson’s correlation coefficient between the value of the synthetic measure in 2010
to 2020 according to the quality of life measure was 0.942. Outliers (Lublin Province and
Holy Cross) were characterized by a peripheral location, agricultural function, and a weak
labour market (Figure 3a). The bag chart (Figure 3b) shows statistically similar groups of
the voivodship, pointing to Pomerania, Lesser Poland, and Warmia-Masuria as outliers.
These are voivodships characterized by an industrial function and a good labour market.

  
(a) (b) 

Figure 3. Scatter plot with the fit line (a) and bag chart (b) of the synthetic measure of the quality of
life of voivodships in Poland. Source: own study based on the BDL CSO data.

Development is a multidimensional process that combines social, economic, cultural,
political, and technical processes together with the interdependencies between them. The
relations between its components are not constant and are subject to change. It is spa-
tially diversified, which results from the location rent, i.e., the specificity of the resources,
including specific natural and non-natural conditions. The location rent refers to the spa-
tial location and endogenous territorial potential, therefore its recognition is extremely
important for building social and economic cohesion [98–100].

The endogenous potential of an individual (including the quality of life) is built,
among others, by the professional activity of inhabitants, the local labour market, en-
trepreneurship, infrastructure, and the condition of the natural environment. Appropriate
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potential contributes to an increase in the standard of living, a better social situation, and
greater public safety. The level of development is not uniform. Its spatial diversity results
in different conditions for running a business, or a different level and living conditions of
the inhabitants [101]. Each voivodeship has its endogenous potential, which, in connection
with the exogenous potential and the ability to respond to changes in the environment,
may constitute an opportunity for development. Endogenous factors (specific, unique,
and corresponding to a given local system [102]) are the main driving force of regional
development [103,104].

The quality of life measure in the case of Polish voivodeships in the analysed years
was correlated with variables in the economic, infrastructural, demographic, and natural
environment. In particular, the measure of the quality of life to its structure variables
was correlated with: flats equipped with water supply systems (0.7372), bathroom (0.81),
network gas (0.6607), using the sewage system (0.7474) and gas network (0.6183), migration
(0.7238), average monthly disposable income (0.5137), number of employees (0.7515), popu-
lation per bed in general hospitals (0.5054), total waste collected during the year (0.7176),
population using sewage treatment plants (0.6865), and average monthly salary (0.5363).

Quality of life is a complex process relating to many different aspects of human
functioning. It is determined by many different elements, including the condition of the
natural environment; access to education and culture; health and social care; safety in
terms of health, loss of property, and economic terms; the quality of infrastructure; and the
natural environment.

In the analysis of the green economy, elements shaping the quality of life can be
found. The development of the region should be related to concern for the environment,
preserving the ability of ecosystems to provide specific services and ensuring good-quality
elements of the environment, which should have a positive impact on the quality of life of
the inhabitants. In the area of variables describing the green economy, the quality of life
measure was correlated with electricity consumption (0.2525), the share of agricultural area
(−0.3907), loess (0.2767), legally protected areas (−0.2186) in the total area, waste collected
selectively (0.2125) or the total annual (0.3644), mixed waste (0.6604), household waste per
capita (0.6847), and the area of wild landfills (−0.2042).

An important goal of sustainable development is to improve the quality of life. Con-
ceptually, high quality of life is the overriding goal of sustainable development [105]. The
quality of life measure is also correlated with the elements shaping sustainable develop-
ment, i.e., entities entered in the register (0.7921), natural persons running a business (0.727),
sold production of industry (0.727), and using sewage systems (0.7474).

Another area influencing the quality of life is the financial situation. Financial resources
are an essential element for the effective achievement of the unit goals in terms of current
or development tasks. There is a feedback loop between the socioeconomic and financial
variables [106,107]. The financial situation is the state of its finances that allows it to cover:
current bills, expenses without incurring debts in a given budget period, all costs of running
a business in the long term, and services at a level ensuring the safety and quality of life of
residents [108]. X. Wang, L. Dennis, and Y. Sen believe that the socioeconomic environment
is only one of the factors that should be taken into account when analysing the financial
situation [109]. M.P. Rodríguez Bolivar and coauthors identified the main factors shaping
the financial situation as the state and changes in the size of the population, the conditions
of the local labour market, the needs of the local community, the size of the supply and
directions of distribution of local public goods and services, and the wealth of the society,
among others [110]. In the area of financial situation, the quality of life was correlated with
the share of own income in total income (0.6586), the level of transfers from the state budget
per capita (−0.4258), burdening own income with debt-servicing expenses (−0.3133), share
in taxes constituting state budget income 0.6444, own income per capita (PC) (0.7068),
income from tax of natural persons MS (0.6514), legal persons MS (0.6857), and general
subsidy (−0.5289).
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As a result of the use of hierarchical methods, we obtain a dendrogram that illustrates
the hierarchical structure of voivodships in terms of the quality of life measure. Based on
the adopted features, clustering was performed using Ward’s method, taking into account
the Euclidean distance between units. The result of clustering voivodeships for the analysed
years, at the level of 0.5, are three groups of voivodeships most similar to each other, i.e.,

• Group I: Lower Silesia, Greater Poland, Masovia, and Pomerania (the group includes
units with the highest level of synthesis and the best sizes of diagnostic plots);

• Group II: Kuyavian-Pomeranian, Warmian-Masurian, Opole Province, Lubusz, Sub-
carpathian, Silesian, Lesser Poland, and West Pomeranian;

• Group III: Lublin Province, Holy Cross, Lodz Province, and Podlasie Province (Figure 4).

The results of clustering may be a stimulus for further, in-depth research aimed
at determining which variables had a decisive impact on the assignment of regions to
individual clusters.

Figure 4. Clusters of Polish voivodships with a similar level of the synthetic measure of the quality
of life. Source: own study based on the BDL CSO data.

The impact of spatial factors on changes in the quality of life results from their location
in the economic system of the region and its existing network connections. Autocorrelation
makes it possible to learn about the spatial structure of the dependence of units and the
interaction between the values of the studied variable in different locations. The statistics of
I Moran make it possible to determine the similarities and differences between communes in
general terms. By analysing the result of spatial autocorrelation, it is possible to determine
clusters of objects similar to each other, but also to find objects or groups of objects that
differ from their neighbourhoods.

Table 5 presents the evolution of the values of global Moran I statistics, which inform
about the existence of spatial autocorrelation. A positive autocorrelation was recorded
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in 2010, and a slight negative spatial relationship in 2020. Based on the global values
of Moran’s I obtained, it can be noticed that in the discussed period there is a decrease
in autocorrelation. The decreasing value of the analysed statistics informs about the
progressing process of weakening spatial dependence. This means that any observed
quality of life level can appear anywhere with equal probability.

Table 5. Values of the global Moran’s I statistics for the synthetic measure of the quality of life in
voivodeships in Poland (in 2010 and 2020).

Variables 2010 2020

Moran’s I 0.132925 −0.04291
Expected I −0.06667 −0.06667

Under the assumption of normality
Variance I 0.022125 0.022125
Z statistic 1.341839 0.159703
p-value 0.179648 0.873115

Assuming randomness
Variance I 0.023059 0.023033
Z statistic 1.314393 0.156522
p-value 0.188714 0.875621

Source: own study based on the BDL CSO data.

Another aspect of spatial autocorrelation analysis is the study of the shaping of
variable values to neighbouring locations. Such an analysis is made possible by local
statistics. The values of local statistics allow stating the existence of the so-called outliers
(voivodships ’in plus‘ or ’in minus‘ from their neighbours), or clustering of objects with
similar measure values. Figure 5 shows the results obtained. Significant and positive
values of local Moran’s I statistics were obtained in the following voivodships: West
Pomeranian (0.7581), Pomerania (0.6997), Lublin Province (0.6046), Holy Cross (0.4091),
Lubusz Province (0.3940), Lower Silesia (0.2307), Greater Poland (0.2222), Podlasie Province
(0.1500), Kuyavia-Pomerania (0.0748), Lesser Poland (0.0742), and Warmia-Masuria (0.0666)
in 2010 (West Pomeranian 0.4015, Lublin Province 0.3574, Pomerania 0.2934, Lower Silesia
0.2868, Podlasie Province 0.2750, Greater Poland 0.2250, Lubusz Province 0.16328, and Holy
Cross 0.16328 in 2020). These voivodships are surrounded by units with similar levels of
potential within the studied area. Negative values of the I Moran measure were observed
in the following voivodeships: Lodz Province −0.0214, Opole Province −0.0413, Silesia
−0.1383, Subcarpathia Province −0.3986, and Masovia −1.0904 in 2010 (Silesia −0.0397,
Lodz Province −0.0765, Opole Province −0.0993, Kuyavia-Pomerania −0.1032, Warmia-
Masuria −0.1699, Lesser Poland −0.1750, Subcarpathia Province −0.4632, and Masovia
−1.5559 in 2020).

To assess the impact of variables describing the quality of life area (taking into account
the variables describing the green economy, waste policy, sustainable development, and
financial aspect), a regression model was estimated (Table 6). The model shows the impor-
tance of the share of legally protected areas, residential areas in the total area, using the
sewage system, the demographic dependency ratio for the elderly, the share of own income
in total income, and personal income tax MS in the process of shaping and quality of life in
voivodships in Poland. These are the variables that shape the endogenous economic base
of the region. Their impact on the quality of life is varied. Their appropriate level increases
the standard of living, improves the social situation, and enhances the natural environment.
It can be concluded that the model fits well. (R-square determining coefficient 0.883110,
corrected R-square 0.878960. The F statistic ((6, 169) 212.8002) is statistically significant
(p-value), which means that the construction of the linear model is correct.

603



IJERPH 2022, 19, 9185

2010 2020 

  

  

  

Figure 5. Spatial differentiation of the local value of the Moran I statistics for the synthetic measure
of the quality of life in voivodships in Poland (in 2010 and 2020). Source: own study based on the
BDL CSO data.
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Table 6. Results of the regression analysis of the synthetic measure of the quality of life in voivodships
in Poland.

Coefficient Standard Error t-Student’s p-Value

Const. 0.289516 0.0270921 10.69 <0.0001
Share of legally protected areas in total area 0.000470627 0.000155975 3.017 0.0029

% Usage of sewage network 0.00390254 0.000260736 14.97 <0.0001
Old age dependency ratio −0.00992326 0.000858840 −11.55 <0.0001

Residential areas in the total area −0.0100945 0.00258376 −3.907 0.0001
Share of own income in total income 0.0762585 0.0221662 3.440 0.0007

Income tax from individuals 0.00445128 0.000461540 9.644 <0.0001

Arithmetic mean of the dependent variable 0.496080 Standard deviation of
dependent variable 0.066676

Sum of squares residuals 0.090940 Residual standard error 0.023197
Coefficient of determination R-square 0.883110 Adjusted R-square 0.878960

F (6, 169) 212.8002 p-values for F-test 4.88 × 10−76

Logarithm of credibility 416.2543 Inrom. Crit. Akaike’a −818.5086
Crit. Bayes. Schwarza −796.3152 Crit. Hannana–Quinna −809.5071

Observations 1–176 used; dependent variable (Y): synthetic measure quality of life. Source: own study based on
the BDL CSO data.

5. Discussion

Development is interpreted in terms of economic growth, but terms of demographic,
social, cultural and environmental development are also important. It is to take into account
one of the basic goals, which is to increase the level and quality of life, which occurs owing
to positive changes in the living environment as a place to meet the needs of individuals.
Systematic research on the quality of life of local and territorial communities should provide
the information necessary for the authorities to evaluate and establish the regional policy.
The increase or decrease in quality of life should be treated as a way of assessing the effects
of local development management [111,112].

The responsibility for the conditions in which we live lies with ourselves and with the
regional (local) authorities in the areas in which we live. The authorities collect funds for
various reasons, and most of all for improving the quality of life. The pace of changes in
the quality of life area may be decisive for some people from the point of view of migration
and professional plans. The definitions of the standard of living functioning today are
extremely broad and complex, which results from the combination of both measurable
and nonmeasurable, objective and subjective, and quantitative and qualitative features of
life, which indicates its multidimensionality (the multidimensionality of the phenomenon
under study can be indicated by the number of variables in Table 1) [113].

The issues of sustainable development (or green economy) have a huge impact on
all aspects of human life in economic, social, environmental, and political terms. The
processes of structural transformations in economies are accompanied by an increase in
the unevenness of their development [114]. Both the green economy and sustainable
development are aimed at improving the quality of life by ensuring that human needs are
met, and by protecting the environment, natural and social resources, and protecting the
integrity of society [115].

The results obtained confirmed the spatial differentiation of the quality of life of
residents and the influence of elements of the green economy on its formation. The
assessment further indicates the strong influence of social and economic conditions on
quality of life.

The green economy is a means to achieve sustainable development in terms of effective
and purposeful use of endogenous factors of development (and activity). It helps to achieve
integration between the dimensions of sustainable development (environmental, social,
economic, and spatial or institutional (political)). This strengthens the context of the
protection of the natural environment (conditioning socioeconomic development) and the
quality of life. The green economy (which reduces carbon emissions and increases resource
efficiency) must recognize state sovereignty over natural resources and must be based on
resource efficiency and sustainable consumption and production patterns. The environment
is the main source of resources that make life easier and foster development [116].
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The sustainability (or green economy) orientation around the ’three E’s‘ (environ-
mental protection, economic growth, and social justice) is also correlated with quality of
life considerations. Quality of life refers to people’s perception of their position in life
about their culture, values, and expectations. Achieving quality of life progress through
sustainable development, particularly at the city level, requires careful planning that is both
site- and culture-specific, and that includes contributions from communities and citizens.
Improving the quality of life and meeting the needs of the present through sustainable
development—introducing a green economy—should help ensure a greater probability of
meeting the needs of future generations [117].

The adoption of a green economy can be useful for economic and social reasons as
it has helped to reduce environmental pollution and, together with the inappropriate use
of scarce resources, shapes the quality of life of the inhabitants. It benefits the region’s
economy both socially and environmentally, ensuring better resource use, reducing the
misuse of scarce resources, eliminating environmental pollution, and improving the region’s
ecological growth [118].

The appropriate quality and structure of endogenous potential (endogenous territo-
rial capital) ensures sustainable dynamics of regional processes and affects the level of
development differentiation of individual provinces. Geographical, social, and economic
conditions make the various provinces of the country characterized by a different economic
situation, and thus a different level of development and quality of life.

The analysis of intraregional diversification (West Pomeranian Voivodeship) in terms
of quality of life shows the need to create a system of incentives for the involvement of
the private sector and the social economy in the development of social welfare, education,
and social assistance—better integration and coordination of public services to increase the
effectiveness of social services provided [119]. The results of quality of life research should
be available to employees of city offices, city councillors, and housing estates councils, and
constitute a starting point for spatial and transport planning, urban greenery and public
spaces management, and revitalization activities. The diagnosis should also be available to
nongovernmental organizations and socially active residents so that it can become the basis
for public discussion and public participation in making decisions on budget expenditures
during public consultations and submitting projects to civic budgets. In this way, systematic
quality of life surveys can be an important element of knowledge-based and participatory
decision-making in cities [120].

Quality of life is an interdisciplinary concept (numerous tasks and features that shape
it), which makes it difficult to evaluate and define it, and indicates the need for multi-
dimensional evaluation. The voivodship ratings obtained depend on what feature and
specific quality of life symptom we take into account. However, it should be remembered
that the results of the analysis depend on the diagnostic features adopted for the study
(their structure and quantity) and may change when a different set is used. The selection of
features is one of the tasks of particular importance because it largely determines the final
results of the study, the accuracy of assessments and analyses, the accuracy of predictions,
and the accuracy of decisions made on their basis. It is very difficult to collect reliable
and comparable statistical data, especially in the analysis of the quality of life, which is a
very complex phenomenon (also indicated by the presented studies by the authors, which
indicates numerous variables characterizing the studied phenomenon) [121].

The minimum necessary condition for ecologically sustainable development is to
maintain the total natural capital stock at the current level or above. The aim of ecologically
sustainable development (green economy) is the wise use of natural resources in the short
term so that these resources are available in the long term. Ecological sustainability cannot
occur when people can deplete natural resources, leaving only polluted water and barren
soil for future generations. Instead, ecological sustainability is the belief that all people must
use resources wisely and efficiently, so that the resources are never exhausted or excessively
polluted, which undoubtedly affects the quality of life at the current time [122,123].
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Assessing the various economic, social and natural variables thus helps to explain the
challenges of sustainable development (or the green economy) and highlights opportuni-
ties by linking different action plans. The indicated factors have an impact, in addition
to inequality, and the development of the population, shaping the paths of economic
development [124,125].

The proposed set of variables (methodology) of the quality of life analysis should
make it possible to determine the quality of life measure for any country. Its use allows
for quick diagnostics and identification of further trends in changes in the quality of life of
residents, and comparative analysis of the quality of life in selected regions, both statically
and dynamically. It should be remembered that the active cooperation of state and regional
(and local) authorities with the inhabitants is needed to improve the infrastructure and
create attractive living conditions [126].

6. Conclusions

The quality of life of the inhabitants is built, among others, by the professional activity
of inhabitants, local labour market, entrepreneurship, infrastructure, and the condition
of the natural environment. The appropriate potential increases the standard of living,
increases production, improves the social situation, and provides greater public safety. The
quality of life level is not uniform. Each voivodeship has its endogenous potential (all
elements important for the economy of a given area, often of a specific and unique nature,
corresponding only to a given local system), which, in conjunction with the exogenous
potential and the ability to respond to changes in the environment, may constitute an
opportunity for the development of a given area and quality of life.

As a result of the analysis of voivodships in Poland, based on the quality of life
measure, four groups were distinguished (according to the value of quartiles). The best
voivodeships were included in group I: Pomerania, Masovia, Lower Silesia, and West
Pomeranian in 2010 (Masovia, Pomerania, Greater Poland, Lower Silesia, and Lesser
Poland in 2020), and in group IV—the weakest: Lodz Province, Podlasie Province, Lubusz
Province, and Holy Cross in 2010. (Lodz Province, Podlasie Province, Holy Cross, and
Lublin Province in 2020), in the light of the variables and methods of linear ordering
included in the study. The synthetic measure of the quality of life ranged from 0.37 (Lublin
Province and Holy Cross) to 0.56 (Pomerania) in 2010, and from 0.39 (Lublin Province) to
0.64 (Masovia) in 2020. Quality of life as a category is complex and multifaceted; it is an
interdisciplinary concept.

It is shaped by economic activity and working conditions, health, education, free time
and social relations, economic and physical security, and quality of the natural environment.
The epidemic state declared in Poland in 2020 as a result of the COVID-19 pandemic
has affected many areas of our social and professional life. Numerous restrictions in
aspects of society’s functioning have translated into a deepening of social inequalities,
including perceptions of quality of life. COVID-19 also exacerbated inequalities in terms of
opportunities, earned income, health care, and social security.

Systematic research on the quality of life should provide the information necessary for
the authorities to evaluate and correct the manner in which social policy is conducted. The
increase or decrease in synthetic measures should be treated as a way of assessing the effects
of the current management of the region. The results obtained may constitute an important
source of information for local government authorities on disproportions between units.
The procedure described may be applied in other regions (countries). For comparison
between regions, it should cover the same variables in the research areas indicated.

The results indicate the directions of new research, which include, among others,
comparing the results of order based on a larger number of variables and conducting a
dynamic analysis in a specific extended period to learn about the trends of changes. The
results also indicate the need to analyse outliers and determine their impact on the situation
of the studied area.
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The added value of the article is the results of the research focused on the assessment
of the quality of life of the inhabitants of voivodships in Poland in the years 2010–2020.
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Uniwersytetu Łódzkiego: Łódź, Poland, 2004; pp. 107–120.
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40. Strahl, D. Możliwości wykorzystania miar agregatowych do oceny konkurencyjności regionów. Pr. Nauk. Wrocławiu 2000, 860,

106–120.
41. Szulc, E. Ekonometryczna Analiza Wielowymiarowych Procesów Gospodarczych; Wydawnictwo UMK: Toruń, Poland, 2007.
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nym. Zesz. Nauk. Szkoły Głównej Gospod. Wiej. Warszawie 2018, 18, 183–192. [CrossRef]
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52. Grabiński, T. Metody określania charakteru zmiennych w wielowymiarowej analizie porównawczej. Zesz. Nauk. Akad. Ekon.

Krakowie 1985, 213, 35–63.
53. Pluta, W. Wielowymiarowa Analiza Porównawcza w Badaniach Ekonometrycznych; PWN: Warszawa, Poland, 1986.
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111. Murawska, A. Zmiany w poziomie i jakości życia ludności na obszarach wiejskich w Polsce. J. Agribus. Rural Dev. 2012, 3,

169–180.
112. Heffner, K.; Rosner, A. Spatial variations in economic development of rural areas in Poland. In Rural Development in the Enlarged
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Abstract: The influence of national health level in the stability and sustainable development of
national society is increasingly prominent. The purpose of this study is to examine whether, when,
and how national fitness policies exert influence on national health. Panel data from 2008 to 2017 of
30 Chinese provinces (cities) (except the Tibet autonomous region) were used to systematically reveal
the direct impact of national fitness policies on national health and its characteristics in different
regions, as well as the interaction mechanisms of human capital and finance health expenditures
in public sports. This study found that first, national fitness policies had a positive effect on adult
health. Second, sports human capital weakens the health effect of national fitness policies, while
public finance health expenditures strengthen this effect. Lastly, the health effect of national fitness
policies varies significantly across regions due to uneven regional economic development, and the
differences in the effects on different age groups (adults and children) are equally pronounced. This
study suggests that national fitness public service system and diverse national fitness plans improv-
ing national health level are important for a new dynamic balance and high quality coordinated
development in both Chinese economic growth and social welfare.

Keywords: national fitness policy; national health; human capital; public finance health expenditures;
regional differences

1. Introduction

Health is the most significant human capital and is an important means to promote
sustainable socioeconomic development [1]. However, in the context of the COVID-19
pandemic and traditional social problems such as aging population and chronic diseases in
the information age, public health faces escalating challenges. As a result, governments
have incorporated improving national health into Sustainable Development Goals and
has gradually gained prominence in global and national health policies. It effectively
increases the life expectancy of the population and promote public health well-being and
equity [2]. The most common non-medical intervention adopted by governments involves
encouraging people to actively participate in physical fitness activities for the purpose of
disease prevention and health promotion [3,4].

The Chinese government has always provided great importance to national health and
considered it a people-oriented issue. Promoting national fitness activities is an important
part of the “National Strategy for a Healthy China”. In the fight against the COVID-19
pandemic, the Chinese government has emphasized that “the safety and health of the
people should come first” [5], which highlights the importance of national health. At
present, China has built a relatively complete medical and health care system, but given the
population base, economic base, regional development, and other social problems, the over-
all public health supply is insufficient, and the health service providers are relatively fewer;
hence, the national health needs cannot be guaranteed in an all-round and full life cycle.
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Furthermore, the rapid urbanization brought by China’s socioeconomic transformation has
further intensified the conflicts between public health and social equality.

As a prerequisite for health practice, formulation, promulgation, and implementation
of a national fitness policy are positive responses to the public service system of national
fitness and macroeconomic regulation of health governance. In addition, it is an important
initiative to meet national health needs and promote sustainable national economic develop-
ment. Research in the area of public services for national health can enable policy-makers to
optimize investments, promote policy foresight and rationality, and thereby achieve greater
socioeconomic benefits [6]. Although existing studies have noted the positive association of
national health promotion with fitness policies, they have not yet clarified their utility value
and the pathways and mechanisms of their impact on people’s well-being. Most studies
have focused on environmental science, health economics, epidemiology, and demogra-
phy [7,8]. Scholars have paid more attention to the group-differentiated characteristics
of environmental pollution [9,10], health investments and returns in the human capital
perspective, the mechanisms of different diseases [11,12], and health inequalities arising
from social structures and institutions [13]. In fact, for public health services, the above-
mentioned studies focus too much on micro-individual and group studies that intermingle
environmental, organizational, and group distractions, ignoring the fact that mass sport
behavior as a social behavior is more related to the influence of public health inputs and
outputs at the national level. In general, positive national health outcomes are more likely
to be attributed to health policy factors that create favorable conditions for the optimization
of internal mechanisms and the improvement of the external environment. However, there
is a lack of literature on this topic, which is not conducive to pioneering academic inquiry
and future government practice.

Based on the literature review and analysis, this study concludes that there are still
some issues that need further consideration in the study of the influencing factors on na-
tional health. First, most previous literature have used a linear framework to determine the
direct relationship between environmental pollution, economic development, and public
health [14–16]. A few studies have involved quantitative analysis of the causal relation-
ship between public sports policies and health, and even fewer studies have explored
the non-linear moderating effects. Second, most of the studies based on Chinese samples
focus on the overall analysis of Chinese provinces and autonomous regions or a few key
cities, ignoring the rapid but unbalanced economic development among regions; hence, an
in-depth exploration of health policy effects among different regions in the overall national
sample is necessary. It is important to consider the effects of the national fitness public
service system, its policy effectiveness in promoting national health development, and its
possible influential mechanisms, especially to increase the research on the differences in
the health effects between regions.

This study differs from previous intuitive analyses in that instead of looking into
environmental, health, medical, and economic perspectives of national health, it takes a
cross-disciplinary approach, such as public administration and physical education. To our
knowledge, this is the first study to use cross-provincial (municipal) level panel data in
China from 2008–2017, which were validated by constructing an empirical model to deeply
reveal the intrinsic mechanisms and paths of national fitness policies affecting national
health levels; the resulting problem of equilibrium in the supply of public services for
national fitness were discussed. The main contributions of this study are: first, based
on the panel data of 30 provinces and autonomous regions (except Tibet) in China in
the last decade, the effect of national fitness policy on national health is examined from
a macro perspective, which provides a valuable and evidence-based reference for the
development of the national strategy of “Healthy China”. Second, the empirical analysis
using individual fixed-effects models can help overcome the shortcomings of the traditional
linear regression method to examine the effects of explanatory variables on the conditional
expectations of the explanatory variables, and can reveal the effects of national fitness
policies on national health in a comprehensive and stable manner. Third, the relationship
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between the national fitness policy and national health is discussed by region, making the
research findings more consistent with the reality of regional unbalanced development in
China. In addition, our study involves the relationship between policy intensity, mortality,
human capital, and financial investment, reflecting from the side that national health is
not only influenced by the environment but also by other related factors. This helps to
better understand the related occurrence mechanism and provide empirical support, and
also provides positive inspirational effects and important references for existing theoretical
research and practical exploration.

The succeeding sections reviews the evolution of national fitness policies in China and
the progress of domestic and international research; introduces the data, variables, and
model construction of the study; analyzes and discusses the data results; and highlights
the main findings of the study and recommendations for future research. We focus on the
determinants of the national fitness policy intensity change that may promote or hinder the
national health level and their ways of action.

2. Practical Development and Theoretical Basis of China’s National Fitness Policy

2.1. The Evolution of China’s National Fitness Policy in Practice

China’s national fitness policy is an important institutional guarantee for improving na-
tional health and health literacy. The success of the 2008 Beijing Olympic Games shifted the
public sports hotspot from competitive sports to national fitness, unveiling the prelude to a
new era of comprehensive promotion of national fitness programs. Subsequently, national
fitness and “Healthy China” became national strategies, and the government successively
issued national fitness policies, such as the Regulations on National Fitness (State Decree
No. 560), Guidance on Accelerating National Fitness into Families, and National Fitness
Plan (2011–2015), National Fitness Plan (2016–2020), to construct a comprehensive range
of basic public sports services. In particular, at the local government level, provinces in
China have issued various forms of provincial Regulations on National Fitness (Promotion)
in response to national policies, and conducted extensive national fitness sports activities.
This study focuses on the national fitness policies in Chinese provinces during the booming
period of national fitness since 2008, and analyzes the evolution of the intensity and content
of national fitness policies from 2008 to 2017.

This paper mainly focuses on following types of national fitness policies from 2008
to 2017 in Chinese provinces: national fitness regulations which refers to those basic
legal documents that set the direction of reform and development, service system and
operation mechanism for national fitness, often with a certain strategic and holistic nature,
such as sports law, national fitness regulations, regulations on public cultural and sports
facilities, etc.; national fitness regulatory documents, which refers to guiding documents
involving the design of the national fitness policy process and the implementation of
responsibilities, they are the refinement of the national fitness regulations, such as the
national fitness implementation plan, the implementation opinions on promoting the high-
quality development of national fitness, the guidelines on the operation and maintenance
management of national fitness venues and facilities, etc.; relevant national fitness work
documents referring to the supporting specific national fitness work guidance, such as
the road running sports events and activities safety management guide, notice on further
strengthening the supervision and management of outdoor sports events and activities,
the mass sports competition and the National Fitness Games competition regulations, etc.;
and a small number of administrative license approvals and local government regulations
involving national fitness, such as the Provincial Sports Bureau’s notice on the main points
of the province’s mass sports work, etc.

First, we discuss the evolution and development of national fitness policies in Chinese
provinces. China’s national fitness policy system is a typical centrally led paradigm, with
local governments in each province developing national fitness policies and refining rules
in response to the central policies, and providing public sports services as well as scientific
fitness guidance directly to the public [17]. In the manuscript, initial intensity of national
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fitness policies in China in 2008 and national fitness policy intensity and policy intensity
accumulation of provinces in China in 2017 are national fitness policies in China for a
specific year interval. These numbers are authentic since they are based on Chinese practice.
In terms of Figure 1, more than half of the other provinces have not yet issued supporting
national fitness regulations, so the minimum value is specified as 0. Thus, starting from
0, with 1 as the unit of measurement, each increase of one unit indicates that the true
increment of the number of national fitness policies is 1. The largest number of initial
policies is in Zhejiang province, with a policy intensity of 7. To facilitate comparison of the
effects, the scale interval is therefore set to 0–8, i.e., the true number of initial intensity of
national fitness policies in China in 2008 is 0–8. The intensity of national fitness policies in
each province in 2008 shows that the introduction of national fitness policies in China is in
the initial stage. Only a total of 14 provinces, including Zhejiang, Jiangsu, Anhui, Fujian,
and Inner Mongolia, achieved zero breakthrough in national fitness policies. This result
indicates that the construction and development of relevant policies in Chinese provinces
are obviously insufficient. The 14 provinces that have issued national fitness policies and
regulations include both economically developed and coastal provinces in the east such as
Shanghai, Zhejiang, and Fujian province, which have a high level of health literacy among
residents, as well as underdeveloped regions in the central and western parts of China that
have quite ethnic characteristics and sufficient natural resources such as Chongqing, Inner
Mongolia, and Yunnan province. In addition, the starting intensity of the national fitness
policy in 2008 in economically developed regions such as Beijing, Tianjin and Guangdong
and underdeveloped regions such as Liaoning, Qinghai and Gansu were all zero, which did
not show full consistency with regional economic development or resource distribution, so
their specific mechanisms of action and effects need to be further explored.

Figure 1. Initial intensity of national fitness policies in China in 2008.

This study plots the national fitness policies in each province in 2017 and the cu-
mulative intensity of national fitness policies from 2008 to 2017 to present the changes
in the intensity of national fitness policies in each province of China visually. As shown
in Figure 2, there is a significant increase in the intensity of national fitness policies by
provinces in China in 2017 compared to 2008. Same as the above, Figure 2 shows that
national fitness policy intensity in China in 2017 involves a real policy quantity interval of
0–200, starting from 0, with 200 as the unit of measurement, and each increase of one unit
indicates that the real increment of the number of national fitness policies is 200. Among
them, there are still some provinces where the specification of the number of national
fitness policies tends to be 0, such as Tianjin; Fujian province has the highest number of
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200 policies. The real policy quantity interval of policy intensity accumulation of provinces
in China from 2008 to 2017 starts from 0, with the lowest in Tianjin, where the number of
policy accumulation is 0; the highest in Fujian, where the number of policies is 1084. After
several debugging of the scale, it is found that contrast effect is the most obvious in the
scale of 200. In addition, with a scale of 200, the number of provinces in the interval above
200 and below 200 is basically the same. Therefore, the true interval for the number of
policy intensity accumulation of provinces in China from 2008 to 2017 is 0–1200. Overall, all
provincial governments in China have basically achieved the coverage of national fitness
policies. The analysis shows that the cumulative value of national fitness policy intensity
exceeds 200 in more than half of the provinces, among which Fujian Province and Jiangsu
Province even reach more than 800, and the construction of national fitness policies and
related regulations has significantly accelerated. In addition, the unbalanced characteristics
of national fitness policies among different regions are highlighted. For instance, the cu-
mulative intensity of national fitness policies in Hainan Province in 2017 was 67, while the
cumulative intensity of national fitness policies in Fujian Province in 2017 reached 1084.
The reason for this is that although both the Hainan and Fujian Provinces are coastal cities,
there are significant differences in their population density, economic development level,
natural conditions, and resource carrying capacity. The specific mechanism and effect of the
influence of different factors on the intensity difference of national fitness policies between
regions need to be further explored.

Figure 2. National fitness policy intensity and policy intensity accumulation of provinces in China
in 2017.

Second, in terms of policy content, the focus of national fitness policy has shifted
from the layout of infrastructure such as venue facilities, organization construction, fitness
activities, scientific guidance, and physical fitness monitoring to the development and
optimization of the public service system of national fitness. In August 2009, the Regu-
lations on National Fitness was the first special regulation on national fitness in China
which clarified the right of citizens to participate in national fitness and its legal status.
National fitness became an essential livelihood project for national social development.
Subsequently, central and local government policies on various elements of national fit-
ness, such as social sports instructors, sports facility construction, fitness activities, fitness
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environment, social capital, and supervision services, have been continuously introduced
to drive the construction of national fitness public service systems in all aspects [18]. For
example, in 2011, the General Administration of Sports issued the Social Sports Instructor
Development Plan (2011–2015), which clearly regulates the construction of social sports
instructors. In 2015, Jiangsu Province issued the Implementation Opinions on Accelerating
the Development of Sports Industry and Promoting Sports Consumption, which mobilizes
social capital to strengthen the Jiangsu practice of national fitness, and takes the lead in the
country to build a public sports service system demonstration area with clear functions, a
sound network, and benefits for all.

Relying on the characteristic advantages of regional resources, several characteris-
tic national fitness projects have emerged in some provinces and localities, such as the
Guangdong Greenway Sports Project, Fujian Rainbow Trail Project, the Colorful Yunnan
National Fitness Project, and the National Fitness Corridor along the Wei River in Shaanxi.
The National Fitness Plan (2016–2020) proposes to deepen sports reform and create a new
fashion of national fitness, and the coverage of national fitness policies has gradually
achieved precise positioning, developing from universal policies to focus on compensa-
tion governance for disadvantaged groups. Considering the differences in health status
and resource allocation of people at different levels, the sports rights and participation
needs of key groups represented by women, people with disabilities, the elderly, farm-
ers, and ethnic minorities are more urgent [19]. The national fitness policy has changed
from a non-equal and biased supply under stratified segmentation to an integrated and
coordinated development; the central and local governments have gradually established
an institutional balance mechanism for resource allocation in the supply of public ser-
vices for national fitness by increasing policy efforts, strengthening health promotion, and
optimizing resource matching.

This study concludes that the differences in the number of national fitness policies in
different regions of China during 2008–2017 mainly stem from the level of regional economic
development (based on GDP per capita) and health literacy of its residents. Take the 2017
GDP per capita ranking of Chinese provinces and cities as an example, the top 10 regions
in descending order are Beijing, Shanghai, Tianjin, Jiangsu, Zhejiang, Fujian, Guangdong,
Shandong, Inner Mongolia, and Chongqing; the bottom 10 in descending order are Sichuan,
Qinghai, Jiangxi, Anhui, Shanxi, Heilongjiang, Guangxi, Guizhou, Yunnan, and Gansu.
Overall, the number of national fitness policies in economically developed coastal areas
(such as Zhejiang, Fujian, etc.) is significantly higher than that in less developed areas
(such as Hunan, Hainan, Ningxia, Heilongjiang, etc.). On this basis, with the conditions of
economic development, some developed regions (such as Jiangsu, Guangdong, etc.) have
made full use of the advantages of regional resources to strengthen the policy inclination of
national fitness projects, and are committed to building a sound public service system of
national fitness. At the same time, we notice that there are also some special provinces (such
as Sichuan, Anhui, Jiangxi, Gansu, etc.) that still maintain relatively high accumulation of
national fitness policies despite the lack of economic development level. They are aided by
the advantages of locations, ethnic characteristics, natural resources and environmental
carrying capacity, and also their attempts to attract talents and investments by improving
residents’ health environment and optimizing public service. We believe that the future
of fitness policy will be a good one. Therefore, we believe that future research needs deep
analysis on the specific elements of the differences in the number of national fitness policies
in different regions through field research, expert interviews, and panel data to further
supplement and improve existing research.

In summary, China’s national fitness policies have achieved leapfrog development
during the period 2008–2017. National fitness and national health have gradually achieved
deep integration, and public sports services have entered an active construction phase. Fur-
thermore, the national fitness policy intensity in Chinese provinces increased significantly
during this period, and policy-led national fitness group activities are widely conducted;
research has shown that during this period, public participation is high and individual
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health literacy is improved [20]. However, the analysis and evaluation of the effects of
national fitness policies have been mainly based on objective allocation quantities such as
sports facilities, venues, and funding scales [17], and these relatively one-sided evaluation
approaches have neglected the substantive examination of national health-related impact
indicators, especially the regional quantitative analysis under specific socioeconomic and
lifestyle conditions.

2.2. Literature Review

Due to the high material living standards and better public awareness of sports and
related education systems in developed countries such as Europe and the United States,
as well as some medium-sized developed countries, sports are considered an important
activity that governments must provide for their citizens, and the public is generally aware
of the important role of national fitness in improving their health and quality of life. As
early as the 1960s, national fitness became a major means to improving chronic diseases
among occupational groups, relieve social medical pressure and maintain social stability in
these countries. In 1985, the International Olympic Committee established the Mass Sports
Commission to call for a World Congress of Mass Sports. In the following year, the first
World Congress of Mass Sports was held in Cologne, Germany, to exchange experiences on
the themes of practical and theoretical development of mass sports, stakeholder relations,
health and social benefits, and future development, which further set off a worldwide
boom in mass sports activities.

Since the 1990s, major western developed countries have promulgated national fitness
and mass sports policies, and mass sports have basically achieved comprehensive popular-
ity; the value of sports has been generally recognized and respected by the public in the
integration of health values. The U.S. Healthy People Report is considered the beginning
of the global Healthy People program, which is officially renamed as the National Fitness
Program in 2010. The plan has a clear aim of “changing people’s behavior through sports”,
and includes both universal national health promotion policies and specific prevention
and control programs for some diseases (such as arthritis, heart disease, obesity, etc.),
involving business and industry, education, health care, public fitness and recreation, urban
transportation planning, volunteer organizations, and other fields. This emphasizes the
transformation of basic health education, the professionalism of health institutions, and the
operability of strategy implementation [21]. The British National Health Service system
is characterized by high welfare and wide coverage. The government has introduced the
National Health Insurance Act, the National Health Service Act, and the Health and Social
Care Act to improve the health of the nation, establishing a unified framework and man-
agement system for the National Health Service. It has strengthened front-end preventive
health care and community services through decentralization, entrusted purchase, quality
control, and service integration, and guided the public to actively strengthen self-health
management. The quality of Cuba’s Fitness System is among the highest in the world
for its community and family centered approach and emphasis on a preventive approach
to health. The Cuban model aims to bring health care back to the community through a
continuous effort to maintaining quality of service via the collection of health statistics
from primary health care providers serving families and communities, and the regular
review of health care quality by public health officials. This model of community-based,
neighborhood-based, collective social structure for universal health care also provides valu-
able lessons and references for other countries. Other countries such as Norway, Sweden,
Australia, and Japan have established relatively well-developed national fitness programs
and mass sports regulations, combining sports activities with their related environment,
public health, education, and media campaigns to create feasible conditions to make sports
an important part of the public’s daily life.

Based on the above management practices, research on trend prediction, group dif-
ference analysis, policy effect assessment and influencing factors, and policy process of
national health have emerged from the academic community. For example, Porter et al. [22]
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systematically assessed the relationship between exercise behaviors (physical activity,
sedentary time, screen time) and cardiovascular health in adolescents based on the Na-
tional Fitness Program guidelines using data from the 2012 NHANES Adolescent Health
Survey. Based on public fitness and exercise registry data from the Fitness Registry and
the Importance of Exercise National Database (FRIEND Registry), Nevill et al. [23] used
multiple regression and anisotropic growth models to derive an updated predictive model
of public cardiorespiratory fitness improvement in the U.S. Rolfe [24] developed a sim-
ple assessment tool to examine the state of urban public sport investment in regional
Queensland, Australia, focusing on the potential economic and social benefits of public
sport investment in infrastructure and project delivery. Polyakova and Ramchandani [25]
examined regular users’ perceptions of the quality of public sports centers in England and
analyzed the possible challenges and obstacles of multifunctional public sports facilities
in creating sustainable sports participation. Fernández-Martínez et al. [26] examined the
satisfaction and loyalty of users of public sports and health services aged 12–16 years in
Spain at different stages and the possible impact of different dimensions of service quality
on them. Carrad et al. [27] used a multi-case study to explore the process of organizational
change and its possible perceived facilitators and potential barriers in the implementation
of a health promotion program in New South Wales, Australia, specifying that customized
health promotion strategies in different contexts require the involvement of leaders and the
organization of practical actions.

In summary, extant research focuses on two aspects: the overall assessment and
analysis of the implementation process of national health promotion programs through
case studies in different cultural contexts and social relationships, and the examination of
the effectiveness of national fitness policy implementation on public health based on micro-
individual health indicators. However, the direct health effects of national health policies at
the regional level have not been sufficiently discussed. Based on this, this study examines
the effects of national fitness programs on national health in China and its possible regional
differences using panel data at a macro level. We try to reveal the direct correlation between
national fitness policies and national health and explore the potential mechanisms that may
influence national fitness policies to promote or inhibit national health.

3. Materials and Methods

3.1. Variable Selection

In order to explore the effect and mechanism of the influence of national fitness
policy on national health through regression analysis, we conduct data selection and
construct an econometric model. The data are obtained from the China Statistical Yearbook,
China Health and Health Statistical Yearbook, China Environmental Yearbook, China
Environmental Statistical Yearbook, some statistical yearbooks of Chinese provinces and
cities, and the Legal Star database. The sample selection interval is 10 years from 2008 to
2017. Due to the lack of corresponding data in Tibet, the data from this region is excluded.

As far as the explanatory variables are concerned, this study uses adult mortality and
child mortality to reflect the national health level. The mortality data in this study are ob-
tained from a study by Zhou et al., (2019) [28], which is published in the prestigious medical
journal The Lancet with high reliability, and applies methods in GBD (the Global Burden of
Diseases, Injuries, and Risk Factors Study) to systematically analyze mortality, morbidity,
and risk factors under the health model of provincial administrative units in China. The
core national health surveillance indicators involved in the existing studies are diverse and
complex, and no consensus has been reached. Scholars have used average life expectancy
(ALE), neonatal mortality rate (NMR), infant mortality rate (IMR), maternal mortality ratio
(MMR), and malaria incidence (MI) as important indicators to evaluate the health level of
a given region based on regional differences and research purposes [29,30]. Based on the
national population and the coverage of the population served, this study follows the study
of Sun and Li (2017) [31] and takes population mortality rate to assess the national health
level, aiming to explore the overall level of national health and possible regional differences
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in the local context of China. It has been established that child health and child mortality
are important factors of health for all policies, according to Timmons et al., (2012) [4], Guo
and Huang (2019) [5], and Zhou and Gao (2021) [18]. In the case of China, existing studies
on health outcomes for all have mostly focused on adult health, neglecting to explore child
health and child mortality. Currently, various forms of children’s physical development
centers have emerged in China during the promotion of the national fitness project, which
increases the focus on children’s health. The realistic development needs are consistent
with the selection and setting of variables in this paper. Therefore, in order to analyze the
health effects of national fitness policies on different groups, this study follows Zhou et al.,
(2017)’s [28] definition and further divides mortality rates into adult mortality (aged from
15 to 60) and child mortality (aged under 5). In general, the lower the adult mortality rate
and child mortality rate, the higher the level of national health.

In terms of explanatory variables, this study uses the cumulative number of national
fitness policies promulgated by each province in China over the years as an indicator of
the national fitness policy intensity. The data are obtained from the Legal Star Database,
which is the most authoritative, informative, and updated regulatory database in China,
covering all kinds of existing laws, administrative regulations, departmental regulations,
judicial interpretations, local regulations, rules, normative documents, etc., approved and
promulgated by the central government and local governments in China, as well as the
provincial governments’ official websites. We conduct a comprehensive search of national
fitness policies and regulations from 2008 to 2017 by province according to keywords,
which are national fitness, (national) fitness program, (mass) sports, public sports, universal
health, mass (sports) participation. Considering the cumulative effect of policies [32], it
is generally believed that the greater the number of policies introduced within a certain
period, the stronger the willingness and governance ability of local governments to treat
specific issues [33]; thus, the cumulative effect of policies may have an important impact on
the research results [34]. Accordingly, this study takes the cumulative number of policies in
a specific period as a measure of the national fitness policy intensity.

Meanwhile, this study also includes two explanatory variables in the model, namely,
practitioners and financial expenditures, to explore the key mechanisms of the relationship
between national fitness policy intensity and national health. In practice, there are two
ways to evaluate the supply efficiency of public goods, one is to measure it by calculating
the input-output ratio, and the other is to establish relatively quantifiable indicators, i.e.,
efficiency criteria [35]. Since the former output is difficult to quantify accurately, most of
the existing literature evaluates and analyzes financial expenditures through evaluation
indicators. This study draws on Liu’s [36] research on government sports investment
indicators, and selects personnel and expenditures, i.e., the number of sports practitioners
per 10,000 population and finance health expenditures per capita as indicators, which can
better reflect the efficiency of public goods supply inputs and equilibrium outputs. Since
information on China’s finance is not easily accessible, it is difficult to collect independent
data on sports finance expenditures. Thus, this study uses culture, sports, and media
finance expenditures recorded in statistical yearbooks instead. Since China’s reform and
opening up, culture and media have become highly market-oriented and are much less
dependent on the state funds than sports, so the vast majority of culture, sports, and media
expenditures are still invested in sports, and it is reasonable to choose this expenditure to
represent the state’s financial expenditures in sports.

Finally, as far as the control variables are concerned, nine factors such as social envi-
ronment, health care, economy, and population, which are closely related to national health,
were selected in this study. Specifically, they include: health care expenditures per capita (to-
tal health care expenditures/total population), health education institutes/stations (number
of public health care institutions, such as infirmaries, nursing stations, etc.), PM2.5 (degree of
air pollution), park green space per capita (area of urban green space/total population), ur-
ban sewage treatment rate (proportion of treated sewage to total sewage discharge), house-
hold waste harmless treatment rate (the proportion of harmlessly treated domestic waste to
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total waste intake), GDP per capita (gross domestic product per capita), urbanization rate
(proportion of urban population), and population density (total population/land area).

Data on health care expenditures per capita and health education institutes/stations
are obtained from the China Health Statistical Yearbook, data on PM2.5, sewage treatment
rate, garbage treatment rate, and park green space per capita are obtained from the China
Environment Yearbook and the China Environment Statistical Yearbook, and data on per
capita GDP, population density, and urbanization rate are obtained from the China Statis-
tical Yearbook. Numerous studies have confirmed the negative impact of environmental
problems on national health, and the spillover of air pollution is stronger compared with
other environmental factors, and this study uses annual PM2.5 emissions to measure the
degree of air pollution [31]. Other environmental issues such as water pollution, waste
disposal, and greening have also become important challenges that currently threaten
people’s lives and health and may have a confounding effect on national health [37,38].
Studies have also found that personal economic income as well as health care expenditures
could significantly affect changes in national health status [39,40]. Further, in a study on
the efficiency of public sports services in 31 provincial governments in China, Li et al. [41]
have found that two GDP per capita indicators (sports stadium area per capita and sports
expenditure per capita) have a positive effect on the efficiency of public sports services,
while population density and educational literacy are significantly related to the services’
efficiency. Hence, GDP per capita, population density, and educational literacy also become
important factors that may influence national health. Moreover, in the context of intense
urbanization and modernization, the health status of urban residents usually faces greater
risks and challenges compared to rural residents.

3.2. Descriptive Statistics

The sample data in this study involves 30 provinces, cities, and autonomous regions in
China except Tibet, which spans a 10-year period from 2008 to 2017, with a total of 300 sam-
ples. Table 1 reports the results of descriptive statistics and expected signs for each variable.
The differences between the maximum and minimum values of culture, sports, and media
practitioners per 10,000 population and financial expenditures on culture, sports, and media
per capita are significant and may be important factors influencing the relationship between
policy intensity and national health (adult mortality and child mortality).

3.3. Model Specifications

An econometric model is constructed in this study to analyze the effect of policy
intensity on national health. Among them, yit represents the explained variable, i.e.,
adult mortality or child mortality; Policyit is the main explanatory variable in this study,
representing the policy intensity in each province in a specific year; X′

it represents the
above-mentioned control variables; α1 and β analysis represent the regression coefficients
of the explanatory and control variables, and δi and εit represent the error terms.

yit = α0 + α1Policyit + X′
itβ + γt + δi + εit (1)

In order to explore the specific mechanism of the effect of the policy intensity of
national fitness on national health, this study constructs an econometric model with cross-
sectional terms on the basis of the above econometric model. Among them, PolicyitEmployeeit
is the interaction term between policy intensity and practitioners, and PolicyitExpenditit
is the interaction term between policy intensity and financial expenditures. Through this
model, we explore the interaction between the policy intensity on national fitness and the
related practitioners and financial expenditures.

yit = α0 + α1Policyit + α2PolicyitEmployeeit + α3PolicyitExpenditit + X′
itβ + γt + δi + εit (2)
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Table 1. Descriptive statistics.

Variables Unit Obs Mean SD Min Max

Dependent variables

Policy intensity
Accumulating

policy
number

300 3.423224 1.811232 0.000000 6.989335

Independent
variables

Adult mortality % 300 0.000092 0.000023 0.000038 0.000162
Child mortality % 300 0.016183 0.007370 0.005000 0.043000

Moderating
variables

Culture, sports, and media
practitioners per 10,000 population person 300 2.367759 0.508242 1.524408 4.471974

Financial expenditures on culture,
sports, and media per capita yuan 300 5.048278 0.622657 3.682046 6.869663

Control variables
Health care expenditures per capita yuan 300 6.629206 0.497882 5.071565 7.901217
Health education institutes/stations institute 300 1.385850 0.892431 0.000000 3.526361

PM2.5 ug/m3 300 3.551505 0.477682 2.186051 4.423648
Park green space per capita m2 300 2.449364 0.233631 1.813195 2.984166

Urban sewage treatment rate % 300 −0.189196 0.166759 −0.919045 −0.022246
Household waste harmless

treatment rate % 300 −0.191159 0.248369 −1.331049 0.000000

GDP per capita yuan 300 10.541603 0.522224 9.195734 11.832077
Urbanization rate % 300 −0.629852 0.229329 −1.234088 −0.109815

Population density person per km2 300 7.843010 0.440769 6.475433 8.694000

Note: Logarithms are taken for the independent and control variables.

Finally, considering that this study used multi-year panel data, based on the results of
the Hausman test, we used an individual fixed-effects model in the regression analysis to
effectively eliminate time-invariant factors.

4. Results and Analysis

4.1. Direct Effect of National Fitness Policy Intensity on National Health

Table 2 shows the influence of national fitness policy intensity on adult and child
mortality. Among the control variables, health education institutes/stations (r = −0.000002,
p < 0.01), and green space per capita (r = −0.000009, p < 0.01) are significantly negatively
correlated with adult mortality, while other control variables are not. There is a significant
negative correlation between the national fitness policy intensity and adult mortality
(r = −0.000001, p < 0.01); the greater the national fitness policy intensity, the lower the adult
mortality rate.

Among the control variables, health expenditure per capita (r = −0.002, p < 0.01),
green space per capita (r = −0.003, p < 0.001), sewage treatment rate (r = −0.004, p < 0.001),
urbanization rate (r = −0.018, p < 0.001) are significantly negatively correlated with child
mortality. The larger the green space per capita, the higher the sewage treatment rate, the
higher the urbanization rate, then the lower the child mortality rate. In addition, there is a
significant positive correlation between population density and child mortality (r = 0.002,
p < 0.001); the higher the population density, the higher the child mortality rate. There is
also a significant positive correlation between national fitness policy intensity and child
mortality rate (r = 0.0003, p < 0.01); the higher the national fitness policy intensity, the
higher the child mortality rate.
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Table 2. Regression results of equation.

Adult Mortality Child Mortality

Correlation
Coefficient

SE p > t Correlation
Coefficient

SE p > t

Policy intensity −0.000001 0.000000 0.009 0.000296 0.000105 0.005
Culture, sports, and media practitioners

per 10,000 population −0.000003 0.000003 0.176 0.001446 0.000651 0.027

Financial expenditures on culture, sports,
and media per capita −0.000003 0.000002 0.079 −0.000131 0.000428 0.760

Health care expenditures per capita −0.000003 0.000002 0.112 −0.001719 0.000514 0.001
Health education institutes/stations −0.000002 0.000001 0.098 −0.000363 0.000273 0.184

PM2.5 0.000000 0.000002 0.859 −0.000252 0.000466 0.590
Park green space per capita −0.000009 0.000003 0.002 −0.003014 0.000703 0.000

Urban sewage treatment rate −0.000004 0.000003 0.209 −0.003749 0.000727 0.000
Household waste harmless treatment rate 0.000001 0.000002 0.628 0.000148 0.000548 0.788

GDP per capita 0.000000 0.000003 0.948 −0.001182 0.000834 0.158
Urbanization rate 0.000011 0.000008 0.182 −0.017875 0.002115 0.000

Population density −0.000003 0.000002 0.086 0.001627 0.000400 0.000

4.2. Interactive Effects of Practitioners and Financial Expenditures

As shown in Table 3, there is a significant positive correlation (p < 0.01) between the
interaction term between national fitness policy intensity and culture, sports, and media
workers per 10,000 population and adult mortality. The main effect between policy intensity
and adult mortality is significantly negatively correlated (p < 0.01), so there is a significant
negative moderating effect of culture, sports, and media practitioners per 10,000 population
between national fitness policy intensity and adult mortality. The more culture, sports, and
media practitioners per 10,000 population, the weaker the relationship between national
fitness policy intensity and adult mortality. Furthermore, there is a significant negative
correlation (p < 0.05) between financial expenditures on culture, sports, and media per
capita and adult mortality, i.e., the higher the financial expenditures, the lower the adult
mortality. The interaction term between national fitness policy intensity and finance
expenditures on culture, sports, and media per capita has a significant negative correlation
(p < 0.01) with adult mortality. The main effect between policy intensity and adult mortality
is significantly negatively correlated (p < 0.01), so there is a significant positive moderating
effect of finance expenditures on culture, sports, and media per capita between national
fitness policy intensity and adult mortality. The higher the finance expenditures on culture,
sports, and media per capita, the stronger the relationship between national fitness policy
intensity and adult mortality.

As shown in Table 3, there is a significant positive correlation between culture, sports,
and media practitioners per 10,000 population and child mortality (r = 0.001, p < 0.05), but
the interaction term between culture, sports, and media practitioners per 10,000 popula-
tion and policy intensity has no significant correlation with child mortality (p > 0.1); the
moderating effect of practitioners is not significant. There is a negative correlation between
financial expenditures on culture, sports, and media per capita and child mortality, but
its correlation is not significant (p > 0.1). Moreover, the interaction term between national
fitness policy intensity and financial expenditures on culture, sports, and media per capita
is also not significantly correlated with child mortality (p > 0.1), and the amount of financial
expenditures has no significant effect on the relationship between national fitness policy
intensity and child mortality.
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Table 3. Regression results of equation.

Adult Mortality Child Mortality

Correlation
Coefficient

SE p > t Correlation
Coefficient

SE p > t

Policy intensity −0.000001 0.000000 0.004 0.000291 0.000118 0.014
Culture, sports, and media practitioners

per 10,000 population −0.000001 0.000003 0.791 0.001539 0.000688 0.026

Financial expenditures on culture, sports,
and media per capita −0.000004 0.000002 0.019 −0.000211 0.000433 0.627

Policy intensity * practitioners
(interaction item) 0.000001 0.000000 0.005 0.000003 0.000105 0.977

Policy intensity * financial expenditures
(interaction item) −0.000001 0.000000 0.002 −0.000148 0.000097 0.127

Health care expenditures per capita −0.000001 0.000002 0.806 −0.001238 0.000569 0.030
Health education institutes/stations −0.000001 0.000001 0.194 −0.000342 0.000273 0.211

PM2.5 −0.000001 0.000002 0.616 −0.000512 0.000481 0.289
Park green space per capita −0.000008 0.000003 0.003 −0.002650 0.000720 0.000

Urban sewage treatment rate −0.000004 0.000003 0.158 −0.003801 0.000723 0.000
Household waste harmless treatment rate 0.000000 0.000002 0.994 −0.000193 0.000567 0.734

GDP per capita 0.000000 0.000003 0.889 −0.001278 0.000831 0.125
Urbanization rate 0.000010 0.000009 0.277 −0.020361 0.002468 0.000

Population density −0.000002 0.000002 0.221 0.001713 0.000403 0.000

Note: Interaction items are policy intensity and practitioners, and policy intensity and financial expenditures. The
table has been marked with “*”, the same below.

4.3. Comparison of Regional Differences

In this study, we divide the 30 provinces, cities, and autonomous regions of China
based on the GDP per capita ranking in 2017, and mark the top 15 as developed regions and
the bottom 15 as underdeveloped regions. We first conducted a comparison of the effects
of the relationship between national fitness policies intensity and adult mortality, and the
results of the analysis are shown in Table 4. In developed regions, there is a significant
negative correlation (p < 0.001) between national fitness policy intensity and adult mortality,
i.e., the higher the policy intensity, the lower the adult mortality in developed regions.
On the other hand, in underdeveloped regions, there is no significant correlation (p > 0.1)
between national fitness policy intensity and adult mortality.

Table 4. Regression results of equation.

Adult Mortality
in Developed Regions

Adult Mortality in Underdeveloped
Regions

Correlation
Coefficient

SE p > t Correlation
Coefficient

SE p > t

Policy intensity −0.000001 0.000000 0.000 0.000000 0.000001 0.818
Culture, sports, and media practitioners

per 10,000 population −0.000007 0.000003 0.038 −0.000006 0.000003 0.094

Financial expenditures on culture, sports,
and media per capita 0.000001 0.000001 0.374 −0.000008 0.000003 0.006

Health care expenditures per capita 0.000000 0.000002 0.929 −0.000003 0.000004 0.396
Health education institutes/stations 0.000001 0.000001 0.170 −0.000007 0.000002 0.001

PM2.5 0.000001 0.000002 0.486 0.000000 0.000003 0.934
Park green space per capita −0.000008 0.000002 0.001 −0.000005 0.000005 0.290

Urban sewage treatment rate 0.000003 0.000004 0.443 −0.000007 0.000004 0.060
Household waste harmless treatment rate 0.000000 0.000002 0.916 −0.000001 0.000003 0.725

GDP per capita −0.000002 0.000003 0.509 0.000000 0.000005 0.975
Urbanization rate −0.000006 0.000007 0.405 0.000022 0.000017 0.201

Population density −0.000009 0.000001 0.000 0.000005 0.000003 0.085
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As shown in Table 5, there is a significant negative relationship between culture,
sports, and media practitioners per 10,000 population and adult mortality in developed
regions (p < 0.05), i.e., the more practitioners, the lower the adult mortality in developed
regions. The interaction term between national fitness policy intensity and culture, sports,
and media practitioners per 10,000 population and adult mortality rate in developed
regions is significantly positively correlated (p < 0.001). The main effect between policy
intensity and adult mortality is significantly negatively correlated (p < 0.01), so there
is a significant negative moderating effect of culture, sports, and media practitioners
per 10,000 population between national fitness policy intensity and adult mortality in
developed regions. On the other hand, in underdeveloped regions there is a significant
negative correlation between culture, sports, and media practitioners per 10,000 population
and adult mortality (p < 0.05), i.e., the more practitioners, the lower the adult mortality in
underdeveloped regions. However, as there is no correlation between policy intensity and
adult mortality, and the interaction term of policy intensity and practitioners and adult
mortality in underdeveloped areas is also not established (p > 0.1), thus culture, sports, and
media practitioners per 10,000 population cannot significantly influence the relationship
between them.

Table 5. Regression results of equation.

Adult Mortality
in Developed Regions

Adult Mortality in Underdeveloped
Regions

Correlation
Coefficient

SE p > t Correlation
Coefficient

SE p > t

Policy intensity −0.000002 0.000000 0.000 0.000000 0.000001 0.914
Culture, sports, and media practitioners

per 10,000 population −0.000003 0.000003 0.026 −0.000005 0.000004 0.019

Financial expenditures on culture, sports,
and media per capita 0.000000 0.000001 0.088 −0.000008 0.000003 0.007

Policy intensity * practitioners 0.000001 0.000000 0.000 0.000000 0.000001 0.807
Policy intensity * financial expenditures −0.000001 0.000000 0.000 0.000000 0.000001 0.804

Health care expenditures per capita 0.000003 0.000002 0.073 −0.000003 0.000004 0.464
Health education institutes/stations 0.000001 0.000001 0.111 −0.000007 0.000002 0.003

PM2.5 0.000000 0.000002 0.929 0.000000 0.000003 0.982
Park green space per capita −0.000008 0.000002 0.001 −0.000005 0.000005 0.301

Urban sewage treatment rate 0.000002 0.000004 0.626 −0.000007 0.000004 0.062
Household waste harmless treatment rate 0.000000 0.000002 0.941 −0.000001 0.000003 0.694

GDP per capita −0.000004 0.000003 0.212 0.000000 0.000005 0.996
Urbanization rate −0.000001 0.000008 0.892 0.000022 0.000018 0.226

Population density −0.000008 0.000001 0.000 0.000005 0.000003 0.085

Table 5 also shows that there is a significant negative relationship between the interac-
tion term of national fitness policy intensity and finance expenditures on culture, sports,
and media per capita and adult mortality in developed regions (p < 0.001). The main effect
between policy intensity and adult mortality is significantly negatively correlated (p < 0.01),
so there is a significant positive moderating effect of finance expenditures between national
fitness policy intensity and adult mortality in developed regions. On the other hand, in
underdeveloped regions, there is a significant negative correlation between finance expen-
ditures and adult mortality (p < 0.01), i.e., the higher the finance expenditures, the lower the
adult mortality in underdeveloped regions. However, since there is no correlation between
policy intensity and adult mortality and there is no significant correlation between the
interaction term of finance expenditures and policy intensity and adult mortality in under-
developed areas (p > 0.1), finance expenditures do not significantly affect the relationship
between policy intensity and adult mortality in underdeveloped regions.
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4.4. Heterogeneity Analysis of National Fitness Policy Intensity Affecting National Health
4.4.1. Group Heterogeneity Analysis

The results show that national fitness policy intensity has a differential impact on
adult mortality and child mortality. It may be due to the increasing financial expenditure
on public sports, as well as the increasing amount of health education institutes/stations
and park green space per capita. Chinese government departments at all levels provide
great importance to improving the national health level and widely publicize and educate
the public, which makes the public pay increased attention to their own health conditions.
As a result, their willingness, number, and frequency of participating in sports and fitness
activities continue to increase, thus promoting adult health. This can be interpreted as the
gradual emergence of the “herd effect” of national fitness, resulting in a decline in adult
mortality. However, this health effect has not positively affected children’s health. This
study argues that this finding is a good clarification that the impact of established national
fitness policies on children’s health promotion is negligible. It implies that there may be
other non-linear pathways of action for this relational process. This may be due to the con-
tent of the national fitness policy, which is geared more towards adults and is increasingly
focused on middle and old age health issues and less on adolescent and child populations.
In addition, increasing population density has resulted in fewer places for a large number
of children to participate in physical activity per capita, which somewhat inhibiting child
physical development and thus increasing child mortality. On the other hand, although
Chinese society is aware of the important role of physical activity participation in chil-
dren’s physical and mental development, the implementation of health promotion policies
generally lacks a good social awareness and supportive environment. Especially a pas-
sive physical education atmosphere from schools, communities, and families cannot meet
children’s increasing health development needs. Therefore, it is necessary to analyze the
transmutation characteristics and existing dilemmas of children’s sports health promotion
policies from different perspectives and uses different methods in subsequent studies to
explore more efficient paths for children’s health. In addition, the practitioner variable does
not play a facilitating role in the national fitness policies. This is due to the phenomenon
of redundancy caused by the excessive number of sports practitioners, which may reduce
administrative efficiency and thus weaken the positive promoting effect of the national
fitness policies. However, the financial expenditures on public sports per capita reinforce
the positive effect of national fitness policies in promoting adult health. Abundant material
resources can provide a solid foundation for the venue facilities, technical guidance, and
physical therapy and rehabilitation needed to enhance citizens’ physical health.

4.4.2. Regional Heterogeneity Analysis

Heterogeneity in the impact of national fitness policies on national health is also
reflected across regions. We first compare the differences in health outcomes across regions
in terms of national fitness policy intensity. In terms of direct effects, developed regions
had higher levels of adult health, while health outcomes in underdeveloped regions are
not significant. This may be because the overall level of economic and social development
in underdeveloped regions is relatively low, resulting in an inadequate supply of public
services for national fitness. The specific manifestations are: first, the serious lack of sports
facilities and fitness venues exposes the problems of insufficient total supply, uneven
distribution of supply resources and unreasonable utilization of resources. Second, the
lack of professional sports personnel makes it difficult to meet the public’s demand for
learning special sports skills, which in turn inhibits their enthusiasm for sports participation.
Third, due to the limited regional openness and low overall health education level in
underdeveloped regions, public awareness of participation in physical fitness activities
needs to be enhanced.

Further, the inclusion of practitioners and financial expenditures exacerbates the
regional variability in the health effects of national fitness policies. This study argues that
although the public service system of national fitness in developed regions is more complete,
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there may still be a problem of redundant practitioners. The lack of reasonable human
resource allocation increases manpower costs, which may result in wasted public sport
resources, reduce the positive experience of public participation in physical fitness activities,
and lead to limited benefits for policy recipients, which in turn affects adult health. In
those regions where economic and social development is relatively lagging behind, public
services for national fitness are ranked low in the weighting of government policy-making
matters, so sports practitioners play a limited role in the process of national fitness policies
influencing national health. It applies to the role of sports financial expenditure in the
stage process of national fitness policy affecting national health. The state has introduced
targeted special financial support to broaden the coverage of public services for national
fitness, which to a certain extent has alleviated the contradiction of balanced supply and
demand of diversified and multi-level public demand for physical fitness. However, for
regions and cities with lower levels of economic development, government policy-makers
and administrative departments are not sufficiently aware of the importance of public
services for national fitness to promote national health and sustainable regional economic
development, and there is a gap in the allocation of sports resources and other specific
measures compared to developed regions. In addition, the rapid but extremely unbalanced
regional economic development in China, as well as the lack of clear boundaries in social
responsibilities between government, market and individual, have further caused the
supply of national fitness resources in different regions to exhibit inequitable characteristics.
Some of the less developed regions, especially the central and western regions and rural
areas, still have some urgent problems in the provision of public services for national fitness.

4.5. Robust Analysis

In order to ensure the rationality of the model and ensure that the regression is not
an accidental observation result of a sample estimation, the robustness test of this study
is implemented by replacing dependent variables and independent variables respectively
after completing the above tests and analyses. The results are shown in Table 6. First,
annual policy intensity is used instead of cumulative policy intensity. The regression results
show that the higher the policy intensity per year, the lower the adult mortality. The
higher the policy intensity per year, the lower the child mortality. Although not significant,
its direction is consistent with the original results for child mortality. The results of the
regression analysis obtained after substitution show approximately the same results as
above. Second, the health index is used to replace adult mortality and child mortality.
Considering the size and demographic differences of the provinces, the health index also
has strong explanatory power compared to adult and child mortality. The results of the
regression analysis obtained after substitution are still consistent with the above.
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5. Conclusions

This study empirically examines the effect of national fitness policy intensity on pop-
ulation mortality in developed and underdeveloped regions by analyzing panel data on
30 Chinese provinces from 2008–2017 using an individual fixed effects model. Given that
government investment in public sports in terms of personnel and funding may have
important effects on national health, we take culture, sports, and media practitioner per
10,000 population and financial expenditures on culture, sports, and media per capita as
moderating variables to assess the nonlinear relationship between national fitness policy
intensity and national health. Based on data fitting and model derivation, the following
main findings were obtained: First, the intensity of national fitness policy had a significant
negative effect on adult mortality and child mortality, with a stable long-term equilibrium
relationship in developed regions and a non-significant effect in underdeveloped regions.
Second, culture, sports, and media practitioner per 10,000 population negatively moderates
the relationship between national fitness policy intensity and adult mortality, but does
not have a significant effect on the relationship between national fitness policy intensity
and child mortality. When culture, sports, and media practitioner per 10,000 population
increases significantly, the negative effect of national fitness policy intensity on adult mor-
tality will be significantly weakened. Third, financial expenditures on culture, sports, and
media per capita can significantly positively affect the relationship between national fitness
policy intensity and adult mortality, but not with child mortality. The negative effect of
national fitness policy intensity on adult mortality is significantly enhanced when financial
expenditures on culture, sports, and media per capita increases. Finally, the relationships
between policy intensity, culture, sports, and media practitioner per 10,000 population,
financial expenditures on culture, sports, and media per capita, and adult mortality in
developed regions are consistent with the national analysis, whereas sports, and media
practitioner per 10,000 population, and financial expenditures on culture, sports, and media
per capita, in underdeveloped regions do not exert significant effects. We speculate to some
extent that there may be other factors that reinforce the effect of policy intensity on adult
mortality. It further suggests that health research on public sports policies is still in its
infancy in China, and thus there is a huge research space.

6. Discussion

This study comprehensively examines the efficiency of national fitness policies and
their impact on national health in 30 Chinese provinces, and provides guidance for opti-
mizing the current human resource allocation and financial investment patterns of China’s
national fitness public service system, as well as improving national physical fitness and
health. These findings have important policy implications. First, the study shows that
national fitness policy intensity can significantly reduce population mortality. Provincial
governments need to provide great importance to the development of national fitness
sports, especially in the economically underdeveloped areas, to increase the policy support
and efficiency of national fitness public services according to the content needs of the
national fitness programs in the territory. Second, provincial governments should focus on
developing sports practitioners to meet the requirements of public sports in the new era,
strictly implement and establish a long-term responsibility mechanism, and improve the
management efficiency of sports practitioners. It is necessary to avoid the redundancy and
confusion of practitioners, which may bring constraints to the implementation of national
fitness policies or practical operations. Third, a stable growth mechanism of financial
expenditures for national fitness public services can be established. It can provide sufficient
financial guarantee for national fitness, and promote scientific, refined and rationalized
financial expenditure management of China’s national fitness public service system. Finally,
the network effect, organizational effect, and scale effect of sports expenditures on national
fitness should be examined, based on the impact of financial expenditures on national
fitness public services. In-depth interviews should be conducted to explore the possible
influence mechanisms of national fitness policy intensity in underdeveloped regions, en-
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suring that the development of national fitness in underdeveloped regions can also have
sufficient public service resources for national fitness.

This study has some limitations that need to be improved and optimized in future stud-
ies. First, this study examines the impact of national fitness policy intensity on population
mortality, and focuses on the efficiency of national fitness public services. However, only
the quantitative dimension of policies is analyzed, and other dimensions such as quality,
price, and acceptance of national fitness programs are not addressed. In future studies,
we need to deepen the exploration of relevant impact mechanisms. Second, in terms of
research sample and data analysis, other methods such as field questionnaires, face-to-face
interviews, focus group discussions and small-scale policy experiments, can be introduced
in future studies to further verify and expand the feasibility of existing findings. Research
data of 30 provinces can also be refined for inter-provincial comparison studies to explore
the stability and dispersion of provincial governments’ national fitness policy efficiency.
Finally, future research can explore the multi-subject utility of national fitness, further
determine their transmission path and mechanism that affect public sports investment and
national health, and refine indicators for public service investment in national fitness.
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Abstract: Even though digitization is widely recognized as one of the most imperative trends in
achieving effective urban governance, digital infrastructure remains far from the global trend in
many African countries. This paper proposes a novel, resilient data manipulation architecture model
called the Birth Notification Verification Model (BNVM) using blockchain and smart contracts. The
proposed solution was evaluated in a real-world use case scenario in Ghana. The model, which is
based on the Ten Civil Registration and Vital Statistics (CRVS) Framework, focuses on the initial
inputs for birth registration at the birth notification level. The approach presented in this study
paves the way for the creation of decentralized, secure, transparent, and automated systems for
civil registration. The application of a smart contract architecture that blends a centralized design
with an on-chain and off-chain architecture is further supported by this, providing more evidence
of its viability. It offers a safe verification framework for the Ghana Birth and Death Registry based
on smart contract technology and can guarantee a birth notification as proof of birth certificate
registration in accordance with international standards. The findings provide insight into the use
of blockchain technology in public registry institutions. Furthermore, exploring its adoption and
implementation in Sub-Saharan Africa contributes to the growing field of blockchain technology
research and demonstrates how the concept will address long-standing issues with corruption and
security in developing countries.

Keywords: civil registration; block chain; digitization governance; smart contract

1. Introduction

Digitization governance is one of the most significant current discussions in the
urban governance field. Especially, with the spreading of Blockchain Technology (BCT),
researchers have shown an increased interest in the application of the technology in solving
birth registration challenges as a digital infrastructure in developing countries. According
to [1], Blockchain technology enables the shared registry concept from distributed systems
to be implemented in a variety of application domains, ranging from cryptocurrency to
potentially any industrial system requiring decentralized, robust, trusted, and automated
decision-making in a multi-stakeholder environment. The characteristics of the technology
could lead to improvements in efficiency, transparency and therefore trust [2]. However,
along with this growth in blockchain technological innovations, there is increasing concern
over data security and the effectiveness of social systems like civil registrations. Many
countries in low and middle-income countries are struggling to achieve adequate coverage
and quality civil registrations [3]. Around one-third of all births are not registered. This
disparity is most apparent and is known as the scandal of invisibility. In many nations,
computerization of birth registration systems at all levels has substantially improved the
management and maintenance of an effective system, which has helped to alleviate many
of the urban governance difficulties involved.
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However, there is little advice for urban governance at present as to how to manage
existing or emerging technology pressures or guidance on cross-system coordination and
interoperability for efficient and effective Civil Registration and Vital Statistics (CRVS) [4].
In their studies, [5] demonstrates that in countries with a continuous commitment to digital
governance, substantial improvement in CRVS systems can be made very fast, particularly
when modern Information and Communication Technologies (ICT) are used. Nations of
this caliber have enormous potential for advancement, but lack proper access to modern
technology, mostly due to a lack of infrastructure. Fundamentally, these nations want
transparency, security, and accountability in their operations, all of which are cornerstones
of BCT [6].

This study provides an exciting opportunity to make an important contribution to the
growing area of urban digitization governance research by exploring the BCT adoption and
implementation from the perspective of Sub-Sahara African challenges. The study further
evaluates the extent and application of smart contract implementation in a real use case
scenario. A blockchain-based system would lead to credible social identity, prevent identity
fraud and ease the registration processes. From a broader perspective, robust civil registra-
tion and vital statistics systems will propel pursuits towards the achievement of sustainable
governance by providing security, facilitating inclusion and access to social services.

It does not seem too difficult to register births with Ghana’s Birth and Death Registry
(BDR) even after many years when only an affidavit and a weighing card are required for
registration to be completed. This poses a risk and opens the way for fraud [7]. Cases
of unapproved amendments of data at the BDR in Ghana and unapproved fees charged
by some officials to provide birth certificates to foreign nationals in Ghana have been
reported. It can be assumed that an improvement in the security and integrity of the
institution’s information system to ensure process verification would curb the current
governance challenges.

The main objective of the research is to develop a design model that implements the
concepts of BCT to improve processes in birth registration at the Ghana Birth and Death
Registry. Specifically, this study aims at achieving the following:

a. To investigate the current birth registration processes at the Ghana BDR.
b. To identify key pain points as well as relevant blockchain features that can be implemented.
c. To propose a new block-chain based solution to tackle identified pain points.
d. To test the application of a smart contract solution in the blockchain architecture.

2. Literature Review

2.1. Background
2.1.1. Civil Registry in Urban Governance

As a basic infrastructure of Urban Governance, civil registration involves the legal
notification and recording of individual vital events, including births and deaths, by the
government [8]. The office of the civil registrar maintains the records and registers that
contain information about vital events, and issues legal certificates on-demand to entitled
claimants. This legal data can be used to support further urban planning and digital gov-
ernance [9]. Birth certificates establish the identity of a person. They also facilitate access
to education, employment, economic resources, social protection systems and services,
and legal rights and entitlements [10]. In many countries, computerization at all levels of
a registration system has greatly facilitated the managing and maintaining of an effective
registration system. This is largely due to the increasing use of relatively inexpensive
information and communications technology (ICT) that helps to solve many of the issues
involved. The use of ICT can also speed up the compilation and availability of vital statis-
tics [11]. A civil registration system encompasses a range of practices involving many
institutions. Activities include notifying and registering events and issuing certificates.
The ‘Ten CRVS Milestones’ framework is designed to help CRVS stakeholder’s policymak-
ers, managers and development partners better understand how the systems function as
a whole, from end to end, by describing the key processes that must be accomplished in
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any CRVS system to support better governance [3]. Each milestone represents the output
or product of several activities that are logically grouped. It also encapsulates a set of
requirements that every CRVS system should fulfil [12]. The systematic application of
the CRVS Milestone framework exposes neglected aspects in many CRVS systems such
as the importance of the anti-epidemic of COVID-19, where the health sector could play
a crucial role [13]

2.1.2. Blockchain Technology

The characteristics of blockchain made it an important technology to solve many urban
governance problems. Blockchain is a technology that makes the shared registry concept
from distributed systems a reality for several application domains, from the cryptocurrency
one to potentially any industrial system requiring decentralized, robust, trusted and auto-
mated decision-making in a multi-stakeholder situation [1]. Ensuring the trustworthiness
of records is a requirement in a range of different contexts where systems of record provide
the critical underlying infrastructure necessary to achieve development objectives. This
includes organizations responsible for civil registries of births, deaths and marriages, land
registries and repositories of financial transactions. Untrustworthy civil registration entries
may mean that citizens are unable to prove their identities as a necessary precondition to
accessing social protection benefits, or that opportunities for identity fraud emerge that
undermine a country’s immigration policies and national security [14]. The characteris-
tics of blockchain technology could lead to improvements in efficiency, transparency and
therefore trust [2]. It is characterized by the following features:

a. Peer-to-Peer Network infrastructure—In a P2P network, there is no centralized server,
and each user is a node with server functionality. This layer embodies decentraliza-
tion and network robustness [15]

b. Cryptography—Blockchain employs cryptography for authentication, permission
enforcement, integrity verification, and other areas. It makes use of a variety of
cryptographic techniques including cryptographic one-way hash functions, Merkle
trees and public key (private-public key pairs) [16].

c. Consensus Mechanism—In a blockchain network, a consensus is used to prevent
dishonest actors from writing potentially invalid information to the database [17].

d. Timestamp—The process of ‘trusted timestamping’ is an established approach for
claiming that particular digital information existed at a particular ‘point in time’
in the past. It is assumed that the time-stamped information is not changeable by
anyone in the future. The digital information can be time-stamped by using secure
cryptographic methods [18].

e. Ledger—The ledger represents a list of bundled (data) transactions in cryptographi-
cally linked ‘blocks’. Once the transaction data is verified a ‘block’ will be created.
The ‘blocks’ in the chain are groups of transactions posted sequentially to the ledger
by using a cryptographic signature—that is, added to the ‘chain’ [2].

f. Validity Rule—Common set of rules of the network (i.e., what transactions are consid-
ered valid, how the ledger gets updated, etc.) [12].

2.1.3. Smart Contracts and Time Stamp-Related Research

Zheng et al. classified significant smart contract applications into six groups based
on their generalizations [19]. When the transaction request and verification related criteria
and conditions are met, smart contracts allow for the transfer of value. Contracts in the
actual world are identical to these contracts. The only difference between them is that
they are fully digital, which means that they are comprised of a short programming code
that is kept inside a distributed ledger system. For example, The use of BCT in trade
finance to prove trade-related documents may minimize loan risk, and smart contracts
can govern the execution of inter-organizational processes and openly automate delayed
or instalment payments, among other things [20]. Smart contracts offer a wide range
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of potential applications, spanning from the Internet of Things to the sharing economy,
among others.

Deth et al., introduced a free-to-use time-stamping service for online news articles.
His proposed system uses secure technologies for saving the results of the time-stamped
content for example embedding hashes into the Bitcoin blockchain (which is a cryptograph-
ically validated blockchain) [18]. Thus, information is present in a distributed blockchain
network, making it impossible to get manipulated. Wouda also in his study, proposes an in-
frastructure for a blockchain-based application to improve the current way real estate is
transacted [2]. In the first place, his proposed model could be deployed as a record-keeping
tool (blockchain audit trail). Physical and contractual information, related to a property, is
recorded and validated by means of blockchain features during the life cycle of a property
(operation phase). Validation of related information is summarized in a framework, which
is encrypted (hashed) and stored in the blockchain. Again, Lv et al. also designed and de-
veloped a catering safety tracing system to solve catering safety traceability problems [21].
Through blockchain technology, the proposed system can ensure the reliability of traceabil-
ity information. Using a web application and a hybrid APP, users can manage and query
trace information. The SSM (Spring + Spring MVC+ Mybatis) framework which was used
in web application development simplifies the development and reduces the deployment
difficulty. Furthermore, Elisa et al. proposed an e-government framework that can enforce
security and privacy in the public sector by employing blockchain technology [22]. The
theoretical and qualitative analysis of security and privacy of the framework showed that
cryptography, immutability and the decentralized management and control offered by
the blockchain technology can provide the required security and privacy in e-government
systems. Their proposed system also has the potential of solving the interoperability issues
between government departments which is one of the limitations of existing e-government
systems. A growing body of literature has elucidated the enormous benefits that dis-
tributed ledger technologies like blockchain bring to the table of technological innovations,
such as the high transparency on food traceability, high-level autonomy in school credit
bank system etc. It is widely an acceptable phenomenon that it solves several verification
challenges and thus can be applied to various domains, including CRVS systems [23].
Furthermore, a more appropriate blockchain design is said to be the hybrid architecture in
smart contract implementation [24]. However, it is inadequate in terms of implementation
and application in a variety of situations, for instance the CRVS system in Africa. Because
of this shortcoming, the conclusion’s generalizability is limited, necessitating its application
over a wide range of fields. Little attention has been given to the application of blockchain
technology in tackling issues related to civil registration and vital statistics. Even so, much
of the research has been restricted to Europe and Asia without sufficient attention to its
application in the context of Sub-Saharan countries like Ghana. This indicates a need to
investigate and implement a blockchain-based solution to address the present verification
challenges that exist in Ghana.

3. Methodology

3.1. Research Approach

For the first research question, an explorative approach is used to identify the current
business process of the institution. This involved the use of documents and previous
research detailing the process of the current CRVS System. De Savigny recommends a set
of documents required for such enquiry [3]. Based on that, an entire process mapping and
modelling exercise are subsequently done to describe and analyze the current processes as
indicated in Table 1. The ‘Ten CRVS Milestones’ framework proposed by [3,25] as CRVS
international standards and best practices is used as a basis for thematic content analysis.
Subsequently, pain points in the process maps are identified. The information gathered
was utilized to develop the implementation strategy. Its goal was to close the gaps in the
present infrastructure and eliminate the pain points associated with verification. A future
blockchain design in areas that could be streamlined to improve the performance of the
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system is proposed. A prototype is then proposed. A live-data prototype is suitable for
this research to visualize the BPMN solution. Live-data prototypes are built with HTML,
CSS, and JavaScript most of the time. Additionally, they are built on a Local Test Network
to illustrate the designed BPMN solution as well as prove its value and motivate actors to
implement the solution. The solution orientation can be evaluated by end-users in an early
stage and is expected to lead to the improvement of the final design and reduce the chance
of critical changes later in the process. The Ethereum platform was selected to develop
the decentralized smart contract application for the following factors: It is now considered
to be one of the most advanced blockchains available. A solidity programming language
is supported, which allows designers to create stateful smart contracts of any complexity
using a Turing–complete language.

Table 1. Research Design.

Research Question Data Source Data Analysis End-Product

What does a birth registration process
in Ghana look like?

Documents:

• Comprehensive
assessments reports

• Standard operating
procedures

• Thematic Analysis
• Business Process

Mapping and
Notation (BPMN)

BPMN Diagram

What pain points occur during birth
registration in Ghana? BPMN Diagram The Ten (10)

CRVS Framework Proposed BPMN Diagram

What does the proposed
blockchain-based solution look like? Blockchain Literature Analysis based on the

problem statement

Prototype:

• Solidity
• Node.js
• React App
• MongoDB
• Ganache

3.2. Modeling
3.2.1. Thematic Content Analysis

Grant and Booth argue that, a qualitative systematic review is a method for integrating
or comparing the findings from qualitative studies [26]. The explorative approach is used
to identify the current business process of the institution, the author independently carried
out the thematic content analysis. This involved the review of documents and previous
research detailing the process of the current CRVS System including [7,27–29]:

a. Reports from previous comprehensive assessments
b. Strategic documents containing vision and mission statements, as well as aims and

goals of the CRVS system
c. Relevant laws and regulations
d. Standard operating procedures and workflow diagrams.

Megel and Heermann explained that secondary qualitative data collected can be
analyzed using different theories (e.g., grounded theory, interpretative phenomenological
analysis, text interpretation (e.g., thematic coding) etc [30]. All the approaches mentioned
here use preconceived categories in the analysis. They are ideographic, means they focus
on the individual case without reference to a comparison group. Therefore, from the above-
mentioned documents, a thematic content analysis method was employed to analyze the
secondary data in juxtaposition to the ‘Ten CRVS Milestones’ framework.

3.2.2. Business Process Model and Notation (BPMN)

Process mapping can be used to describe, compare and visualize an organization,
processes, workflows and functionality of a CRVS system [10]. We used BPMN to describe
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and analyze the business architecture of the current system for pain point identification
and solution proposition.

4. BNVM Model and BPMN Process

4.1. The BNVM Model

Inspired by the Ten CRVS Framework, the model focuses on the initial inputs for birth
registration at the birth notification level. A robust architecture that allows birth events
to be automatically authenticated prior to birth registration is critical to ensuring a more
secured registration system (Figure 1).

Figure 1. The Birth Notification Verification Model.

Within this model, a birth event is requested by an applicant to the Service Provider
(SP) who could be a health professional at a hospital. The service provider registers
the notification on the blockchain system that automatically triggers two smart contracts
(1) Creation of a Timestamp and (storage of data). After a successful blockchain transaction,
the service provider issues a notification confirmation receipt to the applicant for birth
registration. Subsequently, a birth registration request is made at the Registration office that
represents the authentication or registration party (ARP). They verify the notification receipt
on the blockchain with an automatic trigger of the timestamp verification smart contract.
After the necessary consensus and verification protocols execution on the blockchain, the
verification results are produced for the final internal birth certificate registration processes.
Feedback is then given to the applicant. Fundamentally, the blockchain component serves
as the verification architecture for the Authenticating and Registration Parties prior to
the actual birth registration. Without a successful authentication of the birth notification,
the registration party cannot proceed with the issuance of a birth certificate. The model
presupposes a dependent relationship between the blockchain, the registration party’s
systems and the service provider system.

The model functionality is given in Table 2 below:
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Table 2. Explain of BNVM Functionality.

Functionality: Using Blockchain and Smart Contract Technology to guarantee data manipulation
fraud in BNVM

Input: Birth Event Details
Output: System Status
Step 1. Birth Event is declared to a service provider
Step 2. SP records details on the blockchain system
Step 3. Event Creation Smart Contract (ECSC) is triggered.
Step 4. Timestamp Creation Smart Contract (TCSC) is triggered.
Step 5. ARP inputs timestamp ID upon birth registration request by applicant
Step 6. Timestamp Verification Smart Contract (TVSC) is triggered.
Step 7. Verification results is given.
Step 8. A system update necessary for final registration steps and issuance of birth certificates

Table 2 depicts the algorithm for verifying data according to the proposed model.
Firstly, the birth event is declared to a service provider. Secondly, the event details are
inputted into the system. After that, ECSC is triggered to store notification data on the
blockchain; TSC is further triggered to generate the trusted timestamp for the event. When
the ARP inputs the timestamp ID, TVSC is triggered to verify the timestamp on the
blockchain. There is an automatic system update after the successful timestamp verification.

4.2. Current Registration BPMN Process

The process is represented visually in the BPMN model. The procedure is divided into
three steps: notification, validation/verification, and registration and storage (or archiving).
Figure 2 depicts the phases in the process, as well as the activities and stakeholders that are
linked with each step in the process.

A parent notifies a healthcare institution of a birth event and, under the current system,
obtains a child welfare/weighing card for their kid. When a parent or informant takes
their child to the registry to register for new birth, the registration process starts. A child’s
welfare or weighing card is required, and the Registration officer fills up Form A when the
client provides the necessary information. Because this form is only accessible in English,
the registration officer will translate any information submitted to the client into another
language. The information on the form is then manually put into a local register, which is
subsequently scanned, compiled, and sent to the central register in soft copy. As soon as
the birth is recorded for free by the local registrar, the newborn is immediately awarded
a birth certificate. The term “late registration” refers to the fact that birth is not documented
until the kid reaches the age of 1. Late registrations are handled in the same way as early
registrations, with a few exceptions. As with early registrations, the registration process
begins at the district level and is overseen by the regional office; however, certificates are
only issued in Accra, at the central registry/head office, and are then delivered to the
location of registration for collection, unlike early registrations. The process is represented
visually in the BPMN model. The procedure is divided into three steps: notification,
validation/verification, and registration and storage (or archiving).
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4.2.1. Notifications

Table 3 shows the various activities carried out by actors during the notification stage.
During the notification phase, the birth event must be declared at a health centre by the
family. At the end of the notification process, a weighing card is issued.

Table 3. Notification Actors and Activities.

Involved Actors Family, Health Facility

Task in BPMN
1. Declare Birth Event
2. Issue Weighing Card
3. Store Record

4.2.2. Verification/Validation

Table 4 shows the various activities carried out by actors during the verification stage.
During the verification and validation phase, the family must collect a welfare or weighing
card and an affidavit—if it is late registration. A local registration office would physically
inspect these documents and allow you to fill out a Form A registration form.

Table 4. Verification/Validation Actors and Activities.

Involved Actors Family, Local Registration Office

Task in BPMN 1. Obtain a welfare Card, Weighing Card and or an affidavit
2. Inspect Card

4.2.3. Registration and Storage

Table 5 shows the various activities carried out by actors in the registration phase.
For the time being, families must submit a Form A registration form at a local registration
office to proceed to the registration and storage stage. After all, parties have confirmed
the information, the local office enters it into a local register, prints up a birth certificate,
stamps it, and gives it to the family. Note that this is not a certified copy since it only
includes the stamp of the local registrar, not the stamp of the national registrar general. Late
registration or certified copy registration are handled by the local registrar who gathers
and scans all form A documents once a month and sends them to the central registration
office (CRO). A certified copy and a certificate for late registrations are only available from
the CRO, which is the only body authorized to issue them. The central register is updated
with the scanned information from the local offices, and certified copies are made, signed
by the registrar general, and sent to the local offices, from where the family collects them.
Following that, handwritten data are sent to the Ghana Statistical Service (GSS).
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Table 5. Registration Actors and Activities.

Involved Actors
Family, Local Registration Office, Central

Registration Office

Task in BPMN

1. Fill Form A
2. Show details to family
3. Review Details
4. Amend details if necessary
5. Compile all documents
6. Scan all Form A’s
7. Write in the Local Register
8. Fill out Birth Certificate (Uncertified Copy)
9. Local Registrar Stamps
10. Compile scanned copies
11. Send scanned copies every month
12. Input details in a central register
13. Print certified copies
14. Registrar General Signs and Stamps
15. Send Certified Copies to Family
16. Family Collects Certified Copies at Local Office
17. Send Statistics to GSS

4.3. The Pain Points

The methodology presented above is used to establish and analyze the process’s pain
points by comparing them to the Ten CRVS Framework. Using this method, much more
clarity and depth may be gained than a general explanation of the process’s pain points.
Additionally, by visualizing the present process, it’s simple to understand how the sug-
gested solution fits into it. The framework defines the numerous stages necessary for civil
registration. This comparison demonstrates that the whole process is now encountering
birth notice and data exchange challenges. The aforementioned pain points are crucial
when it comes to confirming and verifying birth events before issuing birth certificates.
In the absence of enhanced digitization of birth event notification and data exchange,
there is a risk of oversight, as well as unlawful data collection and insertion. Additionally,
information processing would be carried out manually, resulting in lengthy delays and
inconsistencies throughout the process.

4.3.1. Birth Notifications

As seen in the preceding Figure 3, the system’s persistent issues arise from the notifi-
cation and verification methods. Among them are the following:

a. An undefined method and documentation for birth notification with separate notifi-
cation information.

b. Inadequate integration of notification and registration procedures results in the lack
of a centralized record of weighing cards.

c. As a result, there are no effective means to validate an individual’s assertion that
a weighing card provided as proof for late or delayed birth registration is authentic
and correct.

d. Illegal modification of weighing card data is neither traceable nor verifiable.
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Figure 3. Sharing Pain Point (BPMN Diagram).

Birth notification, as defined by Cobos Muoz et al. is the collection and subsequent
transmission of critical information about the fact of birth or death by a designated agent or
official of the CRVS system via a CRVS-authorized notification form (paper or electronic),
with the information transmitted being sufficient to support eventual registration and
certification of the vital event [31].

4.3.2. Data Sharing

Another key problem faced by the system is seen in Figure 4. It was a lack of co-
operation with the essential entities for data verification and sharing. Cobos Muoz et al.
argues that Coordination across all ministries, agencies and administrative levels is crit-
ical to the success of any CRVS system, therefore, plays an extremely vital part in the
CRVS Framework [31].

Figure 4. Notification and Verification Pain Points (BPMN Diagram).

5. Proposed Framework

5.1. Proposed Registration Process

According to the highlighted pain points throughout the registration process, the
significant issue was the absence of a digital verification method for the registration system’s
main stakeholders, namely the health care workers responsible for birth notification and the
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BDR Official. As a result, Figure 5 proposes the following workflow utilizing conventional
BPMN rules.

Figure 5. Proposed Notification and Registration Process (BPMN Diagram).

5.1.1. Within Each Actor

a. Family-The family will be responsible for notifying a health facility of the birth event
and obtaining a notification certificate with a signature code instead of a weighing
card as documentation of the event for birth registration purposes.

b. Health Facility-Certified Health Practitioners will be responsible for completing
an online notification form and issuing notification certificates that include all per-
tinent information about the birth event. Unlike the previous procedure, digital
records of the notice will be stored on a central server (GHS node) that acts as a node
on a blockchain network.

c. Registration Office—In addition to a valid notification certificate (instead of a weigh-
ing card), birth registration will need an affidavit (when necessary). The notification
data and signature code are entered, which results in automated verification of the
data and timestamp, while background investigations are necessary to confirm the
validity of an affidavit.
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5.1.2. Between Actors

a. The approach evaluates two distinct scenarios: at-home delivery and birth in a health
centre. Due to the lack of health facilities nationally, several births occur at home and
so go unrecognized. In such cases, families must get notification certificates from
a health provider within the appropriate birth registration time (usually one year).

b. Families are required to attend a local registration centre and provide notification
certificates as proof of birth in addition to completing a registration form (Form A).
Occasionally, campaigns for birth registration require volunteers from the BDR to
travel directly to people’s homes, particularly in remote regions, to register them.

c. Local Registration Center and Health Facility- Currently, local registration centres
are located in a variety of places, including certain health facilities. In contrast to
the existing approach, the BDR will use the blockchain network to share a database
among hospitals. This will enable the verification of notification certificates before
registration to be automated.

5.2. Architecture Overview

The suggested system is structured in such a way that it addresses the institution’s
notification and sharing challenges. As depicted in Figure 6, specific notification forms
requesting information by international standards should be used instead of weighing
cards as proof of registration notice. The Ghana Health Service, the Ghana Statistical
Service, and the National Identification Authority are suggested as nodes on a blockchain
network. A smart contract will be launched to store and validate timestamps. A secure
timestamp of the date and time of birth event notification registration and subsequent
change is critical for maintaining the validity of notification records and hence serves
as the birth event verification element. A parent initiates birth notification by declaring
a birth event at a hospital or health institution. A licensed health professional accesses the
proposed web-based platform, logs in using their practitioner’s license number or login
credentials, and completes an online notification form. Once done, the system will generate
a timestamp, save a copy of the data off-chain, generate a PDF of the record with a unique
timestamp ID, and connect with the smart contract to add the record as a block.

Figure 6. Architecture Overview.

A parent or informant must first seek registration at a local registration facility. A BDR
official will be needed to access the site using their given ID/login credentials and complete
a birth registration request form that requires just the event notification ID. The smart
contract will be invoked in this situation to validate the record and timestamp. After
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approval, the record is updated to reflect the registration, and a birth certificate may be
printed and stamped.

6. The Prototype and Evaluation

6.1. Design of the Architecture

Figure 7 illustrates the technologies utilized to build the solution using the Ethereum
Blockchain. The contract is deployed using an Ethereum client linked to a Ganache-
based private Ethereum network. The Solidity programming language is used to create
the blockchain-based smart contract (SC). The Birth Notification System (BNS)—(a Java
program)—makes use of the React App client, which serves as a web interface to the NodeJS
server. The architecture was used to evaluate the implementation of a smart contract for
verification. NodeJS Server communicates with the Ethereum client using the web3j library
and Meta Mask.

Figure 7. Application Development Components.

6.2. Smart Contract Deployment
6.2.1. Contract Events

To ensure that the contract executes smoothly, it divides the entire process into
two states, corresponding to two events:

• When the HO fills a notification form, it is called to save the information on the
blockchain network;

• This is executed when the LRO inputs the timestamp ID and clicks on verify. It is
called to authenticate the timestamp ID on the blockchain network;

The contract code snippet above will be executed whenever a registration or verifica-
tion event is triggered from the front end. This is made possible via the Meta Mask chrome
plugin, which links the front end and back end Ethereum networks and provides access to
information through the web3.js API.

6.2.2. Timestamp Verification

To further address the shortcomings of the process, we present an approach that
automatically generates a publicly verifiable, tamper-proof timestamp for each registration
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record. This code snippet initiates the off-chain database system to allow the information
to be saved. Following this initiation, then call for the execution of the smart contract as the
variables within the contract. As long as the time values for the creation of the notification
form match, a notification of a Successful Registration Pops Up.

6.3. Evaluation and Analysis

To further assess the proposed model, a privacy analysis is carried out on the pro-
posed architecture overview, and a comparative analysis is carried out with the traditional
registration process.

6.3.1. Privacy Analysis

Participants in the public Blockchain are free to enter and leave, so the on-chain data
are visible to everyone. The privacy of the data cannot be protected. For the model proposed
in this paper, consortium Blockchain can be used to authenticate all the participants, and
the encryption function of the storage contract and the decryption function of the reading
contract can be used to protect the data privacy stored in Blockchain. The multichain
structure can protect the privacy of the data. At the same time, no one can view others’
data without permission.

Based on the Novel BNVM, the proposed architecture used to ensure the privacy
of patients or applicants and verification of notification records can strengthen the trust
between the GBDR and GHS and reduce the running costs of registration and maintain
the security of the whole system. It has the following advantages in terms of privacy
and security.

a. Good fault tolerance. The decentralized system does not depend on a single service
node and can effectively solve the single-point failure. Multiple service nodes depend
on each other to reduce the possibility of errors. Decentralized, autonomous, and
distributed nature will bring spontaneous innovation and new ways to coexist with
efficiency.

b. Attack protection. The centralized system is easily attacked by a third party or
becomes an attacker, while the decentralized system has no centralization. If mali-
cious nodes attack all nodes on the whole system, they will pay a high cost, so the
possibility of evil is very low.

c. It was preventing monopoly. Compared with the centralized system, it is difficult
to use the information asymmetry to collude with each other in the decentralized
system. A decentralized system allows all nodes to participate in the decision-making,
ensuring the system’s security and transparency. At the same time, it also can audit
malicious behaviours.

d. They are improving the trust between participants. The decentralized system has no
unified third party, so all participants do not have to bear the risk caused by trusting
the third party. The system can automatically facilitate cooperation between the
two parties.

6.3.2. Compared with the Current System

The proposed architecture combining blockchain and smart contract technology is
different from the current system. Table 6 mainly compares this model with the current
system from five aspects, including the data integrity of birth notification records, the data
storage persistence of notification and registration records, The difficulty of verification,
and compatibility. The proposed model provides a good foundation for the transformation
of urban digital governance in future.
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Table 6. Proposed architecture compared to the current system.

Index Current System Proposed Architecture

Data integrity

It is easy to destroy data
integrity because of hardware
failure, network failure, logic
problems, unexpected
catastrophic events,
and human activity.

It dramatically reduces external
interference and human-made
damage. The Blockchain
participants cannot arbitrarily
destroy the
integrity of the data because of the
several reproductions existence.

Data storage
persistence

The registration data is mainly
stored in the server. If the
server is damaged, the data is
completely lost.

Registration data has multiple
backups so data storage has
better persistence.

The difficulty of
Verification

It is challenging and complex
to verify notification data
because the information
sources are not easily
verifiable, so the verification
process is not efficient.

It automatically verifies the
existence of a birth event using
timestamp smart contract, so it
saves manpower and time.

Compatibility

Different third-party
institutions have different
civil registry data
requirements. Because of the
lack of a sharing system.

The connected blockchain
notification system has the
potential for further development
of dashboard for different nodes
to view data in real-time and
meaningful ways.

7. Discussion

In light of the blockchain solution deployment lifecycle proposed by [32], this study
discusses the solution in three areas: the benefits, deployment and feasibility.

7.1. The Benifits

As introduced in Section 5 and illustrated in Figures 5 and 6. The centralized nature
of the proposed system has the potential of facilitating direct interactions between public
institutions and citizens. Following the evidence by [32], the append-only way of updating
the blocks ensures the irrevocability of a ledger and increases the integrity and verifiability
of data. It reduces operational risk and transactional costs as well as increases compliance
and trust in government institutions. Its security will ensure proper and efficient use of
public funds, decrease the cost of human verification and expedite process coordination.

7.2. The Deployment

The deployment of smart contract is the key to gurantee the data security and privacy.
Core requirements for deployment will involve considerations for technologies like cloud
computing as demonstrated by [33,34]. The proposed architecture bridges the gap between
the Ghana Health Service and the Ghana Births and Deaths Registry by demonstrating
how a BNVM enhances the security and integrity of the information system. However,
critical issues relating to data privacy and relevant policies to ensure the usage of the
system by the necessary parties are paramount to the successful deployment of the solution.
As a government system, data is expected to increase vastly over the years. As a result,
an implementation should involve the use of side-chains and demand lightweight data
to be stored on-chain for verification only. Laws and international standards for civil
registration and vital statistics fully support the critical need for data sharing among the
cited nodes [10,35,36]. Currently, the government is deploying a blockchain solution for the
management of land registries [37]. Therefore, it can be assumed that the blockchain infras-
tructure experience would be present for the general deployment of the proposed solution.
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7.3. The Feasibility

This research provides additional evidence of the applicability of a smart contract
architecture that combines an Ethereum-based blockchain platform with a centralized
database design [24]. It provides a secure and feasible verification framework for GBDR
that is based on blockchain technology and can ensure a birth notification as proof of birth
certificate registration per international standards as described by [35].

8. Conclusions

8.1. Theoretical Contribution

A large and growing body of literature has investigated the broad application of
blockchain technology to solve different private and e-government challenges of reliability
and traceability of data to ensure security [2,6,18,26]. However, little attention has been
given to the tackling of issues related to civil registration and vital statistics. In their studies,
Somaiman et al. presented and evaluated the performance of a novel hybrid architecture
for the implementation of a smart contract [24]. However, much uncertainty still exists
about the applicability of the architecture in solving e-government challenges especially in
developing countries. This study introduced a resilient blockchain-based design solution,
BNVM, for resolving birth registration verification difficulties to help in transforming
the digital governance of Ghana. It provides additional evidence of the applicability of
a smart contract architecture that combines an Ethereum-based blockchain platform with
a centralized database design.

8.2. Practical Contribution

The findings and proposals from this study suggests several courses of action for
practitioners. Government database architectures can now move closer to implementing
a blockchain based system by offering a safe verification framework for the Ghana Birth
and Death Registry based on smart contract technology. Additionally, by connecting civil
registration with other government systems like identification and health, it will be possible
to improve CRVS quickly and facilitate interoperability across all industries.

8.3. Study Limitations

The limitations of this research are inherent in its scope. The goal of this study
is to optimise Ghana’s civil registry’s birth registration process. Although the proposed
blockchain approach addresses the process’s current pain points and difficulties, the study’s
depth is constrained. For instance, the data sources are restricted to published empirical
research. An empirical inquiry could be conducted to affirm the validity of the processes
discovered. Additionally, research on technical and legal subjects is not included in this
study. These issues are left out of scope due to the author’s insufficient knowledge of
them. As is the case with all emerging technologies, the majority of research on blockchain
technology is focused on designing frameworks.

8.4. Suggestions for Further Research

Future researchers could repeat this study by assessing the applicability of the frame-
work in international settings. As the first study to concentrate on civil registry optimization
using a blockchain framework, more study is required to test the concept using an applica-
tion. Additionally, investigations into the legal and technical aspects of implementations
could be conducted.

649



IJERPH 2022, 19, 9309

Author Contributions: Conceptualization, J.S., S.K.N.D. and W.D.; methodology, J.S., S.K.N.D.;
validation, J.S. and W.D.; formal analysis, J.S., S.K.N.D. and W.D.; resources, J.S., S.K.N.D. and W.D.;
writing—original draft preparation, J.S., S.K.N.D. and W.D.; writing—review and editing, J.S. and
W.D.; visualization, J.S., S.K.N.D.; supervision, J.S. and W.D.; project administration, J.S. and W.D.;
funding acquisition, J.S. and W.D. All authors have read and agreed to the published version of
the manuscript.

Funding: The author(s) disclosed receipt of the following financial support for the research, author-
ship, and/or publication of this article: The first two authors (J.S. and D.S.K.N.) contributed equally
to this study. This work was supported by the National Social Science Fund of China (grant number
19BTJ038) and Shanghai Pujiang Program (grant number 18PJC085).

Acknowledgments: This research was supported in part by the National Social Science Fund of
China under Grant 19BTJ038 and Shanghai Pujiang Program 18PJC085.

Conflicts of Interest: The authors declared no potential conflict of interest with respect to the research,
authorship, and/or publication of this article.

References
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Abstract: In the context of the Healthy China 2030 Plan, the importance of the happiness of urban
young returnees should not be underestimated. Based on a large-scale social survey of social
practices in China, this paper applies a hierarchical linear regression model (HLM) and a structural
equation model (SEM) to investigate the determinants of urban young returnees’ happiness. The
results show that the happiness of urban young returnees in China is not only influenced by their
socio-demographic characteristics, such as age and education, but mainly by their occupational
development, institutional factors (especially the employment and entrepreneurship policy system)
and social factors (physical environment and urban rural relationship), which are different from
those of ordinary residents. Further study shows that occupational development indirectly affects
the happiness of urban young returnees through relationship adaptation, collective adaptation
and material adaptation, the indirect effects accounts for 42.18%, 21.64% and 36.18%, respectively.
Institutional factors exert an indirect effect on the happiness of urban young returnees through
relationship adaptation (46.80%) and material adaptation (53.20%). Social factors indirectly affect the
happiness of urban young returnees through relationship adaptation (44.20%), collective adaptation
(16.96%) and material adaptation (38.84%). Policies to improve the happiness of urban young
returnees are suggested.

Keywords: urban young returnees; happiness; healthy China; HLM; SEM

1. Introduction

Health is an indispensable condition for the comprehensive development of people
and a basic condition for economic and social development. Today, countries around
the world are gradually regarding improving people’s quality of life and health as their
top priority, and doing so has become a popular topic of research. Since 2014, China has
gradually attached importance to “national health,” which has become an important part
of the national strategy. The outline of the Healthy China 2030 plan issued by the CPC
Central Committee and the State Council proposes promoting the equalization of basic
public health services; focusing on rural areas and grassroots units; gradually reducing
the disparities in basic health services and health levels between urban and rural areas,
regions and people; and promoting social equity. In improving the levels of basic public
services in rural areas, we need to comprehensively promote the construction of healthy
villages. Urban young returnees are the backbone of healthy rural construction, so their
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sense of happiness should not be ignored. Numerous studies focus on factors affecting
people’s happiness, such as socio-demographic characteristics [1], economic factors [2],
social capital [3], social trust [4], migration and neighbourhood characteristics [5], but
ignore the happiness of young returnees, especially the institutional and social factors in
China. Due to the gap between urban and rural areas in terms of economy, culture and
other aspects, urban young returnees have different degrees of psychological imbalance
in rural life, which leads to short-term and long-term adaptation obstacles, thus affecting
their happiness.

To fill the research gap, this paper contributes to the literature in three important ways.
First, the particular advantage is that our unique data allow us to explore the determinants
of urban young returnees’ happiness in the context of a healthy China, where urban young
returnees are a specific group that that does not receive enough attention. Second, HLM
and SEM are applied to analyse the influencing factors of urban young returnees’ happiness.
Third, social adaptation theory is used to construct the theoretical framework, and material
adaptation, collective adaptation, relationship adaptation and psychology adaptation are
introduced as the underlying mechanisms.

1.1. Literature Review
1.1.1. The Concept of Urban Young Returnees and Happiness

With the increase of urban young returnees, increasing numbers of scholars are ad-
dressing them. Urban young returnees are usually defined as individuals who return to
their hometown or other former place of residence. They are an important component of
adult migration in the late 20s and 30s [6]. Happiness at the individual level has been stud-
ied and defined in several ways, for instance referring to individuals’ overall evaluations
of their lives [7] including their utility and subjective welfare [8]. There are a number of
characteristics associated with happiness such as subjective well-being [9] and life satis-
faction [10]. Happiness is a “positive emotional state”, which expresses something more
enduring than simply “feeling good”, extending to a tendency toward positive feelings and
moods [11]. In this framework, saying one is happy implies a general “psychic affirmation”
of one’s life. In terms of measuring happiness, some studies use a single question, such as,
Overall, do you feel happy with your life? [12] Some studies use factor analysis to construct
the feeling of happiness [13]. In this paper, in combination with the questions in the survey,
the feeling of happiness was measured in four dimensions using factor analysis: (1) My life
is close to my ideal in many ways. (2) My goal in life is enough to give me the motivation
to struggle. (3) I feel happy when I devote myself to what I do. (4) I think my work can
bring positive effect to the development of my hometown.

1.1.2. Previous Studies on Determinants of People’s Happiness

Happiness, as a critical goal of human life, has been widely explored in the fields of
psychology, sociology, economics and others [3,14]. At the same time, the determinants of
happiness have also been discussed.

Previous research mainly focuses on socio-demographic factors affecting people’s
happiness such as gender, age, education and marital status. Some studies suggest that
females are happier than males [15], while other studies show that there is no difference
in happiness between men and women [16]. Some researchers concluded that age does
not impact happiness [16], while others established a U-shaped relationship between age
and happiness [17]. In general, married people are happier than single people [15,16].
Regarding education, there is no consensus. Some found that education is positively
related to happiness [15,16], while others determined that the relationship is negative [18].
However, the personal factors mentioned above can only explain a small part of the
differences [19].

The associations between economic and health factors and happiness has also been
discussed. Most scholars believe that there is a positive but weak relationship between
income and happiness [20]. However, some studies show that income is negatively associ-
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ated with happiness [21,22]. If income matters mainly in a relative sense [23], migration
to a wealthier country could hinder one’s happiness, and unemployment can also have a
negative impact on well-being [18]. However, health has a positive effect on happiness [24].

Social relationships are also an essential element that influences happiness [20,25,26].
Reflix (2003) [27] defines these as cooperative relationships among social actors promoting
collective action. Their core components are civic participation and mutual trust among
community members. People who surround themselves with friendly, helpful and trust-
worthy neighbours are happier than lonely people [28]. Social interaction with neighbours
can promote people’s happiness. In addition, socio-cultural features are associated with
well-being [29], and the emotional experience of daily activities also has a significant impact
on people’s happiness [30]. Using an instrumental variable and two-stage residual inclu-
sion, Lu et al. (2019) confirm the positive relationship between social trust and happiness
in China [4].

The relationship between migration and happiness is also an important issue. The
most commonly used method of measuring this relationship is to compare the happiness
of migrants with that of local residents, and the common finding is that migrants are less
happy than natives [31]. Bartram (2013) compares migrants with those who stayed in
the country they left, and he finds that migrants from eastern to western Europe do not
experience greater happiness [32]. However, for migrants from countries where the average
happiness level is low, migrants seem to become happier after moving. Later, he finds that
migrants are less happy than stayers when they move from wealthier to poorer countries
in Europe [2]. On the contrary, migrants from Germany are happier than those who stay
in Germany. Longitudinal analysis of the panel data indicates that migration to wealthier
areas has a positive impact on happiness [33].

Until recently, some scholars have concentrated on the relationships between housing,
neighbourhood and happiness, primarily examining the community’s social attributes
as the underlying mechanism. For example, residents feel happier in less deprived com-
munities [20]. Community influences life satisfaction through community satisfaction,
while community economic characteristics influence life satisfaction through housing and
family satisfaction [34]. In addition, the community’s social composition, such as race
and ethnicity, can also affect residents’ happiness. For instance, homogeneous groups
are beneficial for the happiness of the people who live in them [1,35]. In China, most
research focuses on the association between homeownership and happiness and finds
that homeowners are happier than tenants [36–38]. In addition, Chen et al. (2021) find
that Chinese urban residents’ happiness is higher when the local government promises
greater commitment to improving housing affordability [39]. Few studies focus on the role
of the community, but using Guangzhou survey data, Liu et al. (2017) hypothesize that
neighbourhood relationships directly improve migrants’ happiness and that the correlation
is more robust for locals than for migrants [40]. Migrants living in commercial housing,
work unit housing, affordable housing and urban villages are happier than those living in
old housing communities [5].

In summary, most research focuses on the determinants of people’ happiness that arise
from personal characteristics, economic factors, health status, social relations, migration,
housing and community characteristics, but the factors that influence urban young re-
turnees’ happiness are ignored. As a very special group, urban young returnees come to the
city and then return to the countryside and have experienced the dual influences of urban
and rural life. Naturally, their psychological state is quite different from that of ordinary
residents, and their adaptability to return to the countryside and their happiness also need
to be reconsidered. Therefore, this paper will concentrate on this issue and explore the
internal path of urban young returnees’ happiness, so as to improve their well-being and
present suggestions for the healthy China strategy.
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1.2. Theoretical Framework

According to the seventh census published by the National Bureau of Statistics in 2021,
there are more than 375 million migrants in China. More and more migrants are returning
to their hometowns. In 2020, there will be 10.1 million entrepreneurs and innovators
returning home. That is 1.6 million more than in 2019, the year with the largest and fastest
growth in recent years. Returning youth have gone through two stages: rural to urban and
urban to rural. The main reason for returning is the difficulty of finding a job [41], followed
by family reasons such as caring for family members [42]. In addition, community and
macro political factors affect returning behaviour [43].

As an amphibious group living in both the city and the countryside, urban young
returnees vacillate between putting down roots in the city and returning to the countryside.
Rural society has its own way of living working and communicating, as well as its own
logic of living, surviving and operating. Today, great changes have taken place in rural
areas, and the country attaches great importance to rural revitalization. There are both
opportunities and challenges for urban young returnees returning to the countryside. When
the urban young returnees return to the countryside, they may be confronted with the
great divide between urban and rural life and the weakening of their past relationships
with the countryside. Social adaptation is the process by which individuals’ concepts and
behaviours change with the social environment in order to adapt to it [44], and urban
young returnees should constantly adjust their subjective adaptation to the rural society
to improve their sense of happiness. Different scholars distinguish different types of
social adaptation, including occupational adaptation [45], economic adaptation [46], social
interaction [46], psychological adaptation [47] and cultural adaptation [48]. Here, based on
the information in the questionnaire, social adaptation is divided into four types by factor
analysis, including material adaptation, collective adaptation, relationship adaptation
and psychological adaptation. Among them, material adaptation includes consumption
patterns, employment structure and social security; collective adaptation includes living
environment, social trust and social network; relationship adaptation contains genetic
relationship, geographical relation and business relationship; and psychological adaptation
refers to self-identity, self-efficacy and self-expectation. This should summarize the various
adaptations of today’s urban young returnees to the rural areas. The personal factors (career
development), institutional factors (organizational culture and policy system) and social
factors (physical environment and urban–rural relationship) perceived by urban young
returnees will change and adjust through their various social adaptations and ultimately
affect their happiness, and all the effects may be positive. The theoretical framework is
proposed in Figure 1.

Figure 1. The theoretical framework of the study. Source: Authors.
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2. Materials and Methods

2.1. Data

The data are from a large-scale professional social survey conducted by Hangzhou
Normal University in January to February 2021. The respondents (urban young returnees)
are residents registered in rural areas who have chosen to return to the countryside as their
main place of production and living after a period of urban life, including migrant workers,
entrepreneurs, Xin Xiangxian (people who have a love of hometown in contemporary
villages, who once went away for an official reason but returned to the countryside to teach
or took root in the countryside for a long time and served the countryside with their own
knowledge and ability), young college students and retired servicemen. In conjunction with
the theoretical framework and a literature review, preliminary questionnaire items were
drawn up, and 60 urban young returnees were surveyed. Then, the reliability and validity
of the data were tested, and the formal questionnaire was adjusted according to the results.
Based on the large-scale special social practices organized by Hangzhou Normal University,
nearly 800 volunteers were recruited to conduct research in four regions of east, middle,
west and northeast China.Probability proportionate to size sampling (PPS) was used to
select the samples. A total of 3140 questionnaires were sent out, and 2234 questionnaires
were returned, representing a recovery rate of 71.1%. After eliminating the questionnaires
with obvious rules and inconsistent answers, a total of 2202 valid questionnaires were
obtained, an effective rate of 98.6%.

Table 1 displays the basic information of the respondents. Most urban young returnees
are between 21 and 40 years old, about 55.2% of them are female and 56.3% of them have
a bachelor’s degree. The proportion of single urban young returnees accounts for 57.4%,
and 56.4% of urban young returnees stay in the city for 3–5 years. Another 28.6% of them
return for more than 5 years, while 21% of them return for 1 to 2 years. Most urban youth
have no children or only one child. Comparing the change in salary between before and
after returning to the hometown, the current income is higher than the previous income in
the city. Looking at the change in occupation before and after returning to the hometown,
the ratio of unemployed decreased significantly, from 33.9% to 15.7%. The proportion of
urban young returnees engaged in science, education, culture, health and social security
increased significantly, from 17.9% to 30.7%. The proportion of urban young returnees
engaged in agriculture, forestry, husbandry and fishery also increased, from 4.3% to 8.6%.

Table 1. Descriptive information on the respondents.

Characteristics Classification Frequency Rate Characteristics Classification Frequency Rate

Age

≤20 277 12.6
Living years in

the city

3–5 1241 56.4
21–30 1166 53.0 6–8 290 13.2
31–40 469 21.3 9–11 132 6.0
≥41 290 13.2 ≥12 539 24.5

Education

Junior high school and below 173 7.9

Returning time

<1 634 28.8
Senior school or technical

secondary school 297 13.5 1–2 463 21.0

Junior college 398 18.1 2–3 262 11.9
Undergraduate 1240 56.3 3–4 213 9.7
Master or above 94 4.3 ≥5 630 28.6

Marital status

Unmarried 1263 57.4
Number of
Children

0 1348 61.2
Married 912 41.4 1 514 23.3
Divorced 25 1.1 2 313 14.2
Widowed 2 0.1 ≥3 27 1.2

Monthly
income in the

city (yuan)

≤3000 860 39.1
Current
monthly
income

≤3000 501 22.8
3001–6000 792 36.0 3001–6000 947 43.0
6001–9000 358 16.3 6001–9000 495 22.5
≥9001 192 8.7 ≥9001 259 11.8
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Table 1. Cont.

Characteristics Classification Frequency Rate Characteristics Classification Frequency Rate

Occupation in
the city

Agriculture, forestry,
husbandry and fishery 95 4.3

Current
occupation

Agriculture, forestry,
husbandry and fishery 189 8.6

Mining, manufacturing and
construction 210 9.5 Mining, manufacturing and

construction 192 8.7

Production and supply of
electricity, gas and water 56 2.5 Production and supply of

electricity, gas and water 60 2.7

Transportation, storage and
postal services 97 4.4 Transportation, storage and

postal services 87 4.0

Information transmission,
computer and software

industry
143 6.5

Information transmission,
computer and software

industry
164 7.4

Service industry 307 13.9 Service industry 321 14.6
Financial industry 131 5.9 Financial industry 141 6.4

Real estate industry 22 1.0 Real estate industry 28 1.3
Science, education, culture,
health and social security 394 17.9 Science, education, culture,

health and social security 657 30.7

Unemployment
(including students) 747 33.9 Unemployment

(including students) 345 15.7

Gender
Male 987 44.8 Total 2202 100

Female 1215 55.2

Source: A large-scale professional social survey conducted by Hangzhou Normal University; the following tables
and figures are the same.

2.2. Variable

According to the theoretical framework, we identified the antecedents, mediators and
outcome variables of this study. The antecedent variables include individual factors, insti-
tutional factors and social factors, the intermediary variables include individual adaptation,
relationship adaptation, collective adaptation and material adaptation, and the outcome
variable is the happiness of urban young returnees. Their specific meaning and the results
of confirmatory factor analysis conducted using Amos software are shown in Table 2.
According to the results, Cronbach’s α are all above 0.9, indicating that the scale has good
reliability. KMO and AVE were all above 0.7, indicating that the scale has good validity.

Table 2. The confirmatory factor analysis results.

Variable Items 1 KMO
Bartlett

Spherical Test
Factor
Load

α AVE CR Total α

Career development
Q1

0.951 27,742.771

0.828
0.819 0.736 0.893

0.953

Q2 0.858
Q3 0.886

Organizational culture
Q4 0.917

0.914 0.853 0.946Q5 0.933
Q6 0.920

Policy system
Q7 0.920

0.918 0.859 0.948Q8 0.934
Q9 0.927

Physical environment
Q10 0.924

0.906 0.842 0.941Q11 0.927
Q12 0.902

Urban rural
relationship

Q13 0.907
0.801 0.722 0.885Q14 0.918

Q15 0.707
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Table 2. Cont.

Variable Items 1 KMO
Bartlett

Spherical Test
Factor
Load

α AVE CR Total α

Psychological
adaptation

Q16

0.979 40,132.592

0.883
0.898 0.830 0.936

0.972

Q17 0.930
Q18 0.920

Relationship
adaptation

Q19 0.831

0.909 0.736 0.933
Q20 0.820
Q21 0.868
Q22 0.893
Q23 0.876

Collective adaptation

Q24 0.839

0.920 0.716 0.938

Q25 0.854
Q26 0.843
Q27 0.837
Q28 0.871
Q29 0.833

Material adaptation

Q30 0.841

0.923 0.725 0.940

Q31 0.788
Q32 0.879
Q33 0.889
Q34 0.842
Q35 0.865

Happiness

Q36 0.867

0.915 0.799 0.941
Q37 0.904
Q38 0.911
Q39 0.892

Note: all load values are significant at 0.001. α is the internal consistency reliability coefficient. CR is the
combination reliability coefficient. AVE is the average amount of variance extracted. 1 Detailed information are
presented in Table A1 in the Appendix A.

2.3. Methodology

First, to analyse the differences in happiness among urban young returnees in China,
multivariate analysis of variance and t test are applied. In addition, correlation analysis is
used to analyse the association between the independent variables and the happiness of
urban young returnees.

For non-equilibrium nested data, the hierarchical linear model can decompose and
estimate the variance and covariance components in the data and reveal their hierarchical
differences. Therefore, this paper adopts the HLM model as the basic research method, and
the specific settings of this model are as follows:

Happinessi = β0 + β1Socio_demoi + εi (1)

Happinessi = β0 + β1Socio_demoi + β2Peri + β3 Insti + β4Socii + εi (2)

Happinessi = β0 + βiXi + εi (3)

Among them, Happinessi is the happiness of urban young returnees. Socio_demoi is
the social demography factors, including gender, age, education, returning time, current
occupation and current monthly income. Peri means personal factors such as career
development. Insti is institutional factors, containing organizational culture and policy
system. Socii represents the social factors, including physical environment and urban rural
relationship. Xi represents all the control variables. εi is the random error term.

However, among the variables in this study, individual factors, institutional factors
and social factors of urban returnees cannot be measured with a single index, and happiness
refers to the subjective understanding and willingness of urban returnees and cannot be
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directly measured. These characteristics among variables make it difficult for traditional
analysis methods to obtain more accurate results, while the structural equation model
(SEM) can handle the related problems well. Therefore, this study uses Amos software
to construct a structural equation model to analyse the relationship between the vari-
ables, which is widely used in the research fields of sociology, psychology, economics and
behavioural sciences.

SEM is a multivariate statistical analysis method of analysing the relationships be-
tween variables based on the covariance matrix between variables, which integrates factor
analysis and path analysis. It is mainly divided into a measurement model and a struc-
ture model. The measurement model mainly describes the relationships between latent
variables and observed variables through factor analysis, while the structural model uses
path relationship analysis to measure the relationship between variables. The measurement
model is as follows:

X = ∩_x ζ + δ (4)

Y = ∩_y η + ε (5)

Below, ζ is the matrix of the exogenous latent variable, η is the matrix of the endoge-
nous latent variable, Y is the endogenous observation variable, ∩_x represents the load
matrix of the exogenous observation variables with respect to the exogenous latent vari-
ables. ∩_y represents the load matrix of the endogenous observation variables with respect
to the endogenous latent variables. δ represents the measurement error of the exogenous
observation variables, and ε is the measurement error of the endogenous observation
variables. The structural model is as follows:

η = Bη + Γζ + μ (6)

B represents the coefficient matrix of the relationship between internal latent vari-
ables, Γ is the coefficient matrix of the influence of the exogenous latent variables on the
endogenous latent variables and μ is the structural vector error.

Firstly, a conceptual model is constructed; then, the parameters of the model are
estimated from the survey data to determine the correlation between the variables in the
model; finally, the goodness of fit is tested to evaluate whether the model is supported by
the actual data.

3. Results

3.1. The Difference of Happiness among the Urban Young Returnees in China

Table 3 shows that there are significant differences in the happiness of urban young
returnees in terms of gender, age, education, time of returning home, current occupation and
current monthly income but no significant difference in terms of length of stay in the city and
occupation in the city. This suggests that the happiness of urban returnees is influenced
more by how they live now in the countryside than by how they used to live in the city.

Table 3. The differences in happiness among urban young returnees in China.

Variable Classification Happiness T(P)/F(P)

Gender
Male 15.24 ± 3.73 2.223 (0.026)Female 14.90 ± 3.34

Age

≤20 14.40 ± 3.97

7.050 (<0.001)21–30 14.93 ± 3.54
31–40 15.45 ± 3.27
≥41 15.49 ± 3.27

Education

Junior high school and below 14.23 ± 3.46

3.384 (0.009)
Senior school or technical secondary school 14.95 ± 3.89

Junior college 14.97 ± 3.47
Undergraduate 15.18 ± 3.41
Master or above 15.55 ± 3.52
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Table 3. Cont.

Variable Classification Happiness T(P)/F(P)

Marital status

Unmarried 14.93 ± 3.64

1.835 (0.139)
Married 15.21 ± 3.36
Divorced 15.36 ± 3.09
Widowed 11.50 ± 2.12

Number of Children

0 14.94 ± 3.61

1.422 (0.234)
1 15.27 ± 3.34
2 15.20 ± 3.36
≥3 14.70 ± 4.26

Length of stay in the
city

3–5 15.11 ± 3.49

1.034 (0.376)
6–8 15.00 ± 3.34
9–11 15.37 ± 3.49
≥12 14.86 ± 3.71

Returning time

<1 14.63 ± 3.91

4.393 (0.002)
1–2 15.21 ± 3.17
2–3 14.89 ± 3.60
3–4 15.62 ± 3.00
≥5 15.23 ± 3.45

Occupation in the city

Agriculture, forestry, husbandry and fishery 14.83 ± 4.17

0.980 (0.455)

Mining, manufacturing and construction 15.30 ± 3.75
Production and supply of electricity, gas and water 14.86 ± 3.78

Transportation, storage and postal services 14.92 ± 3.69
Information transmission, computer and software industry 15.48 ± 3.03

Service industry 14.96 ± 3.42
Financial industry 15.27 ± 3.63

Real estate industry 16,45 ± 2.46
Science, education, culture, health and social security 14.97 ± 3.40

Unemployment (including students) 14.95 ± 3.53

Current occupation

Agriculture, forestry, husbandry and fishery 14.77 ± 4.28

2.934 (0.002)

Mining, manufacturing and construction 15.64 ± 3.32
Production and supply of electricity, gas and water 14.58 ± 3.87

Transportation, storage and postal services 14.86 ± 3.64
Information transmission, computer and software industry 15.47 ± 3.14

Service industry 14.96 ± 3.41
Financial industry 14.66 ± 3.67

Real estate industry 15.79 ± 2.97
Science, education, culture, health and social security 15.31 ± 3.13

Unemployment (including students) 14.48 ± 3.94

Monthly income in the
city (yuan)

≤3000 14.84 ± 3.62

1.733 (0.158)
3001–6000 15.17 ± 3.21
6001–9000 15.27 ± 3.42
≥9001 15.08 ± 4.39

Current monthly
income

≤3000 14.37 ± 3.86

9.80 (<0.001)
3001–6000 15.10 ± 3.15
6001–9000 15.53 ± 3.36
≥9001 15.27 ± 4.18

3.2. The Correlations between the Independent Variables and the Happiness of Urban Young
Returnees in China

Table 4 indicates that all independent variables are positively associated with urban
young returnees’ happiness, and the correlation coefficients are more than 0.6. This shows
that the variables we selected are suitable for the next regression.
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Table 4. The correlations between the core variables and happiness.

Variables Dimensions SWB 1

Personal factors Career development 0.724 ***

Institutional factors
Organizational culture 0.601 ***

Policy system 0.661 ***

Social factors
Physical environment 0.707 ***

Urban rural relationship 0.716 ***

Psychological adaptation
Self-identity 0.668 ***
Self-efficacy 0.689 ***

Self-expectation 0.709 ***

Relationship adaptation
Genetic relationship 0.746 ***

Geographical relation 0.786 ***
Business relationship 0.707 ***

Collective adaptation
Living environment 0.765 ***

Social trust 0.708 ***
Social networks 0.776 ***

Material adaptation
Consumption pattern 0.754 ***
Employment structure 0.760 ***

Social security 0.752 ***
Note: *** represent significance at the 1% level. 1 SWB: Subjective well-being.

3.3. The Hierarchical Liner Regression Results of Urban Young Returnees’ Happiness

Before applying the structural equation model, hierarchical linear regression is used
for the benchmark regression, and the results are shown in Table 5. The variables of social
demography, personal factors, institutional factors, social factors are gradually applied to
the model. Based on the results of the above multivariate analysis and correlation analysis,
we discarded variables such as the duration of residence in the city and occupation in the
city because these variables had no significant correlations with the happiness of urban
young returnees. The results indicate that the social demography variables, such as gender,
monthly income, returning time, current occupation, have no significant effects on the
happiness of urban young returnees. Only age and education have positive effects on the
happiness of urban young returnees. The results are in contradiction with some previous
studies [15,17,18], as urban young returnees are a special group different from common
residents. With increasing age and higher education level, more wealth and resources are
accumulated, which may improve the sense of happiness.

Table 5. Hierarchical linear regression results for urban young returnees’ happiness.

Variable
Tier 1 1 Tier 2 2 Tier 3 3

Beta Beta Beta

Gender (Female)
Male −0.050 * −0.013 −0.017

Age (Aged below 20)
Aged between 21 and 30 0.018 0.019 0.006
Aged between 31 and 40 0.093 * 0.071 ** 0.047 *

Aged over 41 0.122 ** 0.072 ** 0.042 *
Education (Junior high school and below)

Senior school or technical secondary school 0.112 ** 0.039 0.023
Junior college 0.152 ** 0.030 0.022

Undergraduate 0.250 ** 0.064 * 0.046 *
Master or above 0.112 ** 0.037 * 0.034 *

Returning time (Less than 1 year)
Between 1 and 2 years 0.046 0.009 0.011
Between 2 and 3years 0.004 −0.012 −0.010
Between 3 and 4 years 0.062 ** 0.011 −0.010

More than 5 years 0.014 −0.032 −0.026
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Table 5. Cont.

Variable
Tier 1 1 Tier 2 2 Tier 3 3

Beta Beta Beta

Current occupation (Agriculture, forestry, husbandry and fishery)
Mining, manufacturing and construction 0.059 * 0.015 −0.001

Production and supply of electricity, gas and water −0.020 0.002 −0.010
Transportation, storage and postal services 0.005 0.005 −0.016

Information transmission, computer and software industry 0.029 0.018 −0.008
Service industry 0.010 −0.010 −0.017

Financial industry −0.022 −0.002 −0.019
Real estate industry 0.023 −0.004 −0.003

Science, education, culture, health and social security 0.031 0.024 −0.003
Unemployment 0.032 0.011 0.013

Current Monthly income (≤3000)
3001–6000 0.083 * 0.001 0.007
6001–9000 0.096 * 0.004 0.007
≥9001 0.032 −0.008 −0.001

Personal factors
Career development 0.306 ** 0.161 **

Institutional factors
Organizational culture −0.035 −0.081 **

Policy system 0.121 ** 0.017
Social factors

Physical environment 0.210 ** 0.020
Urban rural relationship 0.304 ** 0.061 **

Psychological adaptation
Self-identity 0.006
Self-efficacy −0.025

Self-expectation 0.080 **
Relationship adaptation

Genetic relationship 0.031
Geographical relation 0.186 **
Business relationship 0.034

Collective adaptation
Living environment 0.089 **

Social trust 0.008
Social networks 0.098 **

Material adaptation
Consumption pattern 0.092 **
Employment structure 0.116 **

Social security 0.107 **
R2 0.205 0.812 0.877
F 3.996 144.653 175.590

ΔR2 0.042 0.617 0.110
ΔF 3.996 785.258 86.064

VIFmax 4.903 5.022 5.093

Note: ** and * represent significance at the 5% and 10% levels, respectively. 1 Tier 1 refers to the social demography
variables input into the model. 2 Tier 2 refers to the social demography, personal factor, institutional factor and
social factor variables input into the model. 3 Tier 3 refers to all the control variables input into the model.

However, other factors such as career development, policy system, physical environ-
ment and urban–rural relationship all have significant positive effects on the happiness of
urban young returnees, with the exception of organizational culture, which has a negative
impact on urban young returnees’ happiness. Urban young returnees have experienced
different cultures in various cities. When they return to rural areas to participate in differ-
ent organizational cultural activities, there may be short-term collisions and contradictions
between the different cultures, which is not conducive to the improvement of their well-being.
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3.4. The SEM Results of Urban Young Returnees’ Happiness

In order to further analyse the relationships between the independent variables and
happiness of urban young returnees, all Q variables are explicit and can be observed directly,
and their definitions are shown in Table A1 in the Appendix A. Career development (X1),
psychological adaptation (M1), relationship adaptation (M2), collective adaptation (M3)
and material adaptation (M4) are used as the exogenous latent variables, and happiness (Y)
was taken as the endogenous latent variable to construct a structural equation model. The
maximum likelihood method was used to estimate the initial model.

The results of the test of the model fitting parameters show that the p-values of two
paths, career development → happiness and psychological adaptation (M1) → happiness,
are greater than 0.05. Consequently, they are deleted. The p-values of the other paths are less
than 0.05 and thus statistically significant. The model is modified by the correction index
by adding two residual paths [e1–e2] and [e1–e3]. The empirical results show good model
fit: relative fit index (CFI) = 0.946, AGFI = 0.867, RMSEA = 0.065. CFI and AGFI exceed
the suggested threshold, and RMSEA is lower than the threshold 0.08 (Byrne, 2015). The
revised model of the influence mechanism of career development on the happiness of urban
returnees is shown in Figure 2. The coefficient connecting the core variables (X1, M1–M4)
and the explicit variable Q is the standardized load coefficient, and all coefficients are
greater than 0.5, indicating that the model measurement relationship is good. Meanwhile,
the coefficient between the latent variables is the standardized path coefficient, which shows
the influence relationships between the latent variables. For example, the standardized
path coefficient of X1 on M1 is 0.91. The explanation of Figures 3 and 4 is similar to that of
Figure 2. Since the significance is not shown in Figure 2, we need to deepen the analysis
via Table 6.

Figure 2. A revised model of the influence mechanism of career development on the happiness of
urban young returnees.
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Figure 3. A revised model of the influence mechanism of institutional factors on the happiness of
urban returnees.

Figure 4. A revised model of the influence mechanism of social factors on the happiness of urban
young returnees.

To further analyse the influencing mechanism of career development on happiness, the
specific path is decomposed as shown in Table 6. From this, we find that career development
can significantly affect the material adaptation, collective adaptation, psychological adapta-
tion and relationship adaptation of urban young returnees. Moreover, the standardized
indirect effect of Career development → Happiness is 0.901 (p < 0.01), and the standardized
indirect effect of Career development → Relationship adaptation → Happiness is 0.380
(p < 0.01), the standardized indirect effect of Career development → Collective adaptation
→ Happiness is 0.195 (p < 0.01), the standardized indirect effect of Career development →
Material adaptation → Happiness is 0.326 (p < 0.01). This means that career development
does not directly affect the happiness of urban young returnees but indirectly affects their
happiness through relationship adaptation, collective adaptation and material adaptation.
The indirect effects account for 42.18% (0.380/0.901), 21.64% and 36.18%, respectively. Good
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career development can expand the network resources and social capital of urban young
returnees, leading to the growth of wealth, thus increasing their happiness.

Table 6. The effects of career development on the happiness of urban young returnees.

Paths
Standardized
Direct Effect

Standardized
Indirect Effect

Standardized
Total Effect

p

Career development → Psychological adaptation 0.907 0.907 ***
Career development → Relationship adaptation 0.949 0.949 ***

Career development → Collective adaptation 0.989 0.989 ***
Career development → Material adaptation 0.960 0.960 ***

Psychological adaptation → Happiness / / /
Relationship adaptation → Happiness 0.400 0.400 ***

Collective adaptation → Happiness 0.197 0.197 ***
Material adaptation → Happiness 0.340 0.340 ***
Career development → Happiness / 0.901 0.901 ***

Career development → Psychological adaptation → Happiness / / / /
Career development → Relationship adaptation → Happiness 0.380 0.380 ***

Career development → Collective adaptation → Happiness 0.195 0.195 ***
Career development → Material adaptation → Happiness 0.326 0.326 ***

Note: *** represent significance at the 1% level.

Additionally, the model fitting parameter test results show that the p-values of the
paths for institutional factors—(X2) → happiness, psychological adaptation (M1) → hap-
piness and collective adaptation (M3) → happiness—are greater than 0.05. Consequently,
they are deleted. The p-values of the other paths are less than 0.05 and thus statistically
significant. The model is modified by the correction index by adding eight residual paths
[e1–e2], [e1–e3], [e2–e3], [e4–e5], [e5–e6], [e16–e17], [e14–e15] and [e20–e21]. The empirical
results show that the model fit is good: CFI = 0.937, AGFI = 0.859, RMSEA = 0.068. The
revised model of the influence mechanism of institutional factors on the happiness of urban
returnees is shown in Figure 3.

Table 7 indicates that institutional factors can also affect the material adaptation, col-
lective adaptation, psychological adaptation and relationship adaptation of urban young
returnees. In addition, the standardized indirect effect of Institutional factors → Happiness
is 0.876 (p < 0.01), the standardized indirect effect of Institutional factors → Relationship
adaptation → Happiness is 0.410 (p < 0.01), and the standardized indirect effect of In-
stitutional factors → Material adaptation → Happiness is 0.466 (p < 0.01). This means
that institutional factors do not directly affect the happiness of urban young returnees
but rather indirectly affect the happiness of urban young returnees through relationship
adaptation and material adaptation. The indirect effects accounts for 46.80% (0.410/0.876),
53.20%, respectively. Good systems and policies can create good business environments for
urban young returnees; cultivate good business relations; and stimulate entrepreneurship,
employment, consumption, etc., thus improving their happiness.

In addition, the model fitting parameter test results show that the p-values of social
factors (X3) → happiness, psychological adaptation (M1) → happiness are greater than
0.05. Consequently, they are deleted. The p-values of the other paths are less than 0.05 and
thus statistically significant. The model is modified by the correction index by adding one
residual path, [e1–e2]. The empirical results show that the model fit is good: CFI = 0.924,
AGFI = 0.824, RMSEA = 0.074. The revised model of the influence mechanism of social
factors on the happiness of urban returnees is shown in Figure 4.
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Table 7. The effects of institutional factors on the happiness of urban young returnees.

Paths
Standardized
Direct Effect

Standardized
Indirect Effect

Standardized
Total Effect

p

Institutional factors → Psychological adaptation 0.904 / 0.904 ***
Institutional factors → Relationship adaptation 0.938 / 0.938 ***

Institutional factors → Collective adaptation 0.989 / 0.989 ***
Institutional factors → Material adaptation 0.967 / 0.967 ***

Psychological adaptation → Happiness / / / /
Relationship adaptation → Happiness 0.453 0.453 ***

Collective adaptation → Happiness / / / ***
Material adaptation → Happiness 0.482 / 0.482 ***
Institutional factors → Happiness / 0.876 0.876 ***

Institutional factors → Psychological adaptation → Happiness / / / /
Institutional factors → Relationship adaptation → Happiness / 0.410 0.410 ***

Institutional factors → Collective adaptation → Happiness / / / ***
Institutional factors → Material adaptation → Happiness / 0.466 0.466 ***

Note: *** represent significance at the 1% level.

Finally, Table 8 indicates that social factors can also affect the material adaptation,
collective adaptation, psychological adaptation and relationship adaptation of urban young
returnees. The standardized indirect effect of Social factors → Happiness is 0.896 (p < 0.01);
the standardized indirect effect of Social factors → Relationship adaptation → Happiness
is 0.396 (p < 0.01); the standardized indirect effect of Social factors → Collective adaptation
→ Happiness is 0.152 (p < 0.01); and the standardized indirect effect of Social factors →
Material adaptation → Happiness is 0.348 (p < 0.01). This means that social factors do not
directly affect the happiness of urban young returnees but indirectly affect the happiness of
urban young returnees through relationship adaptation, collective adaptation and material
adaptation. The indirect effects account for 44.20% (0.396/0.896), 16.96% and 38.84%,
respectively. Social factors are conducive to urban young returnees’ expanding their social
resources and social relations and forming collective awareness and social trust, and this
cumulative effect will promote their employment, entrepreneurship and consumption, thus
increasing their sense of happiness.

Table 8. The effects of social factors on the happiness of urban young returnees.

Paths
Standardized
Direct Effect

Standardized
Indirect Effect

Standardized
Total Effect

p

Social factors → Psychological adaptation 0.909 0.909 ***
Social factors → Relationship adaptation 0.954 0.954 ***

Social factors → Collective adaptation 0.978 0.978 ***
Social factors → Material adaptation 0.949 0.949 ***

Psychological adaptation → Happiness / / / /
Relationship adaptation → Happiness 0.415 0.415 ***

Collective adaptation → Happiness 0.155 0.155 ***
Material adaptation → Happiness 0.367 0.367 ***

Social factors → Happiness / 0.896 0.896 ***
Social factors → Psychological adaptation → Happiness / / / /
Social factors → Relationship adaptation → Happiness / 0.396 0.396 ***

Social factors → Collective adaptation → Happiness / 0.152 0.152 ***
Social factors → Material adaptation → Happiness / 0.348 0.348 ***

Note: *** represent significance at the 1% level.

4. Discussion

The Healthy China 2030 Plan emphasizes that people’s health should be prioritized in
development, focusing on rural areas and grass-roots units. The happiness of urban young
returnees is also an important form of mental health. The findings in this study differ
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significantly from those of previous studies. They mainly concentrated on the effects of
gender, age, education and marital status on residents’ happiness [16,49]. However, in our
study, we focus on urban young returnees, a special group returning to their hometowns or
other previous places of residence [6]. Their happiness is affected by career development,
institutional factors (especially employment and the entrepreneurship policy system) and
social factors (physical environment and the urban–rural relationship). They attach more
importance to their career development, and they pay more attention to corporate systems
related to their career development than to the household registration system [50]. This
implies that today’s urban young returnees have their own unique views and career
concepts. Furthermore, urban young returnees focus on the urban–rural relationship. This
also contradicts with previous studies [20,25,26] that concentrate on the social relationships.
Our study focuses on the urban–rural relationship rather than the social relationships
among community residents.

In addition, we introduce the theory of social adaptation to explain the underlying
mechanism of urban young returnees’ happiness [44], which includes material adaptation,
collective adaptation, relationship adaptation and psychological adaptation [47]. The
results of the study do not fully agree with the hypothesis. Another study concludes that
career development indirectly affects the happiness of urban young returnees through
relationship adaptation, collective adaptation and material adaptation. Institutional factors
indirectly affect the happiness of urban young returnees through relationship adaptation
and material adaptation. Social factors indirectly affect the happiness of urban young
returnees through relationship adaptation, collective adaptation and material adaptation.
The mediating effect of psychological adaptation is not significant in the above paths. On
the one hand, this shows that psychological adaptation is a long-term process and does
not constitute the mechanism of related factors on urban young returnees’ happiness, such
as personal factors, institutional factors and social factors. On the other hand, it may be
related to the rationality of the preliminary questionnaire design. Despite some limitations,
the above mechanisms should generally complement and innovate previous research.

Thus, the findings in this study have important policy implications for improving
the well-being of urban young returnees in the context of the Healthy China 2030 Plan.
From these data, we can see that the return of urban youth has brought vitality and new
changes to their hometowns, which is helpful for rural revitalization and a healthy China.
It would be beneficial for the government to promote urban young returnees’ happiness
in several aspects. First, a series of measures should be taken such as entrepreneurship
and employment policies to encourage urban young returnees to start businesses and gain
employment so that they can better adapt to their relationships and material environment
and increase their happiness. In addition, the social security system in rural areas should
be gradually improved including medical care, pensions, employment and so on. Second,
rural infrastructure (roads, facilities, communications, waste disposal) and basic public
services (health care and education environment) should be developed. Finally, there
should be a breakthrough in the soft environment, for example, promoting integrated
and harmonious development between urban and rural areas, strengthening interpersonal
relationship and increasing support and encouragement for the urban young returnees
from family and society. These can improve their material adaptation, collective adaptation
and relational adaptation and thereby enhance their happiness, which in turn will benefit
the construction of a healthy China.

This study enriches the literature by highlighting the importance of career devel-
opment, entrepreneurship and employment policy, and social factors in influencing the
happiness of urban young returnees and explaining the underlying mechanisms. However,
there are some limitations. First, this paper uses the questionnaire survey method. The
main drawback of this method is that we cannot assess the authenticity of the question-
naire completed by the respondents, which may affect the accuracy of the conclusions. In
addition, due to the data constraints, only the effects of cross-sectional data are discussed,
and the dynamic changes in the happiness of urban young returnees are not considered.
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Moreover, there may be other paths that affect the happiness of urban young returnees. All
of these need to be further explored in the future.

5. Conclusions

In the context of the Healthy China 2030 Plan, the happiness of urban young returnees
cannot be ignored. Based on a large-scale social practice survey in China, this paper applies
a hierarchical linear regression model (HLM) and a structural equation model (SEM) to
discuss the influencing factors on the happiness of urban young returnees. The results
show that the happiness of urban young returnees in China is less influenced by their socio-
demographic characteristics, such as age and education, and more by career development,
institutional factors and social factors, which are different from those of ordinary residents.
Further study finds that career development indirectly affects the happiness of urban young
returnees through relationship adaptation, collective adaptation and material adaptation.
The indirect effects account for 42.18%, 21.64% and 36.18% respectively. Institutional factors
indirectly affect the happiness of urban young returnees through relationship adaptation
(46.80%) and material adaptation (53.20%). Social factors indirectly affect the happiness
of urban young returnees through relationship adaptation (44.20%), collective adaptation
(16.96%) and material adaptation (38.84%).
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Appendix A

Table A1. The detailed items.

Variable Items

Career
development

Q1 Always pay attention to and search for the information about the occupation I am interested in.
Q2 The countryside provides me with a stage to give full play to my professional expertise.
Q3 I am optimistic about the future of my current job.

Organizational
culture

Q4 My village often holds cultural activities (village evening party, writing Spring Festival couplets,
comparison of filial piety and morality, etc.).
Q5 My village often carries out cultural publicity activities (lectures, broadcasting, door-to-door publicity, etc.).
Q6 My village has various cultural organizations (Yangko team, square dance team, band, etc.).

Policy system

Q7 The village where I live lets young urban returnees know about relevant employment and
entrepreneurship policies through various channels.
Q8 The village where I live has supportive policies for entrepreneurship and employment.
Q9 The village where I live has policies to attract young people from the cities to return to their hometowns to
find jobs and start businesses.
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Table A1. Cont.

Variable Items

Physical
environment

Q10 My village has complete infrastructure (roads, facilities, communications, waste disposal).
Q11 The basic public service system (medical and health, education environment) in my village is sound.
Q12 The economic development of my village is better.

Urban rural
relationship

Q13 I prefer the way of life in the countryside.
Q14 I prefer the pace of life in the countryside.
Q15 I think there are development differences between urban and rural areas.

Psychological
adaptation

Self-identity Q16 I’m proud of being a rural person.
Self-efficacy Q17 In the countryside, I can give full play to my ability.
Self-expectation Q18 In the countryside, I can achieve my goals and ideals.

Relationship
adaptation

Genetic relationship Q19 My family and friends agreed with my choice of returning home.
Q20 My family and friends have given me funds and contacts to start my business.

Geographical
relationship

Q21 I am willing to take part in the cultural construction or cultural activities of
the village.
Q22 I live in a harmonious village.

Business relationship Q23 I prefer the way I get along with people when I work in the countryside.

Collective
adaptation

Living environment Q24 I think the living environment is good now.
Q25 I think the living standard is high now.

Social trust
Q26 The public service expenditure in my village is high.
Q27 My village has high financial transparency.

Social networks
Q28 It’s easy for me to get help from others or organizations.
Q29 I have established close relationships with potential or existing friends.

Material
adaptation

Consumption pattern
Q30 I think the proportion of basic living expenses in the total income is
reasonable.
Q31 I agree with the consumption mode that attaches importance to material life.

Employment structure
Q32 I understand the social security system (medical, pension, employment, etc.)
in my village.
Q33 I am satisfied with the social security system (medical, pension, employment,
etc.) in my village.

Social security Q34 I think the quality of the workers in the village is high.
Q35 I think the non-agricultural industry in my village has absorbed
more workers.

Happiness

Q36 My life is close to my ideal in many ways.
Q37 My life goal is enough to give me the motivation to struggle.
Q38 I feel happy when I devote myself to what I do.
Q39 I think my work can bring positive influence to the development of my hometown.
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Abstract: As noted in the United Nations’ Sustainable Development Goals 2030 agenda, sustainable
cities “without leaving anyone behind” should take into consideration migrant groups, which may
play only a marginal role but may be at the root of potential social conflicts. This study thereby
promotes cross-disciplinary explorations of knowing and understanding the rural-to-urban internal
migrants against the background of rapid urbanization. This study conducted a bibliometric analysis
based on 2788 English language articles obtained from the Web of Science Core Collection database.
As China’s unique Hukou system highlights the divide between rural migrants and urban dwellers,
migrant studies have extended to a diverse range of interests. We underlined the most productive
sources and authors in this area and identified networks of collaboration among countries and
institutions. Furthermore, we found trends in research themes and topics and research clusters
through keyword-based analysis techniques. The results provide a rich source of information on the
intellectual structure of the chosen domain of rural-to-urban migrants.

Keywords: rural-to-urban migrant; bibliometric analysis; performance analysis; science mapping;
network analysis

1. Introduction

In this era of accelerating globalization and rapid urbanization, cities and metropolitan
areas play an essential role in pooling resources and providing opportunities for people to
prosper both economically and socially. With a global share of the world population that
is projected to reach 68% in 2050, urbanized areas are experiencing challenges in meeting
the growing demand for public services while maintaining a sustainable environment for
present and future generations [1]. Yet massive influxes of capital and preferential policies
have created uneven economic development between rural and urban areas (as seen in
China’s dual economy), helping drive migration to cities [2–4]. As noted in the United
Nations’ Sustainable Development Goals (SDG) 2030 agenda, sustainable cities “without
leaving anyone behind” should take into consideration migrant groups, which may play
only a marginal role but may be at the root of potential social conflicts [5]. As a cross-
cutting issue on the SDG 2030 agenda, migration is attracting the attention of researchers
from multiple disciplines, and it poses novel challenges to the public and policymakers
at both the national and international levels [6]. COVID-19 has sounded the alarm and
drawn additional attention to unmet health needs within migrant communities [7]. Our
research provides a lens to examine a particular group of migrants, namely, rural-to-urban
internal migrants. Previous studies on migrant groups in urban wards cover a broad
spectrum of themes and topics across disciplines, providing a vivid but fractional profile
of this group of people [8,9]. Since the application of bibliometric methods in migration
research is relatively new, we consider that it might be a good time to conduct an analysis
with newly developed tools such as VOSviewer to interpret the intellectual structures of
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research on rural-to-urban migrants. This study thereby promotes cross-disciplinary explo-
rations of knowing and understanding the migrant population against the background of
rapid urbanization.

The article presents a bibliometric analysis aimed at sketching the outline of knowledge
related to rural-to-urban migration at the initial stage (Sections 3.1 and 3.2). The social
structure and collaboration patterns are then identified using network analysis based on co-
authorship data (Section 3.3). Then, bibliometric analysis results allowed another analysis
to be conducted to examine the coupling network of the documents and the co-citation
network of references, which aids in mapping current areas of focus and landmark studies
from the past (Section 3.4). This is followed by a keywords network analysis in Section 3.5,
which briefly describes keyword frequency and three distinct subsections: keyword co-
occurrence network analysis, thematic analysis, and conceptual structure analysis. Finally,
the findings and policy implications are summarized.

2. Research Methodology

Researchers have applied this comprehensive science mapping approach to multi-
ple domains, such as rural depopulation [10] and urban agriculture [11] since Aria and
Cuccurullo [12] published the bibliometrix R-package. This one-of-a-kind open-source
tool developed in R language offers a wide range of statistical and graphical techniques
and a user-friendly web-interface application called Biblioshiny. As demonstrated by
Rogers et al. [13], data collected for bibliometric analysis are typically massive. A biblio-
metric analysis of 200 papers appears to be a reasonable threshold to employ a bibliometric
analysis. The bibliometric analysis applied in this research is conducted using the bib-
liometrix package (version 3.2.1), built in R (version 4.1.3). VOSviewer (version 1.6.18) is
a well-developed visualization tool for building and viewing bibliometric networks [14].
When a “net” object is created in the R Programming Environment, VOSviewer functions
using internal R routines.

The bibliographic data for this study were collected on 3 June 2022, from the Web of
Science (WOS) Core Collection database, including indices of SCIE, SSCI, AHCI, ESCI, CPCI,
BKCI and CCR&IC, provided by Clarivate within the indexed timespan from 1 January
2004 to 3 June 2022. Using the topic keyword “rural urban migrant” (the topic keywords
are generated by Clarivate from the title, abstract, author keywords, and Keywords Plus)
and filtering by English language and the document type “article,” we obtained a total of
2790 publications in the first stage. After removing duplicates, 2788 papers remained. Each
document’s full record and cited references are exported for the bibliometric analysis.

3. Results and Discussion

3.1. Descriptive Bibliometric Analysis

As shown in Table 1, since 2004, 2788 articles have been published in this specific
field in 1006 venues. Excluding 2022, the annual growth rate over this period is 13.61%
(Figure 1). The total citations per article reached a peak of 68.1 in 2007, and the total number
of references was 98860. Overall, 5626 author keywords and 3624 Keywords Plus were
generated. As shown in Figure 1, the increase in publications since 2010 is noticeable,
despite a slight decline in the years 2012–2013.

Statistical analysis was conducted based on Lotka’s law, which measures the frequency
distribution of scientific productivity [15]. Simply put, Lotka’s Law states that there is a
consistent ratio between the number of authors publishing a certain number of papers
and the number of authors who publish a single one. The results show that the distri-
bution of author frequency and number of publications follows Lotka’s Law (R2 = 0.920,
p-value = 0.006). In all, 4546 authors contributed to one article each, accounting for 78.9%
of all authors; of the remainder, 641 authors contributed to two articles (11.1%), 239 to
three (4.1%), 113 to four (2.0%), and 222 to five or more articles (3.9%) regarding the topic
addressed by this study. Figure 2 shows a Sankey diagram that presents a visualization of
the connections between the main items of three fields, namely, authors, author keywords,
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and sources. We find that “China” and “Ghana” are two popular areas of research interest.
A detailed description is given next.

Table 1. Primary information and summary of the dataset.

Description Results

Timespan 1 January 2004–3 June 2022
Sources 1006

Documents 2788
Average years from publication 6.07
Average citations per document 17.05

Average citations per year per doc 2.123
References 98,860

DOCUMENT CONTENTS
Keywords Plus 3624

Author’s Keywords 5626

AUTHORS
Authors 5761

Author Appearances 9167
Authors of single-authored documents 602
Authors of multi-authored documents 5159

AUTHORS COLLABORATION
Single-authored documents 702

Documents per Author 0.484
Authors per Document 2.07

Co-Authors per Documents 3.29
Collaboration Index 2.47

International co-authorships % 38.2

Figure 1. Number of articles published on the topic of rural-to-urban migrants from 2004 to 2021.
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Figure 2. A Sankey diagram showing authors (AU), author keywords (DE), and sources (SO).

3.2. Top Sources

A Bradford analysis was conducted (Figure 3), and from 1006 sources, 37 core scientific
journals were identified, marked as Zone 1 [16]. Zones 2 and 3 contain 203 and 766 sources,
respectively. Each zone carries an equal number of citations.
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The top 10 high-yield journals from Zone 1 are listed in Table 2, accounting for 17.8%
of the total number of publications and 22% of the total citations. These are primarily
international interdisciplinary journals covering multiple topics, such as occupational
health and urban planning. H-indexes are not used to compare the sources in our analysis
because different disciplines’ citation traditions and methods vary.

 

Figure 3. Core sources on the topic of rural-to-urban migrants (1 January 2004–3 June 2022).

Table 2. Top 10 journals with the most articles published on the topic of rural-to-urban migrants
(1 January 2004–3 June 2022).

Journal JCR Category
N. of

Documents
Total

Citations

POPULATION SPACE AND PLACE - DEMOGRAPHY
- GEOGRAPHY

65 1171

INTERNATIONAL JOURNAL OF
ENVIRONMENTAL RESEARCH AND

PUBLIC HEALTH

- PUBLIC, ENVIRONMENTAL and
OCCUPATIONAL HEALTH

- ENVIRONMENTAL SCIENCES
55 317

CITIES - URBAN STUDIES 52 908

BMC PUBLIC HEALTH - PUBLIC, ENVIRONMENTAL and
OCCUPATIONAL HEALTH

51 1142

HABITAT INTERNATIONAL

- URBAN STUDIES
- DEVELOPMENT STUDIES
- REGIONAL and URBAN PLANNING
- ENVIRONMENTAL STUDIES

50 2125

PLOS ONE - MULTIDISCIPLINARY SCIENCES 50 946

CHINA ECONOMIC REVIEW - ECONOMICS 49 1489

URBAN STUDIES - URBAN STUDIES
- ENVIRONMENTAL STUDIES

48 1420

JOURNAL OF RURAL STUDIES - REGIONAL and URBAN PLANNING
- GEOGRAPHY

40 806

SUSTAINABILITY

- ENVIRONMENTAL STUDIES
- GREEN and SUSTAINABLE SCIENCE

and TECHNOLOGY
- ENVIRONMENTAL SCIENCES
- TECHNOLOGY

37 123
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3.3. Social Structure
3.3.1. Active Countries

Papers have been published by scholars from 76 countries (counting only the cor-
responding author’s country) since 2004, and this number reaches 93 if co-authors are
taken into account. Table 3 shows the countries with the highest output based on the
frequency distribution of the corresponding author’s affiliation country. China has the
leading position, with 1035 papers, accounting for 37.4% of all published papers, followed
by the United States (528 papers, 19.5%) and the United Kingdom (241 papers, 8.7%). The
United Kingdom and the United States rank second (24.78) and third (23.64), respectively,
in terms of average citations per article, while India has a relatively low frequency (7.35).

Table 3. Top 10 countries with the highest number of papers.

Country Articles Freq SCP * MCP **
MCP
Ratio

Total
Citations

Citations
per Article

CHINA 1035 37.4% 657 378 0.365 14,878 14.37
USA 538 19.5% 328 210 0.390 12,720 23.64

UNITED KINGDOM 241 8.7% 132 109 0.452 5973 24.78
AUSTRALIA 137 5.0% 86 51 0.372 2416 17.64

NETHERLANDS 87 3.1% 35 52 0.598 1480 17.01
INDIA 71 2.6% 59 12 0.169 522 7.35

GERMANY 67 2.4% 46 21 0.313 1175 17.54
CANADA 62 2.2% 34 28 0.452 1171 18.89

SOUTH AFRICA 37 1.3% 27 10 0.270 593 16.03
SINGAPORE 34 1.2% 25 9 0.265 356 10.47

SWEDEN 34 1.2% 23 11 0.324 505 14.85

* SCP: Single Country Publication; ** MCP: Multiple Country Publication.

3.3.2. Active Institutions

Since 2004, 1973 institutions have engaged in the study of rural-to-urban migrants.
Table 4 lists the top 10 high-yield institutions according to the number of publications,
of which eight are from China. A collaboration network analysis is performed, using
the affiliations of each co-author and corresponding author. The degree of centrality,
the number of relational ties an objective has in a network, is calculated to enrich the
bibliometric assessment of institutional cooperation [17]. The collaboration patterns among
institutions presented in Figure 4 identify two major networks in this field: roughly defined,
one is based in China and one is based in Europe. It should be noted that the large number
of publications originating in China (1035, 37.4% of total) makes it a dominant player within
the global network.

Table 4. Top 10 institutions in the field of rural-to-urban migrants (1 January 2004–3 June 2022).

Affiliations Country Articles

Sun Yat-sen University China 124
Beijing Normal University China 109

Peking University China 97
Fudan University China 83

London School of Hygiene and Tropical Medicine UK 82
Chinese University of Hong Kong China 81

University of Hong Kong China 76
University of Amsterdam The Netherlands 75

Renmin University of China China 68
Zhejiang University China 65
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Figure 4. Network of institutional cooperation.

Moreover, a closer look at papers from the London School of Hygiene and Tropical
Medicine, the fifth-ranking institution of origination, shows that its research interests are
mainly centered on the health issues of residents of or migrants from sub-Saharan African
countries. Work involving the Research on Obesity and Diabetes among African Migrants
is an example of this (e.g., [18]). The League of European Research Universities, such as the
University of Amsterdam and Utrecht University, can also be found within these networks,
collaborating with African institutions, e.g., the University of Ghana and the University of
the Witwatersrand.

3.3.3. Active Authors

Figure 5 shows 20 active authors in this field, including statistical data on the number
of articles published per year by each and total citations each year. All of these authors have
conducted long-term research on the topic of rural-to-urban migrants for 8–19 years. For
example, Professor Liam Smeeth at the London School of Hygiene and Tropical Medicine
has published papers on the topic (51 articles were identified in this study) since 2009;
Professor Fulong Wu at University College London, whose interests include rural migrants
in urban China, has maintained a productive research career (having published 27 articles
found in this study) that spans the entire period covered by this study.

Figure 5. Top 20 authors’ productivity on the topic of rural-to-urban migrants (1 January 2004–3 June 2022).
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3.4. Most-Cited Articles

The analysis in this section uses the bibliometrix R-package to detect the historical
roots of the set topic by examining each document’s bibliography [19]. The results identify
references as far back as the 18th century, e.g., [20]. The historical studies uncovered by
this research explore regional imbalances, migration movements in the old times, and the
spread of disease that accompanies the population flow [21–23].

Because the term for the articles retrieved from the WOS Core Collection database for
this study is after 2004, the analysis of bibliographic coupling is of more help for mapping
current fronts on which research is expanding than identifying schools of thought over
time [24]. Thus, a co-citation analysis is provided to improve our understanding of any
paradigm shift that lies in the references [25]. In simple terms, we analyze both the retrieved
documents and their references to map current areas of focus and landmark studies from
the past.

Table 5 shows the top 10 works for each category. In general, these are high-value
nodes connected with other nodes in the coupling network or the co-citation network.
Once again, studies of contemporary China have made a significant contribution to
our understanding of urbanization and migration, raising concerns about the lack of a
global perspective.

Table 5. Top 10 locally cited documents and references on the topic of rural-to-urban migrants
(1 January 2004–3 June 2022).

Cited Journal LC *

Most Local Cited Documents

Rural migrant workers in urban China: living a marginalized life [26] International Journal of Social Welfare 123

China’s floating population and their settlement intention in the cities: Beyond the Hukou
reform [27] Habitat International 92

Internal migration and health: re-examining the healthy migrant phenomenon in China [28] Social Science and Medicine 75

The Household Registration System and Migrant Labor in China: Notes on a Debate [29] Population and Development Review 71

Circular migration, or permanent stay? Evidence from China’s rural–urban migration [30] China Economic Review 68

Migrants as second-class workers in urban China? A decomposition analysis [31] Journal of Comparative Economics 66

Settlement Intention and Split Households: Findings from a Survey of Migrants in Beijing’s
Urban Villages [32] China Review 65

The mental health status of Chinese rural–urban migrant workers [33] Social Psychiatry and Psychiatric Epidemiology 59

The social networks of new-generation migrants in China’s urbanized villages: A case study of
Guangzhou [34] Habitat International 58

Urban villages under China’s rapid urbanization: Unregulated assets and transitional
neighborhoods [35] Habitat International 57

Most Local Cited References

The Hukou System and Rural-Urban Migration in China: Processes and Changes [36] China Quarterly 182

Contesting Citizenship in Urban China: Peasant Migrants, the State, and the Logic of the
Market [37] University of California Press 180

Is China Abolishing the Hukou System? [38] China Quarterly 151

Rural migrant workers in urban China: living a marginalized life [26] International Journal of Social Welfare 123

Migration, Unemployment and Development: A Two-Sector Analysis [39] American Economic Review 120

The Two-Tier Labor Market in Urban China: Occupational Segregation and Wage Differentials
between Urban Residents and Rural Migrants in Shanghai [40] Journal of Comparative Economics 115

The Chinese Hukou System at 50 [41] Eurasian Geography and Economics 110

The Elite, the Natives, and the Outsiders: Migration and Labor Market Segmentation in Urban
China [42] Annals of the American Association of Geographers 101

The settlement intention of China’s floating population in the cities: recent changes and
multifaceted individual-level determinants [43] Population, Space and Place 98

The New Economics of Labor Migration [44] American Economic Review 96

* LC: local citations.
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3.5. Keywords Network Analysis

Keywords analysis is a core method in bibliometric analysis, due to the high degree of
clarification and identification it provides, enabling a new approach to tracing the evolution
of a discipline and determining the structure of a scientific field [45,46]. The results of the
keywords network analysis are presented as follows.

3.5.1. Keyword Frequency

As shown in Figure 6, keyword frequency is measured and demonstrated using the
word cloud technique. Given that the database was created through a topic search using
“rural urban migrant” as a keyword phrase, we removed prominent high-frequency words
that appear in or are closely related to this phrase (rural-to-urban, migrant, migration, etc.)
to allow others to surface.

  
(a) (b) 

Figure 6. Word cloud of ranking distribution with author keywords (a) and Keywords Plus (b).

Both figures indicate where the research focus falls, although the one derived from the
author’s keywords shows a higher concentration of research on China, a relatively high
concentration, which is easy to understand, due to the rapid and widespread urbanization
that has been taking place in China over the past couple of years. The word cloud derived
from Keyword Plus indicates a diverse range of research interests, such as those regarding
left-behind children, gender inequality, and mental health.

A keyword co-occurrence analysis (presented in Figure 7) using R and the visualization
tool VOSviewer provides a co-occurrence network picture of the keyword universe and a
much deeper understanding of the interaction dynamics of the field of migrant research [47,48].
Keyword Plus terms are used as inputs for the analysis because they are more broadly descriptive
than author keywords [49]. Social inequality and physical and mental health are two major
areas of migrant studies. A more detailed discussion of research clusters on rural-to-urban
migrants is given in the following section, enhanced by a conceptual structure map.

Figure 7. Co-occurrences of Keyword Plus on the topic of rural-to-urban migrants (1 January
2004–3 June 2022) (n = 200).
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3.5.2. Trend Topics and Thematic Map

An analysis of trend topics provides further information on timelines and represents
a knowledge transfer between topics at different periods [50]. Figure 8 presents a profile
of research trajectories in the migrant research literature, from disease prevalence as the
population moves, to labor market dynamics and interactions, and to settlement intention
and social integration.

 

Figure 8. Trend topics of studies on rural-to-urban migrants (1 January 2004–3 June 2022).

Co-word analysis is performed across the entire period to detect and visualize specific
themes, and bibliometric measures, such as the h-index, are used to evaluate the perfor-
mance of each theme [51]. In other words, thematic evolution is examined by combining
the performances of specific themes identified by co-word analysis at various subperiods.
In the following step, two measures, Callon’s centrality (c = 10 ×∑ ekh with e the equiva-
lence index, k a local keyword, and h a keyword from other themes) and Callon’s density
(d = 100 ∑

eij
w with e the equivalence index, i and j both local keywords and w the number
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of keywords in the theme), are taken to measure the strength of external ties, that is, a
theme to other themes and the internal strength of a particular theme, respectively [48,52].
Accordingly, we include a thematic analysis based on the frequency of co-occurrence of
word pairs to examine the difficulties of specific research themes in this area and map them
in a two-dimensional space based on their centrality and density.

As indicated in Figure 9, the diagram contains four quadrants: in the first, motor
themes are recognized as developed and necessary with high centrality and density (Quad-
rant I); in the second, niche themes are developed and isolated from other themes (Quadrant
II); in the third, emerging or declining themes show low centrality and density, or in other
words, they are underdeveloped and marginal (Quadrant III); and in the fourth, basic
themes appear that have a low degree of development (Quadrant IV) [53,54]. The themes
of this study are mainly found in Quadrants I and III, reflecting two trends: (1) themes
specifically related to the labor market are currently receiving less attention, while studies
on gender and youth migration may emerge as a niche research field, e.g., [55], and (2)
themes related to mental and physical health, as well as the acculturation and social inte-
gration of migrants and their family members, form the very essence of migrant studies.
We argue that China’s growing academic influence and its unique social structure play an
essential role in shifting the center of collective intelligence and guiding both internal and
external attention.

 

Figure 9. Thematic map of rural-to-urban migrant studies (1 January 2004–3 June 2022).

3.5.3. Conceptual Structure Map

The multiple correspondence analysis (MCA) method’s built-in R was applied for
the generation of a conceptual structure map (Figure 10) [56,57]. We set the minimum
occurrences of author keywords to 15. The analysis identified four main clusters: (1) the
green cluster, denoting China’s Hukou system and its institutional impact; (2) the red
cluster, indicating discrimination and social integration; (3) the blue cluster, which refers to
health and well-being; and (4) the purple cluster, centering on epidemiology. The details of
each cluster drawn from the documents that contain the highest contributions are provided
as follows.
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Figure 10. Conceptual structure map of rural-to-urban migrant studies (1 January 2004–3 June 2022).

Green cluster: China’s Hukou system and its institutional impact. Attention was
drawn to the urban development of China as millions of peasants migrated to its metropolises
seeking employment and residence. The reasons for their decisions were studied by re-
searchers working from diverse perspectives, such as analyzing the environmental differences
between rural and urban localities, e.g., [58,59] and profiling migrants’ demographic char-
acteristics, e.g., [43]. When the Hukou system was established, a boundary was created
between China’s urban-dwelling migrants and its native urbanites. The Hukou classification
scheme divides China’s population by residential location and socioeconomic eligibility and
features a birth-subscribed orientation [37]. These factors have made the conversion of Hukou
registration far from a matter of personal choice [36,42,60].

The divide instituted by the state leads to parallel networks of urban rights and distri-
bution of benefits to the urban peasants and their native urban neighbors [61]. Furthermore,
a study found that migrant older people have less access to various well-being resources
than urban residents due to residential segregation caused by Hukou’s institutional con-
straints [62]. Concerns about socio-spatial inequalities are echoed in an air pollution study
that reveals migrant groups bore a disproportionate share of Beijing’s declining air quality
from 2000 to 2010 [63]. As the burden of commuting differs between employees with and
without a local Hukou, institutional discrimination arises; the former may exercise their
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right in terms of accommodation provided by the work unit. Individuals’ housing and
employment decisions reflect this inequality [64].

The disparity between the two groups might already have been present in the pre-
market period due to the unequal educational opportunities available [31]. Despite the
increasingly available option of converting to urban Hukou, migrants’ intention to convert
their Hukou remains at a low level for several reasons, not least of which is an unwillingness
to abandon farmland [65].

Given that the Hukou system has long been China’s central institutional mechanism for
shaping the rural-urban and state-society relationships, its complexity was addressed in a
range of studies. Topics are covered in multiple areas, including trends and developments,
e.g., [41], reforms and changes, e.g., [29,38], and practical conditions and limitations,
e.g., [27,66,67].

Red cluster: Discrimination and social integration. Findings on occupational seg-
regation and wage differentials between rural migrants and urban residents imply the
existence of discrimination against rural groups [40]. Furthermore, policing practices in-
tended to ensure equal justice may lead to the mistreatment of rural migrants in an urban
setting [68]. Social discrimination and unfair treatment even impact migrant children,
who generally benefit from family unity in the city [69]. Nonetheless, according to Good-
burn [70], migrant children in state schools face discrimination from classmates, teachers,
and parents of local students. Meanwhile, private schools established by migrant commu-
nities face significant strain as a result of tensions between the state and China’s emerging
civil society. However, other factors that contribute to the rural–urban divide should not be
overlooked, such as “distance from home,” which makes the “digital invisible” circular
migrants [71] and “irrational expectations,” which lowers rural–urban migrant households’
subjective well-being [72].

The term “floating population” emphasizes that a certain number of urban migrants
consider their adventure in the city to be a temporary strategy, the result of multiple factors,
such as the uncertainties of the temporary work labor market [27]. Studies of urban villages,
a type of urban neighborhood containing urbanized villagers and migrant workers in
various proportions, reinforce the notion that for migrant workers, the city is a workplace
rather than a home [35,73]. Circulating between urban work and rural homes is a long-term
practice among rural Chinese [32]. Non-kin resident ties (social ties between migrants and
local urban residents) play an essential role in community integration [74,75]. In addition
to social capital, cultural adaptability and financial resources are crucial for the integration
of migrants’ identity [76]. The choice of permanent migration often falls as an optimal
combination of various options (distance from home, income stability, etc.) [30].

Generational factors should not be ignored when discussing settlement decisions, as
the younger generation of migrants shows greater activity in speeding up their integration
into the urban network [34]. Policymakers should recognize newcomers’ needs across a
broad spectrum of issues, including housing and social insurance; on the other hand, the
role of an urban society, where multiple players such as nongovernment organizations can
play their part in social integration [77,78].

Blue cluster: Health and well-being. The very nature of a floating labor force raises
concerns about health risks to migrants, ranging from occupational disease and injury to
infectious diseases and maternal health. Studies also found a positive correlation between
high mobility and sexual risk among migrants, as well as an increase in cardiovascular
disease, obesity, and diabetes associated with migration into urban areas [79–81]. Despite
numerous health risks, migrant workers have a lower health insurance rate than the average
due to disadvantaged socioeconomic status [82]. Meanwhile, various forms of abuse of
female migrant workers can be found across nations [83,84].

Several studies have identified the importance of targeting mental health promotion
and mental disorder prevention in the migrant population [28,85]. Taking a broader lens,
Wong et al. [26] provide a deeper understanding of rural migrants’ marginalized living
experience and its psychosocial impacts on their lives. Attention to issues of mental health
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and risk perception is needed, due to the complex challenges that migrants are facing, espe-
cially younger migrants, known as the second-generation rural migrants, as “youth mining
(conscious and unconscious trading of future ill health for present economic opportunities)
is a prevalent behavior in migrant populations” [86] (p. 1718). Migration during childhood
may contribute to an increased rate of first-episode psychosis [87]. Nevertheless, poor
mental health is not necessarily a problem if everyone enjoys an equal likelihood of upward
economic mobility, and social capital is relatively high within migrant communities [33].

On the other side, children left behind by one or both of their migrant parents, es-
pecially the mother, may suffer disadvantages expressed in their health behavior and
school engagement [88,89]. According to studies, school-age children who are left be-
hind experience more victimization and emotional distress, as well as higher anxiety and
depression [90,91]. Unsurprisingly, left-behind wives and elders have a lower health-
related quality of life [92,93]. Adhikari et al. [94] proposed understanding the differences
in healthcare-seeking behavior between the elderly with children present and the elderly
left behind to improve the elderly’s physical health.

Purple cluster: Epidemiology. Health services are among the most crucial of all
the resources designed to help maintain a growing urban population for the success of
the system [95]. Migrating to urban areas generally means a better chance of getting
healthcare. Yet a link between urbanization and extended epidemics was suggested, where
migration might be the trigger [96]. Due to their demographic characteristics of high
mobility, lack of education, and low socioeconomic status, migrant groups are considered
to be vulnerable to epidemic diseases. During the coronavirus disease 2019 pandemic,
Singapore’s lessons highlight the high potential for disease transmission within migrant
worker dormitories [97]. At the same time, the increasing populations of rural-to-urban
migrants have put a heavy burden on epidemic control (e.g., tuberculosis control) in cities,
and migrants’ lack of perception of a need for treatment appears to be a barrier to disease
control [98,99]. Apart from the vulnerability of the group itself, the low level of knowledge
about epidemics among the general public also contributes to delays in seeking care [100].
However, an increasing number of circular labor migrants who become ill at work and
return home to obtain care hints at a need to reconsider the distribution and allocation of
healthcare resources [101].

The findings of the study highlight the importance of studying mental illness from an
epidemiological standpoint. Saha et al. [102] argued that migrant status is an important
risk factor for the increased prevalence of schizophrenia after reviewing 15 migrant studies
from eight countries. Moreover, migrant adolescents who struggle to form culturally
integrated friendships in school are more likely to have mental health problems [103].
Bhugra et al. [104] emphasized the importance of using epidemiological data to map
cultural inconsistency and ethnic density.

Race and ethnicity play a role in epidemiologic studies, not only because people
from different racial and ethnic minority groups have different health statuses and health
outcomes but also because certain social determinants, such as inequalities and inequities,
exist and pose a challenge to the delivery of better public health services [105,106].

As noted, at least four clusters were identified with the MCA method. However, these
clusters were not isolated from each other but were entangled from different perspectives.
The discussion is open to additional possibilities because the MCA graphics vary with
different settings, such as in different keyword stemming fields, and any interpretation of
the variables and their interactions must be subject to the author’s limitations.

4. Conclusions

This study conducted a bibliometric analysis and had selected results mapped based
on 2788 English articles obtained from the WOS Core Collection database. These results
provide a rich source of information on the intellectual structure of the chosen domain
of rural-to-urban migrants. Using the bibliometrix R-package and VOSviewer, our bib-
liometric analysis results allowed for network analysis, a document coupling analysis, a
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reference co-citation analysis, a co-occurrence network analysis, a thematic analysis, and a
conceptual structure analysis based on keyword interactions. Efforts were made to promote
cross-disciplinary explorations of knowing and understanding the migrant population
against the background of fast-growing urbanization.

As China’s unique Hukou system highlights the divide between rural migrants and
urban dwellers, migrant studies have extended to a diverse range of interests. We un-
derlined the most productive sources and authors in this area and identified networks
of collaboration among countries and institutions among them. Furthermore, we found
trends in research themes and topics and research clusters through keyword-based analysis
techniques. From disease prevalence as the population moves to labor market dynamics
and interactions, to settlement intention and social integration, research trajectories in the
migrant research literature are profiled. The ups and downs of specific research themes in
this area are examined, and four major cross-disciplinary clusters provide a comprehensive
and detailed description of this group of people. The following are some suggestions for
future study regarding rural-to-urban migrants:

• It should be noted that population registration systems such as the Hukou system in
China are capable of serving multiple interests, that is, they do more than function as
an administrative tool to monitor their residents;

• Migrants’ decisions on whether to stay, circulate, or leave the city vary, creating a dy-
namic environment, and posing challenges for their family and community networks;

• More effort into researching the social determinants of migration and health
is required.

Although migration studies may be subject to selection bias due to unobserved char-
acteristics that vary over time and space, a bibliometric analysis may shed light on effective
policy interventions to promote migrant livelihood improvement. Policymakers must
recognize the value of families and communities in providing a support network for mi-
grants and those who were left behind. Furthermore, occupation-specific medical policies
and affordable health insurance are required, as is attention to the digital divide in the
information age. Last but not least, potential institutional impacts must be assessed to
prevent systemic discrimination and violence against migrant groups.

This study has several limitations. First, further analysis applied to data obtained
from multiple sources, such as the Scopus database, could lead to a broader and deeper
interpretation of this topic, as we only used data collected from the WOS Core Collection.
Second, this study focuses on urban ward migrations, most of which occur in the domestic
context, leaving the cross-border population (e.g., immigrants and refugees) out of the
picture. Finally, a keyword-based conceptual analysis might only provide a broad but
shallow interpretation of the intellectual structure, which could be enhanced by combining
it with a systematic review approach.
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Abstract: In response to the global call for emission reduction, China has assumed international
responsibility for energy conservation and emission reduction by enacting several environmental
policies to save energy and reduce consumption. However, it is debatable whether the increased
uncertainty in environmental policies negatively affects firms’ emission reduction. Few studies have
examined this relationship based on micro-level data. Therefore, this study constructs a theoretical
framework of environmental policy uncertainty affecting firms’ pollution emissions. Based on com-
prehensive data from the Chinese Industrial Enterprise Database, the Chinese Industrial Enterprise
Pollution Emission Database, and the Chinese Patent Database from 2002 to 2014, we empirically ana-
lyzed the impact of environmental policy uncertainty on firms’ pollution emissions. The results show
that (1) environmental policy uncertainty significantly aggravates the pollution emission intensity of
industrial enterprises; (2) environmental policy uncertainty inhibits the improvement of enterprises’
innovation capacity, reduces their human capital stock and foreign investment, and aggravates their
pollution emission; (3) environmental policy uncertainty has significant heterogeneity on enterprise
pollution emissions, that is, environmental policy uncertainty has a greater impact on non-export en-
terprises, large enterprises, young enterprises, capital-intensive enterprises, state-owned enterprises,
and enterprises in polluting industries and central regions. This study provides a useful reference for
the improvement of environmental policy and the green transformation of enterprises.

Keywords: environmental policy uncertainty; enterprise pollution emission; enterprise innovation;
human capital; the foreign investment

1. Introduction

Approximately four decades of economic growth made China the world’s second-
largest economy in 2010. However, this economic development brought in its wake serious
resource constraints, high levels of pollution by enterprises, and the degradation of the
ecosystem. According to the 2020 Report on China’s Ecological and Environmental Condi-
tions, only 59.9% of cities across the country have acceptable air standards, high pollution
emissions cause 1.2–1.4 million deaths annually [1], and direct and indirect economic losses
are pegged at 1–8% of China’s GDP [2]. As the Central Committee of the Communist
Party of China has proposed to strengthen socialist ecological civilization construction, the
government has issued a series of rules and regulations to promote enterprise emission
reduction, including the Action Plan for Air Pollution Prevention and Control (2013) [3],
the Implementation Regulations of the Environmental Protection Tax Law of the People’s
Republic of China (2017), and the Guiding Opinions on Building a Modern Environmental
Governance System (2020). Government regulations are an important measure to con-
trol the pollution discharge of enterprises. Given that the market is a dynamic process,
environmental policies need to be dynamically adjusted in real time according to factors
such as economic development and technological progress. These policies have, no doubt,
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effectively reduced the contradiction between economic development and enterprise emis-
sion reduction but have also increased the uncertainty of environmental policies. Research
suggests that environmental policy uncertainty itself may lead to economic decline [4].
Currently, China’s economy is in the transition phase, and environmental policy uncertainty
is an important feature of this period. However, few studies have focused on whether an
increase in environmental policy uncertainty impacts enterprise emission reduction. It
is rarely mentioned in the existing literature. In the context of the green transformation
development of enterprises, research on environmental policy uncertainty and enterprise
emission reduction has immense theoretical and practical significance.

1.1. Literature Review

In the context of the green transformation and development of enterprises, enterprise
pollution emission has become a hot topic in academia. Additionally, government regu-
lation policy has an immense impact on enterprise pollution emission. If environmental
policies are stringent or frequent, the technological progress of enterprises will be hindered,
which will eventually lead to the development of enterprises [5]. Burtraw et al. [6] found
that government energy-saving and consumption-reduction policies significantly promote
enterprise emission reduction; additionally, they calculated the economic benefits generated
by enterprise emission reduction. Oueslati [7] proposed that carbon emission trading rights
and carbon taxes can significantly reduce carbon emissions; additionally, carbon emission
trading rights can promote the improvement of low-carbon technologies of enterprises and
enhance their market competitiveness [8].

1.1.1. Influencing Factors of Enterprise Pollution Discharge

Regarding the influencing factors of enterprise pollution discharge, the existing litera-
ture mainly focuses on technological innovation, human capital, and foreign investment.
The development experience of developed countries shows that technological innova-
tion can fundamentally solve the problem of excessive pollution emissions of enterprises
and improve the competitiveness of enterprises’ products, and the improvement of green
innovation ability can help enterprises occupy market share [9]. When the intensity of
environmental regulation increases, the innovation potential of enterprises will be stimu-
lated to realize the coordinated development of environmental protection and the green
development of enterprises [10]. Popp [11] proposed that government innovation support
policies and enterprise innovation behavior can form a complementary situation. Gov-
ernment innovation support policies can motivate enterprises toward green production
and improve enterprises’ pollution discharge technology, in addition to promoting the
reduction in enterprises’ pollution emission intensity. Additionally, Porter [12] suggested
that companies seek new technologies to reduce emissions and pollution costs.

Human capital—an important aspect of economic efficiency and green development—
influences the maximization of resource utilization efficiency and breaking through the
constraint of diminishing marginal returns. Investing in enterprise human capital en-
hances the quality of managers and laborers, thereby improving the energy utilization
efficiency of enterprises. When enterprise human capital stock is high, it can significantly
improve the absorption capacity and application ability of energy-saving technologies [13].
Kurtz et al. [14] used sample data from different countries to find that human capital
can significantly improve the energy utilization efficiency of enterprises and reduce the
unintended output in the production process. Lan et al. [15] identified that regional en-
terprises with low human capital are more prone to the “pollution paradise hypothesis.”
Lan and Munro [3] found that human capital transcends the constraint of diminishing
marginal returns through positive externalities and reduces the intensity of enterprise
pollution emission.

The influence of foreign investment on enterprises’ pollution emissions has not been
determined yet, and research has mainly focused on the “pollution paradise hypothesis”
and “pollution halo hypothesis.” The pollution paradise hypothesis holds that foreign-
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funded enterprises tend to move to countries with weak environmental regulations. Here,
local enterprises engage in a vicious competition with transferring enterprises—most of
which are pollution-intensive industries—reducing investment in green technology to save
costs and increasing pollution emission intensity [16]. The pollution halo hypothesis holds
that foreign investment reduces enterprise pollution emission intensity. On the one hand,
when industrial transfer occurs in developed countries, foreign-funded enterprises often
have more advanced pollution discharge technologies and better management systems. The
competition encourages local enterprises to improve their own production technologies and
management systems through imitation [17]. On the other hand, the products of foreign-
funded enterprises are more environmentally friendly, and these enterprises require local
suppliers to adopt green and efficient production technologies to guarantee their product
advantage. At this time, foreign enterprises will provide advanced green production
technology and a perfect management mode to local suppliers, so as to strengthen the
spillover effect of advanced technology and reduce enterprise pollution emissions [18].

1.1.2. Discussion about Environmental Policy Uncertainty

Existing studies on environmental policy uncertainty focus on its connotations and
impacts on enterprise investment, technological innovation, and economic development.
Uncertainty implies that actors make decisions without access to complete information,
and therefore, the specific impact of their decisions cannot be accurately predicted. When
the object of uncertainty is environmental policy, then environmental policy uncertainty is
formed [19]. Environmental policy uncertainty refers to the inability of economic entities
to accurately predict when, how, and whether the government will change the current
environmental policy. Since the central government proposed the comprehensive protection
of the ecology and environment, local governments have frequently adjusted environmental
regulations to reduce enterprise emission; so, the uncertainty of environmental policy has
become the main feature of the economic transition period [20]. Environmental policy
uncertainty is not a specific policy, but a measure of how often environmental policy
changes. The greater the value of environmental policy uncertainty, the more frequent
the government’s environmental policy changes. The uncertainty of environmental policy
has a negative impact on foreign investment, employment, and enterprise innovation.
When the environment shows a dynamic trend of change, it is difficult for enterprises to
predict future results, which increases the cost of enterprise decision making [21]. With the
deepening of China’s economic transformation, the influx of foreign capital, and stringent
environmental regulations, Chinese enterprises are facing increasing uncertainty [22].
Increased environmental policy uncertainty raises financial risks and incentivizes risk
avoidance, which pushes enterprises to reduce investment in pollution reduction and
aggravates pollution emissions [23].

1.1.3. Summary

To date, studies have been conducted on enterprises’ pollution emissions from the
perspectives of government regulation policies, influencing factors, the connotations of en-
vironmental policy uncertainty, and its influence on foreign investment, employment, and
enterprise innovation. However, little research has been performed on whether increasing
environmental policy uncertainty impacts enterprise pollution emissions. Additionally,
due to the lack of an effective micro-basis of macro-level research, the emission reduction
path of the macro-level influence mechanism acting on micro-enterprises is not clear. In fact,
how to deal with the increasing uncertainty of environmental policy is the basis and key to
understand the relationship between policy fluctuation and emission reduction at the macro
level. Therefore, based on the combined data of the China Industrial Enterprise Database,
China Industrial Enterprise Pollution Emission Database, and China Patent Database from
2002 to 2014, this study illustrates the impact and mechanism of environmental policy
uncertainty on enterprise pollution emissions from the perspective of micro-enterprises.
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2. Materials and Methods

2.1. Theoretical Model
2.1.1. Environmental Policy Uncertainty Worsens Enterprise Pollution Emissions by
Inhibiting Enterprise Innovation

Based on the research by Bloom, Bond, and Van Reenen [24], this study expounds how
the uncertainty of environmental policy affects the pollution emission of enterprises. It
is assumed that the production of enterprises in period t conforms to the Cobb–Douglas
production function, and the specific function form is as follows:

F = AtKα
t Lβ

t G1−α−β
t (1)

In Formula (1), At refers to the production conditions of the enterprise, mainly in-
cluding its own production conditions and external factors; Kt is the capital stock of the
enterprise; Lt is the labor stock of the enterprise; and Gt is the knowledge stock of the
enterprise. It is assumed that Gt is proportional to the enterprise’s innovation capability
μ, so:

Gt = aμ + ε (2)

At this point, the demand function faced by the enterprise is:

Dt = BtP
− 1

γ (3)

where B is the demand shock faced by the enterprise. Based on the relationship between
demand and supply, the income function of the enterprise is as follows:

M(At, Bt, Kt, Lt, Gt) = (At, Kα
t , Lβ

t , G1−α−β
t )

1−γ
Bλ

t

= A1−γ
t Bγ

t Kα(1−λ)
t Lβ(1−γ)

t G(1−α−β)(1−γ)
t

(4)

We defined Xϕ
t = Z1−γ

t Bγ
t , where X indicates that the production and investment of

enterprises are affected by the uncertainty of environmental policies, making Xϕ
t = f (λ) =

(bλ + n)ϕ, b > 0. To judge the relationship between environmental policy uncertainty λ
and innovation capability μ, we further simplified the model along with the research ideas
of Bloom, Bond, and Van Reenen [24], assuming that capital K and labor L are completely
flexible and their variable costs are 0. We substituted Formula (2) into Formula (4), and the
return function is:

M(λ, μ) = K(bλ + n)ϕ(aμ + m)1−ϕ (5)

To a homogeneous equation:

M = Kϕ(bλ + n) + (1 − ϕ)(aμ + m) (6)

The emission reduction in enterprise pollution is not only affected by the original
pollutant discharge Q∗ but is also closely related to the enterprise innovation ability. There
is a positive correlation between enterprise innovation capacity and emission reduction. S is
the influence coefficient of enterprise innovation capacity on enterprise emission reduction
(0 < s < 1). Additionally, the technological innovation of enterprises reduces the cost of
enterprises’ pollution emission; e is the proportion of the impact of technological innovation
on the cost of enterprises’ emission reduction (0 < e < 1). Additionally, the innovation cost of
enterprises is affected by the uncertainty of environmental policy and innovation capability.

Assume that the total cost of the enterprise is C, which mainly includes emission cost
C1 and innovation cost C2, so:

C1 = eμ(Q∗(1 − sμ)) (7)

C2 = λδμ (8)
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In Formula (8), δ measures the impact of environmental policy uncertainty on innova-
tion capability (δ < 0). Then, the total cost is:

C = C1 + C2 (9)

C = eμ(Q∗(1 − sμ)) + λδμ (10)

The total profit function of the enterprise is:

R = Kϕ(bλ + n) + (1 − ϕ)(aμ + m)− eμ(Q∗(1 − sμ))− λδμ (11)

When profit is maximized, the first derivative of profit is 0, then:

∂R
∂μ∗ = a(1 − ϕ)− eQ∗ + 2eQ∗sμ∗ − δλ = 0 (12)

According to Formula (12), the relationship between environmental policy uncertainty
λ and enterprise innovation μ is as follows:

∂λ

∂μ∗ =
2esQ∗

δ
< 0 (13)

According to Formula (13), the uncertainty of environmental policy will inhibit the
improvement of enterprises’ innovation ability, whereas the technological innovation of
enterprises will promote the upgrading of industrial structure, improve energy utilization
efficiency, and further reduce enterprises’ pollution emissions [25,26]. Therefore, envi-
ronmental policy uncertainty can inhibit enterprise innovation and aggravate enterprise
pollution emissions.

2.1.2. Environmental Policy Uncertainty Increases Enterprise Pollution Emissions by
Inhibiting the Increase in Human Capital Stock

The production function is adjusted on the basis of Formula (1), and the meaning of
the letters remains unchanged. The specific function form is as follows:

F = AtKt
αGβ

t L1−α−β
t (14)

The larger the inflow of labor, the larger the stock of human capital [27]. The specific
function form is as follows:

Lt = cl + ξ (15)

There is a positive correlation between the stock of human capital and emission
reduction, and s1 is the influence coefficient of the stock of human capital on emission
reduction (0 < s1 < 1). Human capital can internalize technical knowledge to overcome the
diminishing marginal returns of production and reduce the cost of enterprise pollution
emission. e1 is the proportion of human capital affecting enterprise emission reduction
cost (0 < e1 < 1). The cost of introducing human capital is affected by environmental policy
uncertainty and the effect of human capital promoting emission reduction.

Assume that the total cost of the enterprise is C, which mainly includes emission cost
C1 and human capital introduction cost C2, so:

C1 = e1l(Q∗(1 − s1l)) (16)

C2 = λδ1l (17)

δ1 is to measure the impact of environmental policy uncertainty on the cost of intro-
ducing human capital (δ1 < 0). Through the derivation of Equations (9)–(12), it can be
concluded that:

∂λ

∂l∗ =
2e1s1Q∗

δ1
< 0 (18)
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According to Formula (18), the uncertainty of environmental policy will inhibit the
improvement of enterprise human capital stock. The new economic growth theory states
that human capital can overcome the law of diminishing marginal returns on means of
production and then realize economic growth and enterprise emission reduction [28,29].
Therefore, environmental policy uncertainty can aggravate enterprises’ pollution emission
by inhibiting the increase in enterprises’ human capital.

2.1.3. Environmental Policy Uncertainty Worsens Pollution Emissions by Inhibiting
Foreign Investment

The production function is adjusted on the basis of Formula (1), and the meaning of
the letters remains unchanged. The specific function form is as follows:

F = AtGα
t Lβ

t Kt
1−α−β (19)

As foreign investment will increase the production and working capital of enterprises,
it is assumed that Kt is proportional to the foreign investment of enterprises, and the
specific function form is as follows:

Kt = d f + ζ (20)

The increase in foreign investment makes enterprises strict in the formulation of
environmental standards, and most multinational companies will implement international
environmental standards, thus reducing the pollution emissions of enterprises. The amount
of foreign investment is positively correlated with emission reduction, and s2 is the influence
coefficient of foreign investment on emission reduction (0 < s2 < 1). Foreign investment
can expand the production scale of enterprises to produce scale effect and reduce the
pollution emission cost of enterprises. e2 (0 < e2 < 1) is the proportion of foreign investment
affecting enterprise emission reduction cost, which is affected by both environmental policy
uncertainty and foreign investment income.

Assume that the total cost of the enterprise is C, which mainly includes emission cost
C1 and human capital introduction cost C2, so:

C1 = e2 f (Q∗(1 − s2 f )) (21)

C2 = λδ2 f (22)

δ2(δ2 < 0) is to measure the impact of environmental policy uncertainty on foreign
investment returns. Through the derivation of Equations (9)–(12), it can be concluded that:

∂λ

∂ f ∗ =
2e2s2Q∗

δ2
< 0 (23)

Increased foreign investment can significantly improve financial support for enter-
prises to reduce emissions. Additionally, foreign enterprises bring advanced emission
reduction technologies that facilitate the implementation of international environmental
standards in China. Moreover, by introducing green cleaning products from the home
country, foreign investment has a clean technology spillover effect on its upstream and
downstream industries, which is conducive to promoting emission reduction in domestic
enterprises. Therefore, environmental policy uncertainty can inhibit foreign investment
and aggravate the pollution emission of enterprises.

2.2. Mechanism Analysis

Currently, China’s economy is in a transition phase, and the government’s policy
environment is experiencing significant fluctuations. The main feature of this phase is
the increasing fluctuations and uncertainty of environmental policy. On the one hand,
advanced production and pollution discharge technologies require enormous human and
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material investment, whereas the positive externality of technological innovation reduces
the willingness of enterprises to invest in innovation. Additionally, environmental pol-
icy uncertainty intensifies the severe fluctuation of micro-enterprise performance, which
increases the difficulty of operation. Enterprise managers will avoid the uncertainty of
investment returns as much as possible because of their risk-averse and profit-oriented
mindset and pay more attention to short-term investment and investment with definite
returns. Then, they will reduce the investment in R&D [30]. Additionally, environmental
policy uncertainty reduces the willingness of enterprise managers to invest in innovation,
which lowers enterprise innovation ability [31]. On the other hand, the impact of such un-
certainty on the production and earnings of enterprises is unknown. Enterprises’ earnings
will also fluctuate because of the increased uncertainty of environmental policies. When the
fluctuation of enterprises’ earnings is high, information asymmetry between enterprises
and external investors increases accordingly, and creditors have difficulty predicting the
likelihood of recovery and may reduce their risk by raising loan rates, demanding guaran-
tees, or even not lending. Additionally, existing shareholders want to receive more cash
dividends in the case of unexpected circumstances caused by uncertainty, and potential
investors demand a higher risk premium, which leads to higher equity financing costs.
Therefore, the increased uncertainty of environmental policies increases the financing
difficulty of enterprises, forcing them to retain abundant cash to cope with the impact
of environmental policy uncertainties. The lack of funds reduces enterprises’ innovation
investment willingness. Therefore, an increase in environmental policy uncertainty inhibits
the improvement of enterprise innovation ability. Advanced green production technology
can improve the energy efficiency of enterprises, help enterprises break the constraints
of resources and environment, and promote the reduction in enterprise emissions. In
summary, this study proposes Hypothesis 1.

Hypothesis 1 (H1). Environmental policy uncertainty can inhibit the improvement of enterprises’
innovation ability and aggravate enterprises’ pollution emission.

When the uncertainty of environmental policy increases, it induces enterprise man-
agers to make investments with definite short-term benefits. The tendency of enterprises
to choose investment projects with higher risks and less obvious short-term returns will
be weakened. The human capital investment of enterprises has the characteristic of not
having an obvious income effect, and relative to other factors of production, human capital
adjustment cost is low [32]. In order to cope with the unknown situation brought by the
uncertainty of environmental policies, enterprises are more inclined to keep more cash to
withstand the unknown risks they may face, and enterprises will reduce the investment
in human capital. Human capital input is mainly divided into employee training and
employee health input. When enterprises reduce employee training input, it is difficult for
employees to improve their working skills. At the same time, in order to reduce expenses,
enterprises will also increase the labor supply time of employees. Employees are also faced
with the risk of being fired and income reduction, which damages the physical and mental
health of employees. As a result, the healthy human capital of employees is reduced. When
the health of employees is damaged, their enthusiasm to participate in labor will also be
reduced. Additionally, the more unstable the enterprise environment, the stronger the
mobility of employees, which also makes the implementation of internal control more
difficult. It is difficult to maintain the stock of human capital effectively and stably. As
an important aspect of economic and efficient green development, human capital plays
a significant role in breaking through the constraint of diminishing marginal returns and
maximizes resource utilization efficiency. On the one hand, human capital can reduce the
increase in pollution emissions caused by low-level labor. A high level of human capital
can guide the transformation of a low-skilled labor force to a high-skilled labor force and
optimize the human capital structure of enterprises [33]. On the other hand, it promotes
technological innovation for emission reduction and gives full play to the energy-saving
production advantages of products, thus maximizing resource utilization efficiency and
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reducing the enterprise pollution emission intensity [34]. In summary, this study proposes
Hypothesis 2.

Hypothesis 2 (H2). The uncertainty of environmental policy increases the pollution emission of
enterprises by inhibiting the increase in human capital stock of enterprises.

The fundamental purpose of foreign investments is profit. When the uncertainty of en-
vironmental policy increases, it becomes difficult to accurately predict the income of foreign
investment. To maximize interests and avoid risks, investors tend to invest in enterprises
with clear and stable returns; they may even reduce investments in domestic companies
because it is difficult to accurately control the risk of investment returns. The uncertainty of
environmental policies has aggravated the fluctuation of enterprise performance and raised
the financing difficulty of enterprises, which has hindered the production and operation of
domestic enterprises. In the case of uncertain returns, foreign enterprises further reduce
investment to reduce risks, so the increase in environmental policy uncertainty reduces
foreign investment. Foreign investment has been a key component of economic growth
and an important means of transferring modern technology and providing employment
to host countries. Especially in recent years, inflows of foreign investment have become
more important than international trade [35]. Foreign investment can not only increase
the formation of resources and capital, but more importantly, it is an important channel
for transferring production technology, entering new international markets, improving
production capacity, and reducing unemployment—these are even more important for
developing countries. Increased foreign investment has made companies more stringent in
setting environmental standards. Most multinational companies implement international
environmental standards, which reduce their emissions. Moreover, foreign investment
can expand the production scale of enterprises to produce a scale effect and reduce the
cost of pollution emission. Therefore, with the increase in foreign investment resulting in
the spillover of green production technology, the enterprise pollution emission intensity is
reduced [36]. In conclusion, this study proposes Hypothesis 3.

Hypothesis 3 (H3). Environmental policy uncertainty worsens pollution emissions by inhibiting
foreign investment.

2.3. Models, Variables, and Data
2.3.1. Research Model

To verify the impact of environmental policy uncertainty on enterprise productivity,
the benchmark model is set as follows:

eiijkt = β0 + β1epuijkt + β2Xijkt + λi + λj + λk + λt + εijkt (24)

i indicates the enterprise, j indicates the industry, k indicates the region, and t indicates
the year. The explained variable ei represents the pollution emission intensity of enterprises,
and the core explanatory variable epu represents the uncertainty of environmental policy.
Xijkt is the control variable. λi represents the firm fixed effect, λj represents the industry
fixed effect, λk represents the region fixed effect, and λt represents the year fixed effect. εijkt
is the random perturbation term.

2.3.2. Variable Selection
The Explained Variable Enterprise Pollution Emission Intensity

To measure the enterprise pollution emission intensity comprehensively and accu-
rately, in this study, the comprehensive index method was used. Based on data availability
and the harmfulness of pollutants, we mainly selected five individual indicators of indus-
trial wastewater: chemical oxygen demand, industrial waste gas, sulfur dioxide, smoke,
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and dust emissions to measure the intensity of enterprise pollution emission [37]. First, the
original data of these pollutant indicators are linearly standardized:

rpolnit =
polnit − minpolnit

maxpolnit − minpolnit
(25)

polnit represents the emission of pollutant n from enterprise i in phase t. Max and min
indicate the maximum and minimum emissions of pollutant n by all enterprises each year.
Second, the adjustment coefficient of enterprise i pollutant n is calculated:

wnit =
rpolnit
rpolnt

(26)

Then, rpolnt represents the average level of pollutant n discharged by all enterprises in
China. Finally, by combining Equations (25) and (26), the comprehensive index of pollution
emission of enterprise i can be obtained:

eiit =
1
6
(∑

n
rpolnit × wnit) (27)

The higher the value of ei, the greater the pollution emission intensity of the enterprise.

Core Explanatory Variable

The change in both external and internal environment increases the uncertainty of
environmental policy, which causes a fluctuation in the enterprise’s sales revenue [38].
Therefore, the uncertainty of environmental policy can be measured by the fluctuation
in the company’s sales income, and the standard difference in sales income can be used
to measure the uncertainty of environmental policy [39]. Ghosh and Olsen [40] used
the standard deviation of a company’s sales revenue to measure environmental policy
uncertainty to eliminate the natural sales income’s growth.

The ordinary least squares method was used in this study to estimate the abnormal
sales income of enterprises in the past three years.

Sale = ϕ0 + ϕ1Year + ε (28)

Sale is the sales revenue of the enterprise and Year is the year. If the participation
regression is the value of the past four years, then Year = 1; if participation regression
is the value of the past three years, then Year = 2, and so on. The regression residual of
Formula (28) is the abnormal sales revenue of the enterprise. The standard deviation of
abnormal sales revenue for the past three years is calculated, and the standard deviation by
is divided by the average sales revenue for the past three years to obtain the uncertainty of
environmental policy without industry adjustment. The calculated environmental policy
uncertainty is divided by the median of environmental policy uncertainty in the same
industry to obtain the environmental policy uncertainty (epu).

Moderating Variables

The moderating variables are enterprise innovation, human capital, and foreign in-
vestment. Enterprise innovation (iq) is measured by the total number of patents granted
per year; the existing literature suggests that employees without higher education are
usually not considered within the scope of human capital [41]. However, the Chinese
Industrial Enterprise Database only counted the educational level of employees in 2004,
so the proportion of employees with college degrees in 2004 was used to measure the
human capital of enterprises (rlzb). The amount of foreign investment in local enterprises
(100 million) was selected to measure foreign investment ( f i).
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Other Variables

The selection of control variables mainly includes enterprise labor productivity (lp):
to measure it, the total industrial value of the enterprise is divided by the total number
of employees (10,000/person); wage level (gzsp): to measure it, enterprise wages and
benefits are divided by the total number of employees (10,000/person); industrial structure
(is): it is measured by the ratio of regional secondary industrial output value to total
GDP; rationalization index (hlhzs): to measure it, the output value of each industry is
divided by the corresponding number of people to obtain the per capita output value of
each industry, and then the calculation results of each industry are added to obtain the
rationalization index of each region; the dummy variable of state-owned enterprises (s f gy):
1 for absolute state-owned holding, 0 for other cases; import and export enterprise (ex): if
the export delivery value of the enterprise is greater than 0, the ex value is 1; otherwise, 0;
enterprise size (qygm): if the number of employees exceeds 1000, the value is 1 for large
enterprises and 0 for small and medium enterprises; enterprise age (age): the enterprise age
is calculated by subtracting the establishment year from the current year; capital labor ratio
(zbld): to measure it, the total assets are divided by the number of workers (10,000/person);
industry category dummy variable (hy f l): industry category 0 indicates polluting industry,
and 1 indicates clean industry.

2.3.3. Data Source and Processing

The data source of this study was the combined data of the China Industrial Enterprise
Database, China Industrial Enterprise Pollution Emission Database, and China Patent
Database. The China Industrial Enterprise Database contains the information of all state-
owned enterprises and non-state-owned enterprises with an annual output value of more
than RMB five million in China, mainly including enterprise name, organization code,
legal representative, holding status, main business income, etc. The annual data volume
is as high as 340,000 pieces, and the content is detailed. The statistical output value of
enterprises accounts for more than 90% of the total output value of Chinese enterprises.
The pollution emission database of China’s industrial enterprises is the most reliable data
collected by the National Bureau of Statistics. It mainly collects statistics on enterprises
with serious pollution discharge in each region. The table primarily includes the enterprise
name, legal representative, organization code, wastewater, exhaust gas, and other pollution
discharge indicators. For the purpose of research, this study merged the above two kinds
of data. Firstly, the two kinds of data were processed according to the now commonly used
processing methods [42]. Second, the company name and year were matched with patent
data, and the matching data of the second and third steps were combined according to the
organization code and year, and the duplicate values were removed. The combined data
provided pollution emission information on enterprises with annual output values of more
than RMB five million. Finally, certain enterprises with business status, state-owned status,
enterprise size, industrial added value, or intermediate input missing, or negative values
were deleted.

The State Intellectual Property Office is the authoritative source of China’s Patent
Database, which mainly collects statistics on enterprises’ patent applications and autho-
rization over the years. The content of China’s Patent Database mainly includes the
enterprise name, organization code, invention patent, utility model patent, and design
patent. The data of the Chinese Patent Database, Chinese Industrial Enterprise Database,
and Chinese Industrial Enterprise Pollution Emission Database were combined using
the above-discussed matching method. Finally, the combined data of the Chinese Patent
Database, Chinese Industrial Enterprise Database, and China Industrial Enterprise Pol-
lution Emission Database were obtained. About 510,000 enterprises participated in the
empirical analysis.

As the latest statistical year of the China Industrial Enterprise Database is 2014, this
study used statistical data from 2002 to 2014 to conduct empirical regression. Table 1
shows the descriptive statistics of variables in this study. There is a significant difference
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in pollution emission intensity among enterprises, with the minimum value being 0.001
and the maximum value being 18.570. There is also substantial difference in environmental
policy uncertainty faced by enterprises, with the minimum value being 0.152 and the
maximum value being 16.350.

Table 1. Descriptive statistics of variables.

Variables Std. Dev Mean Min Max

ei 1.495 0.254 0.001 18.570
epu 1.877 1.589 0.152 16.350
lp 0.256 0.011 0.001 90.340

gzsp 1.002 0.048 0.001 261.200
is 0.220 0.816 0.494 3.662

hlhzs 0.139 0.216 0.017 0.932
iq 9.310 0.002 0.001 3093

rlzb 0.053 0.030 0.001 0.277
fi 0.173 0.155 0.001 0.718

3. Results

3.1. Basic Regression Results

Table 2 shows the results of stepwise regression. The uncertainty of environmental
policy significantly aggravates the intensity of enterprise pollution emission. On the one
hand, the increasing uncertainty of environmental policies aggravates the risks faced
by enterprises, which then tend to keep more cash to cope with possible shocks [43].
Enterprise pollution investment needs to introduce a large amount of advanced purification
equipment and environmental protection talents, but emission investment generally has
the characteristics of low early return and high risk. This further dissuades enterprises from
upgrading production emission technology and introducing human capital. On the other
hand, the increasing uncertainty of environmental policies makes it difficult for foreign
investors to accurately predict their investment returns. The operating and financial risks
of enterprises increase significantly, leading to the reduction in foreign investment and
the external financing ability of enterprises, and lowering the investment of enterprises
in sewage discharge equipment. Finally, the increase in environmental policy uncertainty
significantly intensifies the pollution emission intensity of enterprises.

Table 2. Stepwise regression results.

Variables
(1) (2) (3) (4) (5)

ei ei ei ei ei

epu 0.017 *** 0.017 *** 0.017 *** 0.017 *** 0.017 ***
(0.002) (0.002) (0.002) (0.002) (0.002)

lp 0.235 *** 0.302 *** 0.302 *** 0.302 ***
(0.016) (0.025) (0.025) (0.025)

gzsp −0.017 *** −0.017 *** −0.017 ***
(0.005) (0.005) (0.005)

is 0.191 *** 0.113 ***
(0.029) (0.031)

hlhzs −0.615 ***
(0.089)

Enterprise Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes

Time Yes Yes Yes Yes Yes
Reigon Yes Yes Yes Yes Yes

Obs 204,355 204,318 200,585 200,585 200,585
R-squared 0.040 0.041 0.042 0.042 0.042

Note: *** denote the significance at 1% levels.
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3.2. Heterogeneity Analysis
3.2.1. Enterprise Export Status Heterogeneity

We divided enterprises into exporting and non-exporting enterprises and investigated
whether the impact of environmental policy uncertainty on enterprise pollution emissions
is heterogeneous because of the different export statuses of enterprises. As can be seen from
Columns (1) and (2) of Table 3, the environmental policy uncertainty of both export and
non-export enterprises has a significant positive impact on enterprise pollution emission
intensity; however, the influence coefficient of non-export enterprises is greater than that
of export enterprises. On the one hand, export companies are forced to improve their
pollution techniques because their products are subject to stricter inspections abroad. On
the other hand, through “learning in export,” export enterprises obtain more advanced
sewage discharge technology and experience from abroad, which reduces the pollution
emission intensity of export enterprises. Therefore, environmental policy uncertainty has
little influence on the pollution emission intensity of export enterprises. However, the
relatively backward pollution discharge technology of non-export enterprises leads to
higher pollution discharge cost, and the pollution discharge of enterprises is significantly
affected by environmental policies. Therefore, when the uncertainty of environmental
policy increases, it impacts the pollution emission of non-export enterprises.

Table 3. Results of enterprise export status and size heterogeneity.

Variables

(1) (2) (3) (4)

Export
Enterprises

Non-Export
Enterprise

Big Companies
Small- and Medium-Sized

Enterprises

ei ei ei ei

epu 0.013 *** 0.017 *** 0.039 *** 0.003 **
(0.003) (0.002) (0.009) (0.001)

Control
variables Yes Yes Yes Yes

Enterprise Yes Yes Yes Yes
Industry Yes Yes Yes Yes

Time Yes Yes Yes Yes
Reigon Yes Yes Yes Yes

Obs 60,104 140,481 28,918 171,667
R-squared 0.020 0.051 0.115 0.038

Note: **, *** denote the significance at 5%, 1% levels, respectively.

3.2.2. Heterogeneity of Firm Size

Enterprises can be categorized as large- and small- and medium-sized enterprises
based on whether the number of employees exceeds 1000 according to the classification
standards of “Measures for The Classification of Statistically Large, Small and Medium-
sized Enterprises (2017).” We aimed to investigate whether the impact of environmental
policy uncertainty on enterprise pollution emissions is heterogeneous because of different
enterprise sizes. Columns (3) and (4) of Table 3 show that environmental policy uncer-
tainty has a greater impact on the pollution emission intensity of large enterprises. The
pollution emission intensity of large enterprises is generally higher than that of small- and
medium-sized enterprises. When the uncertainty of environmental policy increases, large
enterprises reduce their investment in emission reduction technologies and reserve more
cash to cope with possible shocks, because of which, their pollution emission increases.
Therefore, the pollution emission of large enterprises is greatly affected by the uncertainty
of environmental policy. Alternatively, small- and medium-sized enterprises have less
pollution emissions, and the increase in environmental policy uncertainty has less impact
on their pollution emissions.
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3.2.3. Enterprise’s Age Heterogeneity

Based on the median time of establishment, enterprises are divided into young and
old enterprises. Columns (1) and (2) of Table 4 show that environmental policy uncertainty
has a greater impact on the pollution emission intensity of young enterprises compared to
old enterprises. The establishment period of young enterprises is relatively short, and they
lack advanced sewage discharge equipment, abundant capital, and experience in dealing
with environmental policy uncertainty. Alternatively, old enterprises have relatively better
sewage discharge equipment, abundant sewage discharge capital, and greater experience
in dealing with environmental policy uncertainty. So, the impact of environmental policy
uncertainty on their pollution emission is less compared to that on young enterprises.

Table 4. Results of enterprise age and type heterogeneity.

Variables

(1) (2) (3) (4)

Younger
Enterprises

Older
Enterprises

Labor-Intensive
Enterprises

Capital-Intensive
Enterprises

ei ei ei ei

epu 0.018 *** 0.015 *** 0.002 0.031 ***
(0.003) (0.002) (0.002) (0.003)

Control
variables Yes Yes Yes Yes

Enterprise Yes Yes Yes Yes
Industry Yes Yes Yes Yes

Time Yes Yes Yes Yes
Reigon Yes Yes Yes Yes

Obs 87,389 126,015 99,995 100,590
R-squared 0.026 0.058 0.031 0.048

Note: *** denote the significance at 1% levels.

3.2.4. Enterprise’s Type Heterogeneity

Based on the median capital labor ratio of enterprises, they are categorized as labor-
intensive and capital-intensive enterprises. Columns (3) and (4) of Table 4 show that
environmental policy uncertainty has a significantly positive impact on enterprise pollu-
tion emission intensity in the case of capital-intensive enterprises, but not in the case of
labor-intensive enterprises, in which environmental policy uncertainty has no significant
impact on enterprise pollution emission intensity. As labor-intensive enterprises are mostly
light industrial enterprises, their pollution emission intensity is relatively low. Alterna-
tively, capital-intensive enterprises, which are mostly heavy industrial enterprises, have
higher pollution emission intensity and are significantly affected by the uncertainty of
environmental policy. Therefore, when environmental policy uncertainty changes, it has
a greater impact on the pollution emission intensity of capital-intensive enterprises than
labor-intensive enterprises.

3.2.5. Enterprise’s Ownership Heterogeneity

Enterprises are divided into state-owned and non-state-owned enterprises depending
on whether they are state holding enterprises or not. Columns (1) and (2) of Table 5
show that the uncertainty of environmental policy has a greater impact on the pollution
emission intensity of state-owned enterprises, but a smaller impact on that of non-state-
owned enterprises. As profits or emission reduction in state-owned enterprises are mostly
affected by national policies, when the uncertainty of environmental policy changes, it
has a significant impact on the pollution emission intensity of state-owned enterprises.
Alternatively, non-state-owned enterprises are owned by private enterprises and foreign-
funded enterprises, and their pollution emission intensity is less affected by environmental
policy uncertainty.
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Table 5. Results of enterprise ownership and industry category heterogeneity.

Variables

(1) (2) (3) (4)

State-Owned
Enterprises

Non-State-Owned
Enterprises

Clean Industry
Polluting
Industries

ei ei ei ei

epu 0.044 *** 0.004 *** 0.016 *** 0.018 ***
(0.007) (0.002) (0.005) (0.002)

Control
variables Yes Yes Yes Yes

Enterprise Yes Yes Yes Yes
Industry Yes Yes Yes Yes

Time Yes Yes Yes Yes
Reigon Yes Yes Yes Yes

Obs 35,504 165,079 36,518 164,067
R-squared 0.069 0.023 0.123 0.022

Note: *** denote the significance at 1% levels.

3.2.6. Industry Category Heterogeneity

Companies are divided into clean and polluting enterprises according to their industry.
Columns (3) and (4) of Table 5 show that the uncertainty of environmental policy has
a smaller impact on the pollution emission intensity of clean enterprises compared to
polluting enterprises. As most clean enterprises are light industry and handicraft industry
enterprises, their environmental pollution emission intensity is low; so, when the uncer-
tainty of environmental policy increases, this has an insignificant impact on the pollution
emission intensity of clean industry enterprises. However, the pollution emission inten-
sity of enterprises in polluting industries is high. When the government’s environmental
regulation intensity is low, the pollution emission of enterprises is high, and when the
government’s environmental regulation intensity is high, enterprises reduce their pollution
emission. Therefore, when the uncertainty of environmental policy increases, it has a
greater impact on the pollution emission intensity of enterprises in polluting industries.

3.2.7. Region heterogeneity

China is divided into eastern, central, and western regions to study whether the
environmental policy uncertainty in different regions has different effects on enterprises’
pollution emission intensity. The results are shown in Table 6. Due to the better economic
foundation in the eastern region, the government will force enterprises to update pollution
equipment when the intensity of environmental regulation increases. Then, enterprises
recruit a large number of scientific and technological innovative talents, so the enterprises’
pollution emission technology in the eastern region is more advanced. At the same time,
some polluting enterprises in the eastern region choose to migrate to the neighboring
central region due to the increase in emission costs, so the enterprises’ pollution emission
intensity in the central region is more serious. When environmental uncertainty is increased
due to the policy change, its impact on the enterprises’ pollution emission intensity in
the eastern region is low. On the one hand, the central region undertakes the transfer of
polluting enterprises in the eastern region, so the enterprises’ pollution emission intensity
in the central region is higher. When the government’s environmental regulation intensity
is low, the pollution emission intensity increases. When the government’s environmental
regulation intensity increases, enterprises have to reduce the pollution emission intensity.
Therefore, the change in environmental policy uncertainty in the central region has a
greater impact on the pollution emission intensity. The development of the western region
is relatively backward, and the economy mainly depends on resource extraction enterprises,
which leads to high pollution emission intensity. Due to the inherent production nature
and enterprises’ development environment, it is difficult to reduce the pollution emission
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intensity in the western region. Therefore, when environment policy uncertainty increases,
the change in pollution emission intensity in the western region is still low.

Table 6. Results of enterprise ownership and industry category heterogeneity.

Variables

(1) (2) (3)

Eastern Region Central Region Western Region

ei ei ei

epu 0.013 *** 0.031 *** 0.015 ***
(0.002) (0.006) (0.007)

Control variables Yes Yes Yes
Enterprise Yes Yes Yes
Industry Yes Yes Yes

Time Yes Yes Yes
Reigon Yes Yes Yes

Obs 127,373 38,521 34,691
R-squared 0.032 0.044 0.036

Note: *** denote the significance at 1% levels.

3.3. Robustness Test
3.3.1. Transform Core Explanatory Variables

In this section, the uncertainty of environmental policy is re-measured to verify
whether its impact on enterprise pollution emission intensity is robust. The previous
article mainly refers to the Ghosh and Olsen [40] algorithm. Environmental policy uncer-
tainty is calculated based on abnormal sales income and standard deviation in the past
three years. In this section, three years of calculation are raised to five years, and the same
method is used to measure environmental policy uncertainty (epu1). Stepwise regression
results are shown in Table 7. It can be seen that the environmental policy uncertainty still
has a significant positive effect on the pollution emission intensity of enterprises, indicating
that this study’s conclusions are robust and reliable.

Table 7. Change the core explanatory variable—environmental policy uncertainty.

Variables
(1) (2) (3) (4) (5)

ei ei ei ei ei

epu1 0.014 * 0.015 * 0.015 * 0.014 * 0.015 *
(0.008) (0.008) (0.008) (0.008) (0.008)

lp 0.343 *** 0.316 *** 0.316 *** 0.315 ***
(0.035) (0.047) (0.047) (0.047)

gzsp 0.013 0.013 0.013
(0.015) (0.015) (0.015)

is 0.152 *** 0.032
(0.059) (0.063)

hlhzs −1.221 ***
(0.226)

Enterprise Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes

Time Yes Yes Yes Yes Yes
Reigon Yes Yes Yes Yes Yes

Obs 64,776 64,763 62,785 62,785 62,785
R-squared 0.038 0.040 0.041 0.041 0.041

Note: *, *** denote the significance at 10%, 1% levels, respectively.

3.3.2. Transform the Interpreted Variable

The pollution emission intensity of enterprises mentioned above was measured using
the comprehensive index method. In this section, five single pollution emissions of enter-
prises are used to measure the pollution emission intensity of enterprises. The regression
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results are shown in Table 8. It can be seen that environmental policy uncertainty still
significantly promotes the improvement of the pollution emission intensity of enterprises,
indicating that the conclusions of this study are robust and reliable.

Table 8. Change the explained variable—pollution emission intensity of enterprises.

Variables

(1) (2) (3) (4) (5)

Discharge of
Industrial

Wastewater

Chemical
Oxygen
Demand

Emissions

Total
Industrial
Exhaust

Emissions

Sulfur
Dioxide

Emissions

Smoke and
Dust

Emission

epu 1.312 *** 0.370 ** 0.934 *** 1.188 *** 5.889 ***
(0.337) (0.180) (0.172) (0.204) (1.713)

Control
variables Yes Yes Yes Yes Yes

Enterprise Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes

Time Yes Yes Yes Yes Yes
Reigon Yes Yes Yes Yes Yes

Obs 177,652 192,764 82,159 191,119 147,529
R-squared 0.005 0.016 0.108 0.066 0.037

Note: **, *** denote the significance at 5%, 1% levels, respectively.

3.3.3. Eliminate the Sample of Entering and Exiting Enterprises

The entry and exit of enterprises in the sample period interferes with the impact
of environmental policy uncertainty on enterprise pollution emissions. Therefore, this
section deletes entering and exiting enterprises in the sample period for robustness tests.
The regression results are shown in Column (1) of Table 9. The influence coefficient of
environmental policy uncertainty on enterprise pollution emission intensity is significantly
positive, indicating that the research conclusions in this study are robust and reliable.

Table 9. Regression results of eliminate the entry and exit samples, adjust the sample period and Winsor.

Variables

(1) (2) (3) (4) (5)

Eliminate
Entry Exit

Sample
2012–2014

Delete the Time
Dummy
Variable

Winsor
Add

Variable L.ei

ei ei ei ei ei

epu 0.008 *** 0.046 *** 0.017 *** 0.018 *** 0.018 ***
(0.002) 0.004 (0.002) (0.002) (0.005)

Control
variables Yes Yes Yes Yes Yes

Enterprise Yes Yes Yes Yes Yes
Industry Yes Yes Yes Yes Yes

Time Yes Yes Yes Yes Yes
Region Yes Yes Yes Yes Yes

Obs 172,969 65,163 200,585 200,585 32,153
R-squared 0.048 0.031 0.042 0.047 0.039

Note: *** denote the significance at 1% levels.

3.3.4. Change Sample Period and Delete the Time Dummy Variable

In this study, macro-variables were controlled to eliminate the influence of time factor
on empirical results, but time factors may still have had an impact on the results. Robustness
was analyzed from two perspectives. (1) The sample period of this study was 2002–2014.
The State Environmental Protection Administration set up six inspection centers in 2006.
The Environmental Protection Law was introduced in 2008, and ecological progress was
proposed at the 18th National Congress of the Communist Party of China in 2012. To
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control the influence of these factors, only samples from 2012 to 2014 are used for regression
in this section. (2) We considered deleting the time dummy variable and substituting the
rest of the dummy variables into the regression model to control the influence of the time
effect. The results are shown in Columns (2) and (3) of Table 9. The influence coefficient of
environmental policy uncertainty on enterprise pollution emission intensity is significantly
positive, indicating that the conclusions of this study are robust and reliable.

3.3.5. Deleting Outliers

To eliminate the influence of outliers on regression results, variables were treated
with Winsor at the level of 1%. The regression results are shown in Column (4) of Table 9.
The influence coefficient of environmental policy uncertainty on enterprise pollution emis-
sion intensity is significantly positive, indicating that the research conclusions are robust
and reliable.

3.4. Endogeneity Test

As environmental policy uncertainty is caused by the fluctuation of national macro-
policy, and the micro-behavior of individual enterprises can hardly affect the macro-
environmental policy, there is almost no reverse causality between enterprise pollution
emissions and environmental policy uncertainty. Additionally, the fixed effects of enter-
prises, industries, regions, and years are strictly controlled in the empirical analysis of this
study, which effectively avoids the endogenous problems caused by omitted variables.
As eliminating the lag term of enterprise pollution emission intensity may affect the re-
sults, referring to Fang et al. (2015), this study added the variable L.ei into the regression
Formula [43]; the results are shown in Column (5) of Table 9. The significance of the
explanatory variables remains unchanged.

3.5. Mechanism Analysis

Based on the above theoretical analysis, environmental policy uncertainty can affect
the pollution emission intensity of enterprises in three ways: enterprise innovation, human
capital, and foreign investment. This section empirically tests the impact of environmental
policy uncertainty on enterprise pollution emission intensity through these three channels.
The specific model is as follows:

eiijkt = β0 + β1epuijkt + β2iqijkt + β3epuijkt · iqijkt + β4Xijkt + λi + λj + λk + λt + εijkt (29)

eiijkt = β0 + β1epuijkt + β2rlzbijkt + β3epuijkt · rlzbijkt + β4Xijkt + λi + λj + λk + λt + εijkt (30)

eiijkt = β0 + β1epuijkt + β2 f iijkt + β3epuijkt · f iijkt + β4Xijkt + λi + λj + λk + λt + εijkt (31)

Formula (29) shows that environmental policy uncertainty affects enterprise pollution
emission intensity through firm innovation, Formula (30) shows that environmental policy
uncertainty affects enterprise pollution emission intensity through human capital, and
Formula (31) shows that environmental policy uncertainty affects enterprise pollution
emission intensity through foreign investment. The regression results are shown in Table 10.

Table 10. Mechanism test results.

Variables
(1) (2) (3)

ei ei ei

epu 0.017 *** −0.002 0.021 ***
(0.002) (0.032) (0.003)

iq 0.172 ***
(0.035)
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Table 10. Cont.

Variables
(1) (2) (3)

ei ei ei

epu·iq −0.017 *
(0.009)

rlzb 5.088 ***
(1.445)

epu·rlzb −1.826 **
(0.710)

fi −0.248 ***
(0.067)

epu·fi −0.021 **
(0.010)

Control variables Yes Yes Yes
Enterprise Yes Yes Yes
Industry Yes Yes Yes

Time Yes Yes Yes
Reigon Yes Yes Yes

Obs 200,585 622 200,585
R-squared 0.043 0.140 0.043

Note: *, **, *** denote the significance at 10%, 5%, 1% levels, respectively.

3.5.1. Enterprise Innovation

The purpose of enterprise investment is profit maximization. With an increase in
environmental policy uncertainty, the silent risk of enterprise investment and innovation
also increases. Moreover, innovation investment is a project with high risk and a long
cycle, so enterprise innovation investment needs sufficient capital guarantee. When the
uncertainty of the environmental policy facing enterprises increases, the uncertainty of en-
terprise innovation investment income increases, and to reduce risks, enterprise managers
decrease investment in innovation. This lowers the innovation capacity of enterprises. As
can be seen from Column (1) of Table 10, the interaction coefficient between environmental
policy uncertainty and enterprise innovation is significantly negative. It reveals that envi-
ronmental policy uncertainty aggravates enterprises’ pollution emission by inhibiting the
improvement of enterprises’ innovation ability. Thus, Hypothesis 1 is verified.

3.5.2. Human Capital

According to the classical financial theory, when an enterprise faces greater uncertainty
in the external environment, it reserves more cash to cope with unknown shocks [44]. When
the uncertainty of environmental policy increases, enterprises expect that financing in the
capital market will be full of difficulties, the human capital input of enterprises has the
characteristics of longer term and less obvious income, and the adjustment cost is lower
than other factors of production. Therefore, enterprises decelerate the introduction of
human capital to retain more cash to cope with unknown impacts of environmental policy
uncertainty, which reduces the human capital stock of enterprises. Additionally, when
the environmental uncertainty of enterprises increases, enterprises tend to reduce their
operating costs in order to retain more cash to face possible future shocks. It is common for
enterprises to lay off employees, increase the labor supply time of employees, and reduce
salaries. Employees are faced with reduced income and increased labor intensity, which
will further increase the incidence of disease, thus damaging the healthy human capital of
employees. Column (2) of Table 10 shows that the interaction coefficient of environmental
policy uncertainty and human capital is significantly negative, indicating that environmen-
tal policy uncertainty aggravates enterprise pollution emissions by inhibiting the increase
in enterprise human capital stock. Thus, Hypothesis 2 is verified.
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3.5.3. Foreign Investment

The change in external environment is an important factor affecting foreign investment,
the main purpose of which is profit. When the uncertainty of investors’ profit expectation
increases, the opportunity cost of enterprise investment also increases, and foreign capital
flows to projects with more definite investment returns. Therefore, the increased uncer-
tainty of environmental policy reduces foreign investment expectations. Column (3) of
Table 10 shows that the interaction coefficient between environmental policy uncertainty
and foreign investment is significantly negative, indicating that environmental policy uncer-
tainty aggravates enterprises’ pollution emissions by inhibiting foreign investment. Thus,
Hypothesis 3 is verified.

4. Discussion

Based on the combined data of the China Industrial Enterprise Database, China
Industrial Enterprise Pollution Emission Database, and China Patent Database from 2002 to
2014, we empirically analyzed the impact of environmental policy uncertainty on enterprise
pollution emission.

4.1. Contribution

The marginal contributions of this study are as follows: First, at the research level, the
existing literature mainly discusses the impact of environmental regulations on regional
environmental pollution emissions from a macro-perspective; the micro-viewpoint is
the basis and key to understand the macro-perspective. From the perspective of micro-
enterprises, this study was mainly based on the Chinese Industrial Enterprise Pollution
Emission Database, and chemical oxygen demand, industrial waste gas, sulfur dioxide,
smoke, and dust emissions were selected to measure the intensity of enterprise pollution
emission. The composite index method makes the measurement result closer to the real
enterprise pollution emission intensity. It also systematically discusses the influence of
environmental policy uncertainty on enterprise pollution emissions to further refine the
existing research and establishes the micro-basic cognition of the relationship between
environmental policy uncertainty and enterprise pollution emissions. Thus, it makes up
for the deficiencies of existing research in the field of micro-enterprises.

Second, in terms of research content and perspectives: (1) from the perspective of in-
creasing environmental policy uncertainty, this article discussed the impact and mechanism
of environmental policy uncertainty on enterprise pollution emissions and provides a new
research perspective for enterprise pollution emissions; and (2) there is often summing bias
in regional summing data, which may cover up or change the real relationship between
variables in empirical tests, and as macro-research ignores the heterogeneity of enterprises,
it is difficult to investigate how enterprises’ emission reduction behaviors with different
characteristics respond to environmental policy uncertainties. This article discussed the
heterogeneity of enterprise export status, enterprise size, enterprise age, enterprise type,
enterprise ownership, and enterprise industry category, which helps to form a compre-
hensive understanding of the relationship between environmental policy uncertainty and
enterprise pollution emissions.

Third, regarding the mechanism of action, the existing literature on the mechanism of
enterprise emission reduction is increasingly mature. However, from a new perspective of
environmental policy uncertainty and micro level, the effectiveness of these mechanisms
is questionable. Based on the theoretical model, this study revealed that environmental
policy uncertainty affects enterprise pollution emissions through three channels: tech-
nological innovation, human capital, and foreign investment. It further deepened the
understanding of the complete logical chain of environmental policy uncertainty to enter-
prise pollution discharge.

Forth, ordinary least squares was selected as the analysis method, and the interference
of time, industry, region, and individual was controlled, so that the correlation coefficient
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between environmental policy uncertainty and enterprise pollution emission intensity was
closer to the reality.

4.2. Limitations

The research still has certain limitations and should be further deepened. First, in
view of the limitations of research methods, this paper selected panel data to analyze the
heterogeneity of the Enterprise Pollution Emission Intensity and influencing factors in
China; however, it lacked an analysis of the dynamic evolution of space. In the future,
appropriate research methods will be selected to conduct a more in-depth spatial dynamic
analysis of the Enterprise Pollution Emission Intensity. Second, since the latest data were
only collected in 2014, if there are updated data in the future, we will further update the
data in the following study.

5. Conclusions

Based on the combined data of the China Industrial Enterprise Database, China
Industrial Enterprise Pollution Emission Database, and China Patent Database from 2002 to
2014, we empirically analyzed the impact of environmental policy uncertainty on enterprise
pollution emission. The results show that:

First, the impact of environmental policy uncertainty on enterprise emission reduction
was discussed theoretically and empirically. Second, the heterogeneity of environmental
policy uncertainty on enterprise pollution emission was discussed from the perspectives
of enterprise export status, enterprise size, enterprise age, enterprise type, enterprise
ownership, enterprise industry category, and different region. Finally, we empirically
examined whether environmental policy uncertainty can increase enterprise pollution
emissions by inhibiting enterprise innovation, human capital, and foreign investment.

The conclusions of this study are as follows: (1) The uncertainty of environmental
policy significantly intensifies the pollution emission intensity of enterprises and aggra-
vates regional environmental pollution. (2) Environmental policy uncertainty intensifies
enterprises’ pollution emission intensity through three transmission channels: enterprise in-
novation, human capital, and foreign investment. In other words, environmental policy un-
certainty intensifies enterprises’ pollution emission intensity by inhibiting the improvement
of their innovation ability, reducing their human capital stock, and discouraging foreign
investment. (3) Environmental policy uncertainty has significant heterogeneity on enter-
prise pollution emissions, that is, environmental policy uncertainty has a greater impact on
non-export enterprises, large enterprises, young enterprises, capital-intensive enterprises,
state-owned enterprises, and enterprises in polluting industries and central regions.

Policy Enlightenment

The conclusions of this study have enlightening significance for the adjustment of envi-
ronmental policy and enterprise green transformation. (1) The government should give full
play to the decisive role of the market in resource allocation, strengthen macro-regulation,
and reduce uncertainties in environmental policies. Currently, China needs enormous
external capital, new talent, and green technology to promote economic transformation
and upgradation. The government should build a stable economic environment to help
enterprises acquire foreign capital, advanced technology, and new talents, and accelerate
the transformation or elimination of high-pollution, high-consumption enterprises. (2) The
government should construct a stable and efficient compound environmental regulation
policy system. Although the government’s environmental regulation measures can curb
pollution emission by enterprises, the frequent introduction of environmental policies
increases environmental policy uncertainty, which inhibits enterprise innovation, human
capital, and foreign investment. Therefore, the government should maintain the sustain-
ability of local environmental regulation policies, effectively promote the coordination and
cooperation of heterogeneous environmental regulation tools, and reduce the negative
impact of environmental policy uncertainty on enterprise emission reduction. (3) In the
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process of policy formulation and implementation, the government needs to further refine
specific measures. Due to the significant heterogeneity of environmental policy uncertainty
on enterprise pollution emission, the government needs to formulate detailed measures. As
such, we will focus on monitoring pollution emissions of non-export enterprises and small
enterprises, so as to minimize the negative impact of environmental policy uncertainty on
enterprise emission reduction. In general, this study introduced a new research perspective
and microscopic evidence for the green transformation development of Chinese enterprises.
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