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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 1
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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.
PHiet = Bo + B1USct + 11 Xir + Te + we + €ct 1)

MH;e; = B+ B1USct + 11 Xit + Tc + wi + €t ()

where the subscript i represents different individuals, ¢ denotes city, and  denotes waves
of survey. 7. and w; refer to the city fixed effects and time fixed effects, respectively.
PHj.; and MH; represent the physical and mental health status of respondent i living
in city c for the tth waves of survey. US. represents the degree of urban sprawl in city
cin 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 PH; 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

v



IJERPH 2021, 18, 10181

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 US,;, the higher the degree of urban sprawl.

Act — At / (Pt — Pey—1)

USe =
‘ Act—l Pct—l

©)
where A refers to the built-up area at time f, and P, refer to the population within the
study area at time .

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
Score of the short form of the Center for
Mental health . . . . . 9435 7.160 5.757 0 30
Epidemiological Studies Depression scale
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 §eparated, dlvprced, widowed, and never 9803 0135 0342 0 1
married; 1 for married
Education 0 for less than lower second'ary educ‘atilon, 1 for 9803 0156 0363 0 1
upper secondary and vocational training
Education 2 0 f0‘r less than llower secondary education, 1 for 9803 0.035 0183 0 1
tertiary education
Employment 0 for unemployed,-retlred, or never worked; 1 9803 0536 0.499 0 1
for currently working
Health behavior variables
Smoke 0 for never having smoked; 1 for ever smoking 9803 0.404 0.491 0 1
0 for never having an alcoholic drink in the
Drink past; 1 for having had an alcoholic drink in 9803 0.428 0.495 0 1




IJERPH 2021, 18, 10181

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
Hheoresd 0 for ru.) child co.—re51de§s with respondent; 1 for 9803 0.549 0.498 0 1
any child co-resides with respondent
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 0.017 *** 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,



IJERPH 2021, 18, 10181

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.

Effects of Urban Sprawl on Specific Diseases

[
\

Cancer L A
\

High blood pressure —Teo—
Diabetes I—;—O—l
Dyslipidemia - l-‘y—O—i
Heart problem - *—L—C—'
Stroke L 1 ®
Asthma H—:l
Lung disease —t——

Liver disease -
Kidney disease 1 ——————&—+——1

\
Stomach/digestive disease } ——
Avrthritis } —e—
T ‘I T T T T
-0.02 0 0.02 0.04 0.06 0.08

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.

Effects of Urban Sprawl on Mental Health

Feeling depressed

Feeling everything an effort -

Feeling sleep was restless '—#—i

Being happy - r—:—0—|
Feeling lonely : A
I
Being bothered by little things '—ﬂl—'
Inability to get going i:—’—l
I
Having trouble keeping their mind I —e—
on what they are doing [
Feeling hopeful about the future - '—OJl—l
I
Feeling fearful —t—A

|
T I T T
-0.01 -0.005 0 0.005 0.01 0.015 0.02

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.

P:hysical Health :Mental Health
Female : ——— Female : ———
Male ; — Male ;—0—«
-0.01 (:) 0.01 0.02 -0.01 (:) 0.01 0.02

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

F’hysicall Health Mentall Health
Under 55 — e Under 55 e
55-64 o 55-64 ———
65-74 f——— 65-74 P
Over 75 C§ Over 75 o :
-001 0 001 002 -001 0 0.01 0.02

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.
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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.

Ppysical Health Mental Health

Low income E—Q— Low income -—E—Q—-
Middle income é —— Middle income E —_—
High income P High income P——
-0.01 0 0.01 0.02 -0.01 0 0.01 0.02

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

10
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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 PM 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 PM; 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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Before the release of empirical report Greening ratio

Distance to the SFT

After the release of empirical report

Negative influence:
Polluted air accumulates in the
area near the SFT;

H2

Decreasing effect
on the WTP

Noises;
Electromagnetic radiation

H1
The WTP for clean air

Positive influence: Increasing effect
Clean air on the WTP

{Dis‘fance to the SF'I]———[ Positive influence

The WTP for clean air

Increasing effect
on the WTP

H4
Accessibility

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:

k
HOUPRI;; = &+ B1DISTAN; + BoDISTAN? + Y it + dummy g @
i=1

]
+dummyy ginegs + dummeear + dummyq,q,n + €t

In Equation (1), HOUPRI;; represents the housing price of neighborhood i at quarter t.
DISTAN| is the linear distance from neighborhood i to the SFT, and DISTAN;? is the square
of the distance. xjj; 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). dummy,,. is the dummy variable for the loop line
of the neighborhood, dummyy,giness is the dummy variable for the business district of the
neighborhood, dummyyeay is the dummy variable for the built year of the neighborhood,
and dummysgeason is the dummy variable for the season. « is the constant term, 3; and i
are the coefficients to be estimated, and ¢j; 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):

HOUPRI;, =  + B, (DISTAN; x GRERAT;) + B, (DISTAN; x GRERAT; )
k
(2)

+Zijijt + dummYCircle + dummYbusiness + dummeear + dummYseason + Eit
=1

where GRERAT; 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:

k k
HOUPRI; = « + BDISTAN; + ) 'n;(DISTAN; X Xjit) + Y ¥jXijt ®
=1 =1

+dummyarcle + dummYbusiness + dummeear + dummYseason + &t

where DISTAN; X xij is the interaction term of the distance and convenience variables,
and (3 and nj; 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/m? 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 4481 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 224 2.565 0 11
SECRIN Whether located within the second ring 0.01 0.09 0 1

(Yes =1, No =0)

Whether located between the second and
SECTHI third ring (Yes = 1, No = 0) 0.21 0.410 0 1
BEYTHI Whether located outside of the third ring 077 0422 0 1

(Yes =1, No =0)

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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Housing prie (unit: Yuan/m2)

4
14,500.00

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.
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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)
DISTAN? —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)
dummYbusincss 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 x GRERAT 0.00566 *** 0.00221 * 0.00328 ** 0.00299 ***
(0.00080) (0.00124) (0.00131) (0.00115)
(DISTAN x GRERAT)? ~ —0.02955 *** —0.01698 *** —0.02256 *** —0.02216 ***
(0.00385) (0.00577) (0.00607) (0.00529)
Control Variables Yes Yes Yes
dummYbusincss 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)
DISTAN? —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
dummy e 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 x BUSTOP 0.06071 0.15067 * 0.17054 * 0.20703 **
(0.07273) (0.08189) (0.08824) (0.09046)
DISTAN x SUPMAR 0.06140 —0.04347 —0.05022 0.01202
(0.07566) (0.10260) (0.10270) (0.10528)
DISTAN x RESTAU —0.01030 —0.00983 —0.01281 —0.01796 *
(0.00745) (0.00802) (0.00945) (0.00966)
DISTAN x BANK 0.03497 *** 0.03732 *** 0.03732 *** 0.03154 **
(0.01145) (0.01425) (0.01418) (0.01428)
DISTAN x PARK —0.01574 0.03306 0.02737 0.02981
(0.03286) (0.03961) (0.04058) (0.04123)
DISTAN x SCHOOL —0.03510 *** —0.00842 —0.00324 0.00033
(0.01153) (0.01516) (0.01748) (0.01741)
DISTAN x HOSPIT —0.02443 —0.02850 —0.02503 —0.00511
(0.02905) (0.03624) (0.03652) (0.03717)
Control Variables Yes Yes Yes Yes
dummyy,giness Yes Yes Yes Yes
dummyyear Yes Yes Yes
dummyseason Yes Yes
dummy e 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 (dummysgeason) 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 Al. Definition and descriptive statistics of the dummy variables not included in Table 1.
Variable Definition Unitor Coding Mean St. Dev. Minimum Maximum
520173 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
520179 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
520183 Whether it is the first quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
520186 Whether it is the second quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
520189 Whether it is the third quarter of 2018. (Yes = 1, No = 0) — 0.13 0.331 0 1
5201812 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 - 0.08 0277 0 1
(Yes =1, No =0)
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 _ 0.01 0.09 0 1
(Yes=1,No=0)
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 Al).

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,{j = x,]m—m(xl]) (1)

max(x;j) — min(x;;)

o , max(x;j) — Xjj

Negative indicator : xj; = max(x;) — min(x) 2)

gl gl
where x;; is the original value of the i-th evaluation object corresponding to the j-th index;
xl/»j is the standardized value; max(x;j) and min(x;;) are the maximum and minimum values

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

n
61‘ =—k Z P,‘]‘]I’lpi]' (3)
i=1

n
where k = 1/In(n), n is the sample size and P;; = x,/-j/ Y xfj.
i=1

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

m
Sz' = Z ZUj X x;] (4)
j=1

where w; = represents the weight of index j; d; =1 —¢;.

d/
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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:fykln( )+Zyk y i (y’/yk> ®)
ng/n g Uk 1/ny

k=1 k=1

where T, Tg, and Tyy 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 g, (K =1, 2, 3); ny is the number of cities in group K; yj is the ratio of the
URI in group K to that in the YRB; and y; 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:

nZ Ly Iy Wii(xi = %) (x — %)
in1 L1 Wi Xy (% — %)

©)

where 7 is the number of research cities; 7 and j are two different research cities in the
region; x; and xj are the average values of the URI of city i and j, respectively; and ¥ is the
average value of the URI of all cities. Wj; is the spatial weight matrix: if i and j are adjacent,
then Wj; is 1, but if not, then W;; = 0. The range of I is [—1, 1], and when I > 0, it indicates
posmve 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:

1—E(I)

zh = Var(l)

@
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:

2?:1,,‘:1 Wij(x; — x) (x — x)

I = @

®)

where [; is the local Moran’s I index of the i-th city and S? = % i (x— Y)z; 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
URISs 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 g value. The
formula is:

1 L
q:lfW}ENhaﬁ )

where g is the interpretive intensity of the influence factor on the URI with a range of [0, 1],
and the larger the g 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 g is, so the
interpretation of urban resilience is stronger; & is the stratification of factor X or variable Y;
N is the sample size and N}, is the number of cities in layer; and ¢ and a]f are the variances
of the whole area and / area, respectively.

Interaction detection is used to identify the interaction between different influencing
factors X; and X j- It can evaluate whether the factors X; and X ; 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.

0

|

Legend

* City I:l Downstream

Yellow River I:I Upstream
l:l Midstream I:l No dala

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.

Intraregional Difference Interregional Difference
Year ~ Comprehensive Contribution  Contribution ~ Contribution  Contributi
Difference Upstream Midstream  Downstream on Vn ution ontribution ontribution ontribution

alue Rate Value 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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(a) 2011

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.

(b) 2014

Legend I:l Low resilience I:l Mid-low resilience - Mid-high resilience - 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 URL

Z

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.

Moran’s I
Year 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 L-L L-H H-L
Weifang, Yantai, Zibo, Guyuan, Pingliang, Tianshui, Bavannaoer. Shizuishan
2011 Binzhou, Hohhot, Qingyang, Nanyang, Zhoukou, . 4 e ’ Lanzhou
¢ Xinzhou, Rizhao
Baotou Zhumadian
Weifang, Yantai, Zibo, Guyuan, Pingliang, Tianshui, Bayannaoer, Shizuishan, .,
2014 Hohhot, Baotou Luohe, Nanyang, Zhumadian Xinzhou, Binzhou, Rizhao Lanzhou, Xi’an
. - Guyuan, Pingliang, Tianshui, .
2016 Weifang, Y&,mt.al' Zibo, Luohe, Nanyang, Zhoukou, B.ayannaoer,v szh.ou, Lanzhou, Xi’an
Baotou, Shizuishan . Binzhou, Laiwu, Rizhao
Zhumadian
2018 Weifang, Yantai, Zibo, Guyuan, Pingliang, Tianshui, Bayannaoer, Shizuishan, Lanzhou
Binzhou, Baotou Nanyang, Zhoukou, Zhumadian Rizhao ”

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 (x7), fiscal revenue/GDP(x3), per capita retail
sales of consumer goods (x4), urban population/total population (xs), financial institution
deposit balance /loan balance (x;), total import and export/GDP (x7), and technology and
education expenditure/GDP (xg) 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 (x1;). 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 (g) (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 URL

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
Xg 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
X1 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 MNxp 0.6304 x3 MNxq 0.6274 x3 MNxp 0.6679 x3 MNxp 0.6490
xXq N X 0.9326 xXq N X3 0.8677 xXq N X1 0.8375 xXq N X1 0.7714
X4 N X3 0.9393 X5 M X1 0.7629 xXq N X 0.8247 xXq N X3 0.7264
X5 M xq 0.6862 X5 M xp 0.6895 x4 N X3 0.9154 X5 M xq 0.7160
X5 M xp 0.6324 X5 N x3 0.7912 X5 M xq 0.7444 X5 M xp 0.6429
X6 M X1 0.6045 X5 M X4 0.8273 X5 M x3 0.7969 X5 M X4 0.7069
Xg M X5 0.6240 X M Xy 0.8022 X5 M Xy 0.8367 X M Xy 0.7295
xg M xq 0.6924 Xg N X5 0.7378 X7 N x3 0.6698 Xg N X5 0.6770
xg M xp 0.6141 x7 M x3 0.6112 xg M xp 0.6387 x7 M x3 0.6085
xg M x3 0.6917 x7 M x5 0.7491 xg M x3 0.7827 X7 M X4 0.7099
xg M x5 0.6853 xg M x4 0.6445 xg M x5 0.6901 xg M x3 0.6054
xg M xy 0.6299 xg M x5 0.6945 xg M xy 0.6538 xg M 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 Al. The evaluation index system of urban resilience in the YRB.
Target Criterion Layer Index Layer Nature Index Meaning Reference
GDP per capita + Economic aggregate Shi et al. [1,50]
Per capita fiscal expenditure + Financial security Shi et al. [1,50]
é};)epproportlon of tertiary industry in + Economic structure Chen et al. [49]
Economic resilience 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 n}dustrlal enterprises above . Economic growth Chen et al. [49]
designated size
Number of college students per 10,000 . Education level Chen et al. [49]
people
113\2:;53 er of hospital beds per 10,000 + Medical investment Kammoubh et al. [22]
. . Average salary of employees + Residence income Shi et al. [1,50]
Social resilience P . . .
roportion of employment in tertiary Employment .
. + Shi et al. [1,50]
industry structure
NumberA of registered unemployed . Unemployment Shi et al. [1,50]
persons in urban areas structure
Health technicians per 10,000 people - Health protection Kammoubh et al. [22]
Urban .
o~ . Environmental
resilience Park green area per capita + conservation level Kammoubh et al. [22]
Green coverage rate in built-up area + Urban greening level ~ Kammoubh et al. [22]
ComprghenS{ve utilization rate of + Waste utilization Chen et al. [49]
industrial solid waste
Ecological resilience Harmless treatment rate of urban Environmental )
. + - Chen et al. [49]
domestic garbage remediation
Indlustrlal wastewater discharge per _ Env1rc')nmenta1 Chen etal. [49]
unit GDP pollution pressure
Industrial smoke and dust emissions per Waste emission
unit of GDP - intensity Chen etal. [49]
Road area per capita + Infrastrugture Chen et al. [49]
construction
Level of
Number of buses per 10,000 people + transportation Kammoubh et al. [22]
Infrastruct facilities
nfrastructure - -
o . . . Engineering support
resilience Density of urban drainage pipes + Cap(:;ability & SUPP! Chen et al. [49]
Number of Internet broadband users + Internet penetration Kammoubh et al. [22]
- . . Electricity .
Electricity consumption per capita - development level Shi et al. [1,50]
Number of mobile phone users at the N Com'mgmc'ahon Kammouh et al. [22]
end of the year sophistication
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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—uwill be negatively associated with depressive symptoms, after controlling for
socioeconomic variables.

Hypothesis 2 (H2). neighborhood-based structural social capital—networks and social participation—av-
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

54



IJERPH 2021, 18, 11263

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 (xiaogus)
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

55



IJERPH 2021, 18, 11263

(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.

Component
Statements ‘Neutral’ (%)  ‘Agree’ (%)  ‘Strongly Agree’ (%)  Mean 1
(a) People in this neighborhood can be 36.33 48.72 456 347 0.697
trusted
(b) People are w11111t1g to help one another 28.75 57.16 6.10 361 0.79
in the neighborhood

(c) I can rely on my neighbors to help with

things such as collecting mail, newspaper, 27.11 49.06 7.59 3.46 0.618
milk, and so on
(d) People in the neighborhood can get
together to address neighborhood issues 27:57 5391 8.99 361 0735
(e) People in th1§ neighborhood can get 13.91 7393 10.25 3.90 0.694
along with one another

(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 4517 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 R?
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
(B =1.334, p < 0.001) and people who are unemployed (3 = 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
(B =—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 (f = —1.176, p < 0.01) and
social participation (p = —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 ** 0467 —1.769* 0597 —1.453*  0.645
Social participation —2.043 ** 0.687 —1.421*  0.855 —0.049 0.934
Lower class x NCSC —0.597 **  0.422 —0.530*  0.420

Lower class x Discussion
network
Lower class x Social
L —0.892 1.450 —1.330 1.446
Pparticipation
Unemployed x NCSC —0.669 1.060 —0.552 1.053

Unemployed x Discussion —0.093 29081 0416 2.966

—1497* 0926 —1561* 0920

network
Unemployed x Social —12.301 %% 4730  —13.509** 4711
Pparticipation
Elderly x NCSC —0.580 0.518
Elderly x Discussion network —1.363*  1.065
Elderly x 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 ***
Adj7R2 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 (f = —1.363, p < 0.05). In addition, the significant link between social participa-
tion and depressive symptoms is accentuated for the older group ( = —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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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 (§ = —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 (3 = —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 (3 = —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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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.
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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

61



IJERPH 2021, 18, 11263

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.
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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.

Introduction:
Review the relevant reseqrch works and introduce the main contributions of this study.

¥

Literature review:
Verify the literature review and highlight the timeliness of this study.

Methodology:
Introduce the variables selection, data resources and models specification,
¥ 4

Empirical results and discussion:
Analyze the estimation results and deliver an in-depth discussion.

Condlusions, policy implications, and research prospects:
Drawe conclusions, provide policy implications, and point oul research prospects.

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 (y;), the
number of domestic tourists (1), international tourism revenue (y3), and domestic tourism
revenue (Vy).

Core explanatory variables: The number of CNSAs (d1) was employed to act as the
benchmark independent variable. In addition, a dummy indicator (d,) 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 (x;, measured by per capita
gross domestic product), consumption (x,, 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 (x4, 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 (xg, 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
1 The number of international tourists Person 1984 4.637 2.033 —4.711 9.408
o The number of domestic tourists Person 1984 9.665 1.171 1.099 12.561
Y3 International tourism revenue 10° USD 1984 3.713 2.339 —6.238 8.777
Yy Domestic tourism revenue 10° CNY 1984 9.435 1.398 2.890 12.799
dq The number of CNSAs Piece 1984 1.225 0.705 0.000 4.000
dy 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
Xy infrastructure m? 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
xg 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:

Yir = to + ardy + Pxiy + fi + fi + provj = year; + € M

where i and t denote the city and the time, respectively; y denotes the dependent variables
(i-e., 1, ¥2, y3 and yy), &g denotes the constant term; d; denotes the number of CNSAs;
a1 denotes the coefficient of d;; x;; denotes a vector of control variables;  denotes the
coefficients of Xjt; fi denotes the city fixed effect; f; denotes the time fixed effect; prov; * yeary
denotes the joint fixed effect of province and time to capture the impact of provincial
tourism policy; ¢;; 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 dy * dy was incorporated
into the equation after being centralized.

Vit = o + aody * dp + Bxis + fi + fr + provj x year; + e 2

where d; 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:

Yir = oW ki + aqdy + Bixjr + O W s dy + @)W * xj¢ + fi + fi + & 3)

Vit = pW * Yi + D(zdl * dz =+ ,Bjx]‘t + W * d1 * dz + q)]W * Xjt +fi -i-fg,l + &t (4)
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where W denotes the spatial weight matrix [37]; p denotes the spatial coefficient of the
dependent variable; 61, 62, and ¢; 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 = TYit—1+ pW * Y + wapdy + ,B]'th + 60 W xdy + (P]'W * Xt +fz' +ft + &t (5)

Yit = TYip—1 + pW x yir + aody + do + Bixjp + W s dy x do + @)W x xj + fi + fr + € (6)

where y;;_1 denotes the dependent variables of the first lag phase used to control and
examine the time lag effect of their changes; T 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., d; * dy) and re-estimated the impacts. It can be noted that the coefficients
of dq 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 d; * dy 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., dq * dy) and re-estimated the impacts. It can be noted that all spatial lag
coefficients (i.e., p) 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 d; 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 d; * dy 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.

. Y Y2 Y3 Ya n Y2 Y3 Y4
Variables
(1) 2) (3) ) (5) (6) (7) 8)
d 0.313 ** 0.084 0.304 ** 0.070
(2.392)  (1.344)  (2.213)  (L.515)
dy x dy 0.053 ** 0.024 ** 0.069 ** 0.021 **
(1987)  (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
(0459)  (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)
Xy —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
(-1221)  (0498)  (1.390)  (1.042)  (—0989)  (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)  (—0472)  (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)
Xg 0.063 0.005 0.079 0.033 * 0.055 0.003 0.072 0.032
(1.655)  (0.166)  (L.624)  (1.677)  (1.442)  (0.101)  (1470)  (1.622)
constant  5.426 ***  7.546 *** 2433 8.614 ¥ 5806 ***  7.624 *** 2.760 8.677 ***
~0.010 0.017 0.022 0.022 (3489)  (7.239)  (1.593)  (13.017)
N 1936 1936 1936 1936 1936 1936 1936 1936
R? 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 ys Y4 n Y2 Y3 Ya
1) (2) (3) @ (5) (6) (7) (8)
0 0.274** 0.395***  (0.211**  0.258 **  0.281 ***  (0.399 **  0.217 **  (.259 ***
(12.190)  (21.588)  (9.224)  (12.249)  (12.588) (21.882)  (9.509)  (12.265)
dy 0.452 **  0.129 ***  (0.435**  0.047 **
(9.310)  (4.941)  (8.105)  (2.076)
dy x dy 0.076 ***  0.023**  0.087 *** 0.009
(3.750)  (2157)  (3.890)  (1.003)
W X dq 0.163 ** 0.079 **  0.243 *** 0.032
(2.305) (2.094) (3.119) (0.990)
Wxxd;ll 0.044 —0.008 0040  —0.025%
(1510)  (—0534)  (1.254)  (—1.905)
\% (;gf)(l)és Yes Yes Yes Yes Yes Yes Yes Yes
N 1984 1984 1984 1984 1984 1984 1984 1984
R? 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., d) with its interactive term and time-limited recti-
fication (i.e., d; * dy) and re-estimated the impacts. It can be noted that all the spatial lag
coefficients (i.e., p) 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., T) were
significantly positive and greater than the corresponding spatial lag coefficients (i.e., p),
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.

. Y1 Y2 Y3 Ya kA Y2 Y3 Ya
Variables
(4] (2) ®) @ (5) 6) 7) ®)
T 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)
0 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)
dq 0.160 *** 0.017 0.155 *** 0.017
(4.200) (0.956) (3.647) (1.058)
dy x dy 0.009 0.008 0.021 0.008
(0.670) (1.153) (1.334) (1.396)
Wxd  —0095* 0023 —0.191 0.037
(—1.714) (0.905) (—3.107) (1.628)
WXdel —0.034 * —0.009 —0.050 ** 0.001
(—1.693) (—0.994) (—2.227) (0.073)
\g gﬁgﬁ} s 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 d; 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 dq * dy 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 d; * dy 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 TEP 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.

. Free Free Entry and  Free Storage of Free Entry and Exit of
Policy Industry Currency Free Trade Exit of Goods Goods Personnel
FTZs v v v v v v
SEZs 4 X X X X X
EPZs Vv X X X X X
BZs Vv X X Vv Vv X

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, x 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 FIZs 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.
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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:

1vM  sj
1= pYm=1 x::”

0= min 1)
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Xim = LR Mg +85,m =1,2,..., M
Yin = L6 Mfin — s =1,2,...,N
by =Yh g Aby +s8,1=1,2,...,L

sf, > 0,55 > 0,8V >0

where p is the efficiency value; x, i, 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; (xy,,
Ykn, b)) are the input and output values of the k-th decision-making unit; A represents
the weight of the decision-making unit; and sy, sz, and slb are the slack variables of the
input factors, desirable outputs and undesirable outputs, respectively. Among them, s,
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and sﬁ’ represent the redundancy of input and undesirable output, respectively, and s;,
represents the shortage of desirable output; the objective function p is strictly monotonically
decreases with respect to s%,, sj;, and sf’, and the value range of p is 0-1. If p = 1, then
s5, = s = s,b = 0, which indicates that the evaluation unit is completely efficient, and
there is no redundancy of input or shortage of output. If p = 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 Zszl Ax = 1is 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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where pl (x£, ) is the efficiency value of the decision-making unit in period t, p} (x;fl, y;{*l)

is the efficiency value of the decision-making unit in period t + 1, and

o (xE, yt) ol (x,’(“,yi“) are the cross-efficiency values in period t and period ¢ + 1,

respectively. GTFP represents the green total factor productivity index. If GTFP > 1, then
the GTEP 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:

GTFPj = ao + aydtiy + ) dgyeary + Y vjXis + Heiry + it 3

84



IJERPH 2021, 18, 11681

where dt represents whether city i has a pilot FTZ in year f 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, i
represents the city fixed effect, and A 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:

5
GTFPy=a+ Y,  BDi"+ Y oxyeare + Y viXit + eiry + Ait 4)
k>-5kA-1

where D;¥ is a dummy variable that represents whether the city approved the establishment
of a pilot FTZ. The value of Dy is assigned according to the following rules: s; represents
the specific year of the establishment of a pilot FTZ. If t — s; < —5, then define D;* = 1;
otherwise DX = 0. If t — s; = k, then define D;* = 1; otherwise, D;* = 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 FIZs, 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

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.

Capital stock

Input factors

The total number of employees in the secondary and tertiary

Number of laborers . S s . . . -
industries is used as an indicator of the labor input in various cities.

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

Urban output Actual regional GDP

Desirable outputs ** - : - -
Resident quality of life ~ Green coverage of the built-up area

Wastewater Industrial wastewater discharge

Exhaust gas Industrial SO, emissions ***
Undesirable outputs - —

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 SO, [76,81]. *** Since the Chinese official government has not published
the city-level CO, industrial emissions data, the industrial SO, 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 dt 3640 0.0555 0.229 0 1
variables 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

Informatization 3606 12.69 1.160 5.466 17.76

Pdensity 3566 0.436 0.325 0.0047 2.648

Control variables 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

86



IJERPH 2021, 18, 11681

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.
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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.

. 1) 2) 3) @)
Variables
GTFP GTFP GTFP GTFP
0.098 *** 0.053 *** 0.058 *** 0.034 ***
dt (0.012) (0.012) (0.013) (0.013)
L —0.021 ***
Informatization (0.007)

. 0.319 **#*
Pdensity (0.071)
Service_sec 0.002 %

- (0.001)
. 0.016 ***
SciTec (0.005)
L
Fixed_assets ?00(;159)
Year FE NO YES YES YES
City FE NO NO YES YES
0.363 *** 0.390 *** 0.390 *** 0.954 ***
Constant (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.

After matching

25

Before matching

2

pscore
1.5

kdensity
1

05

Treated=1

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.

. Mean Mean .

Variables State (Treated) (Control) % Bias T P
o Unmatched  13.581 12.404 1123 28.44 0.000
Informatization  pr.; e 13.535 13.527 07 0.15 0.880
Pdensity Unmatched  0.62111 037941 75.8 19.75 0.000
Matched 0.60123 0.67936 245 ~331 0.001
Service e Unmatched 4324 35.641 85.0 23.04 0.000
= Matched 42,675 42.239 49 0.99 0.320
) Unmatched 10711 9.0694 100.9 26.70 0.000
SciTec Matched 10.625 1056 40 0.86 0.389
Fixed asects | Unmatched 16565 15.317 1253 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.

@ 2) 3) @)
Variables
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

e
’

, 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.

(1) (2) (3) @ (5)

Location City Size
Variables Large and
Eastern Central Western Medium-Sized Small Cities
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

P
’

, 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:

N
GTFPy = o+ Bidtis + ) Syearc+¢ Y Xit + peiry + Vi ®)

N=1

N
My = Ag + Adty + Z(Skyeurk+9 Z Xit‘i’]lcity + Ci (6)
N=1
N
GTFPy = o+ mdtiy +12My + Y Syear+¢ Y Xig + peiry + Tt (7)
N=1

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 81, A1, 72 are significant
and 71 decreases or is significantly lower than 1, 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
FDL. 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.

1) () 3) ) (5)

Variables
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
R? 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]. Martinez-Ferndndez et al. (2019) and Mez6si 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
etal. (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.

Land ecological

security
Sustainable development of Economic sustainable Social sustainable
resources and environment development development

v

v

v

.4

v
v

v

v

v
v
v

v

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 (513), area of forest (514), area of pastureland
(515), land for transportation (523), land for irrigation facility (S24), total investment in
environmental pollution abatement (525), national territorial land area (S31), per capita
GDP (S32), urbanization rate (S33), and food supply per capita (534). 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 (516), construction land (S21), residential site and independent mining land (522),
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, 83} (1)

S1 ={S11, S12, S13, S14, S15, S16} )
S2 = {S21, S22, 523, S24, 525, 526} 3)
S3 = {S31, $32, $33, $34, S35} 4)

where S1, 52, S3, respectively, represent sustainable development of resources and the
environment, economic sustainable development, and social sustainable development. S11,
512,513, S14, S15, 516, respectively, represent the area of agricultural land, cultivated land,
orchard, forest, pastureland, and land for other agricultural use. 521, 522, 523, 524, 525,
526, 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).

0, x < Tmin
X—I'mi
MR pin < X ST

f(x) = ¢ pi-Tmin 5
( ) rmax,x./ 1; < X < I'max ( )
Tmax —Ti

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

T -0 Iim
R= : : 6)

Thi -+ TInm

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

o= Vil
L7 4
Li1 Vij

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 AT).

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 }, w; =1 ®)

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, 515, S16, S21, S22, 523, 524, S25, S26, S31, 532,
533, 534, 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 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 $13 S14 S15 S16 S21 S22 S23 S24 S25 S26 S31 S32 $33 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 09237 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 09252 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 09156 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 09832 0.9934 09704 09923 0.8356 0.9311 09484 009536 0.8789 0.9589 0.9438 0.9458 1.0000 0.7379 0.9181 0.9785 0.8353
2014 0.9826 0.9927 09657 09916 0.8354 0.9307 09648 09676 09211 09753 1.0000 0.9740 1.0000 0.7940 0.9359 0.9819 0.8846
2015 09822 0.9922 09617 09913 0.8352 09287 09770 09791 0.9447 09781 09197 1.0000 1.0000 0.8451 0.9586 1.0000 0.8421
2016 0.9816 0.9916 09584 0.9909 0.8350 0.9268 0.9899 0.9903 009763 0.9836 09629 09671 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.

Security
Trend

Weight

Object Main Factors Weight Sub-Factors Unit Rank

Weight

Area of agricultural land  thousand Negative 0.1176 4

S11 hectares
. thousand .
Area of cultivated land S12 Negative 0.0994 5
hectares
. thousand .
Sustainable develop- Area of orchard S13 - Positive 0.0343 9
ment of resources and  0.3341 th q
environment S1 Area of forest S14 OUSANA b sitive  0.0408 8
hectares
thousand L.
Area of pastureland S15 Positive  0.0205 15
hectares

Area of land for other agri- thousand Negative 0.0207 14

cultural use S16 hectares
Construction land S21 e Negative 0.1185 3
hectares

Residential site and inde- thousand Negative 0.1233 5

Land ecological pendent mining land S22 hectares
it lua- the d
securl'y evaiua Land for transportation 523 ousan Positive 0.0304 10
tion S E . {ainabl hectares
conomic sustainable o s
development 52 0.3780 Land for irrigation facility thousand Positive  0.041 7
S24 hectares
Total investment in envi-  hundred
ronmental pollution abate- million Positive 0.0111 16
ment S25 yuan
. hundred X
Waste water discharge 526 . Negative 0.009 17
million ton
. - ten thou-
et G el e sand hec- Positive 0.1836 1
area S31
tares
Social sustainable devel- 0.2879 Per capita GDP S32 yuan  Positive 0.0739 6
opment S3 ’ 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.

Ecological

. Natural Economic . -
Year Security C.om- Coordination Sustainability Social Stability Security Level  Security Status
prehensive Value Value Value
Value
2004 0.2973 0.1038 0.0947 0.0988 U Unsafe
2005 0.2997 0.1040 0.0958 0.0999 8] Unsafe
2006 0.3024 0.1041 0.0971 0.1012 16) Unsafe
2007 0.3047 0.1041 0.0982 0.1024 U Unsafe
2008 0.3066 0.1040 0.0992 0.1034 16) 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 8] 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.
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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
Establishing index system of land ecological security evaluation

/" Using the_De!p hi method to judge Determining the weight value of \\

/ the relative importance of each = \
; index. and establish the relative each level factor after the analytic \
H . i . N hierarchy process model passes the [
\ importance matrix of the evaluation . H
5 hdeic consistency test

\‘~\ Constructing the eigenvalues and eigenvectors of _/"'

~de the relative importance matrix -

Fuzzy comprehensive evaluation (FCE) approach

Establishing the fuzzy membership matrix

Determining the fuzzy comprehensive assessment matrix of indicators

l

Employing the multi-level fuzzy synthesis

Determining the comprehensive evaluation results

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

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

Matrix
Order 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

2468 Median values of the above adjacent

i judgments

If the importance ratio of factor i to factor j is

Reciprocal bjj, the importance of factor j is 1/b;; 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 Tjj, Tij€ [0, 1]. The assessment
index set is set to V, and the assessment indicator is Vi;€V. The indicator attribute value
is xi, j. The maximum value of indicator is Xmax, and the minimum value is Xpin. The
calculations are shown in Equations (A1)—(A3).

rij = Vij(xij) (A1)

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

Xmax T Xmin

ri,j = (AZ)
The calculation equation for the judgment where the minimum value represents the
optimal result is shown as follows.
Xmax T Xmin — Xi;
Ijj = = == (A3)

Xmax T Xmin
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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]:

ESL‘ = Z]-Min(Sj,i,S]-,,) (1)

where j represents the export product, r is the reference country and i is the sample
country. S; , 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.
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In Equation (2), E;; denotes the export value of product j in country i, M;; 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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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.

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  Status on global chain 8.207649 4.898577 0 23.34099
variable value chain
Business dtf 5.893868 0.2909366 4906891 6.483816
Independent environment
variable Foreign direct FDI 4162892 0.9984578 -5 6.894549
investment
Per capita wealth 17.51375 14.57597 0 70.59955
wealth
Intellectual
property rights iprpl 6.463159 3.167798 0 10.72787
protection
Control Resource resource 16.07034 26.81276 0 99.98649
. endowment
variable Industrial
open 85.21757 46.78791 0 437.3267
Opermess
Export scale exscadel 9.50821 2.439018 0 12.35098
Interest rate rate 5.543384 37.4895 —31.9229 1158.026
Domestic
average level of Level 27.7054 12.73778 0 74.8123
production

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.

InGVCsjy = a+ Blndtfiyy + 6Xis + v + €ir 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 dif is business
environment, Xj; is the vector of relevant control variables, v is the year fixed effect. €;; 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.

InGVCsjy = a + Blndtfiyy + @InFDIy + 6 X + v + €3t (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.

InGVCsjy = a+ Blndtfiyy + @InFDI + tlndt fiy x FDI + 6 X + vt + €3t (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:

InGVCs;; = 912]/1‘[ + Opzbj + 031d;; + 94jS,‘t 6)
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where zy denotes resource intensive industry. zb is resource intensive industry, /d 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)
iprpl 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)
exscadel 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 medjiators 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 x 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 (Id),
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 @) 1d (2) zy 3) zb @) 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)
iprpl 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)
exscadel 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 ) Id 3) zy @) zb (5) js
FDI1 1.2641 *** 0.0403 *** 0.0427 *** 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 **  —(.2390 *** —0.3327 ***
(—13274)  (=17270)  (—18429)  (—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 112 112 112 112 Number of
countries 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
Single threshold 6.565 ** 0.021
FDI Double threshold 197.688 *** 0.000
Triple threshold —0.921 ** 0.020
Single threshold 5.997 0.443
Business environment 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.

Foreign Direct Investment

Variable Business Environment (dtf) (EDD)
wealth 0.0149 * 0.0308 ***
(1.94) (2.93)
iprpl 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)
exscadel 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 <rl) 0.0595 ***
(3.75)
dtf (r'1 <L <r2) 0.125 ***
(8.87)
Dtf (L > r2) 0.155 ***
(11.05)
FDI (L <rl) 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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References

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 (5O;), 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 TEP 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 TEP differences
within inland ports and coastal ports and within central ports and eastern ports are also shrinking,
implying there may be o 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 FIZs 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 SO, 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 SO,
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 TEP 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 TEP differences within inland
ports and coastal ports, and within central ports and eastern ports, are also shrinking,
implying there may be ¢ 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 FIZs, 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. Gonzalez 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
CO; 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 CO,, and NO, 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 CO, 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
TEP 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 FIZs, 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 SO, emissions of inland ports and coastal ports. It can be found
that during 20112017, the SO, 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 SO,, probably because the majority of ocean-going ships in coastal ports
emit more SO,. From the perspective of the decline rate of SO, 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.
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Figure 1. SO; emissions from inland and coastal ports (unit: ton). Note: The 2014 SO, 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 SO, emission in 2014 as a fixed proportion value
from 2011 to 2017; then, by multiplying by the fixed proportion value according to the SO, emission
data in the China Statistical Yearbook and Statistical Yearbooks of each province, the SO, 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.
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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 SO, 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 SO, emissions. This is because most of
the eastern ports are coastal ports, where ocean-going ships are in the majority and SO,
emissions are large. The SO, 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
SO, 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 SO, emissions in central ports were quite different from those in the other two
regions; its SO, 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. SO, emissions from the eastern, central and western ports (unit: ton).
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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 SO, 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 SO,. On the downward trend,
no matter by type or by region, the reduction of NOx emission was higher than that of
SO, 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 CO, emissions. We supposed that in different periods
t(t=1,...,T), theportk(k =1,...,K) used N kinds of inputs x = (x1,...,xn) € R} to
produce M kinds of “good” outputs y = (y1,...,ym) € Rji; and I kinds of “bad” outputs
b=(by,...,bp) € R;r. For each input vector x, environmental technologies can produce
a combination of expected and undesirable outputs simultaneously (y, b). Based on the
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hypothesis of Wang et al. [59], we used the data envelopment analysis method (DEA) to
convert the current environmental technology into Equation (1):

(v, ) "Zf vyl >yt om=1,...,M;
kzlz;b;l bi=1,...1;
t t\
Pi(x') = < )

kglz n xkn,n =1,...,N;

t>0k=1,...,K

In Equation (1), z} is the weight measurement index of the observed values of each
cross-section, and z]'( > 0 means the constant return to scale. When measuring the GML
index, the current production possibility set P (x') was replaced by the global production
possibility set PG (x), which can be expressed as Formula (2) with the DEA method:
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4.1.2. SBM Directional Distance Function

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

&
i s
P lg:’l+M+l (Zm VL h)
2

s (xt,k’lyt,k’, bt,k’/gx,gy,gb> — max

s¥ Y b
T K
s t. Z:/:l Z:k:1 Zlixlt(n + Sx = xk’n’vn
T K tot y _
Limt L zkykm =S = Yigy VM

Zt 1Zk 12 +sb = xk,l,\fz, ©)
Zk:l Zk = 1,zk > 0,Vk;
sy >0,Vn;
si’n >0,Vm;
sf’ >0,Vi

In Equation (3), (xt’kt, yik, bt'kt) is the input and output vector of ports. ( 54", gb)
is a direction vector, which represents the decrease in input, the increase in “good” output,

and the decrease in “bad” output. (s¥,si, slb) 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, s3, sy, s/ 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:

14586 t, t, bt;
GMLI = 1 °C (v, blig) 4)
1+ SC (xt+1, yt+1’ bt+1; g)

Furthermore, the GML index can be divided into two parts: the efficiency change
index (GEC) and the technology change index (GTC):
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When the GML;'*'1 (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:
Dt (xt+1 i1 DS (xt+1 i+l D (xt, yt
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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 SO, 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]

Zheng and Yang (2021) [66]

Zhu et al. (2021) [67]

Length of wharf, number of berths
for production, amount of loading and
unloading equipment
Length of wharf, number of berths
for production
Length of wharf, number of berths
for production
Length of wharf, number of berths

Cargo throughput, container throughput

Cargo throughput, container throughput

Cargo throughput, container throughput

Lu and Li (2018) [68] for production Port throughput
Port Enterprise Operation Perspective
Author Input indicator Output indicator

Kuang (2007) [62]

Wang and Wu (2016) [63]

Feng et al. (2017) [64]
Han et al. (2021) [69]

Main business cost, number of employees,
fixed assets

Number of employees

Main business cost, fixed assets
Number of employees, number of bridge cranes

Net profit, main business revenue,
earnings per share

Net profit, main business revenue,
earnings per share

Net profit, main business revenue

Net profit, main business revenue

Undesirable Output Perspective

Author

Input indicator

Output indicator

Liu et al. (2021) [56]

Liu and Wang (2018) [70]

Luo et al. (2014) [54]

Sun et al. (2017) [71]

Wang and Liang (2018) [72]

Number of berths for production, length of
wharf, number of employees, net assets

Port throughput, net profit, SO,,
NOyemissions

Length of berths for production, energy
consumption (standard coal), production berth
above 10,000 tons
Berth length, port area, shore jib crane,
pusher crane
Number of employees, fixed asset,
operating costs
Number of berths for production, number of
employees, oil consumption, electric
consumption

Container throughput, CO, emissions

Container throughput, CO, emissions

Cargo throughput, net profit,
NOx emissions

Cargo throughput, CO; 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, SO, 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 SO, 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 SO, and NOyx 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 SO, 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
“Cood outour” _Cargo Throughput 10,000 Tons 19 21,793 142365 1922341 348 70,542
P Container throughput ~ 10,000 TEUs 196 675 136.54 144151 0 16,602
“Bad outout” SO, Ton 19 2097 187.64 3499.4 198 17,028
P NO, Ton 19 3281 1555.95 4780.1 19.68 24,075

Ports Number of berths for Unit 19 225 151 231.39 2 1402

. production

Investment Length of Wharf Meter 19 25,585 22,674 18,892 2084 76,469

5. Time Series Characteristics and Heterogeneity Analysis of Green TFP in FTZ Ports
5.1. Owverall 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).

No Environmental Factors Were Environmental Factors Were

Year Introduced 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 Fire 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
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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).

Environmental Factors

No Environmental Factors Were Introduced Were Introduced

Port Type Region
TEC TPC TFPC TFI.’ TEC TPC TFPC TFI.’
Ranking 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 11199  1.1248 6
Nanjing inland eastern 1.1301 0.9620 1.0872 5 11790  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
Chonggqing inland western 1.1545 0.9625 1.1112 4 11191  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

142



IJERPH 2021, 18, 12910

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).

No Environmental Factors Were Environmental Factors Were
Port Introduced Introduced
TEC TPC TFPC TEC TPC TFPC
Overall 1.0595 0.9556 1.0125 1.0057 1.0384 1.0443
average
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 ¢ 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 o 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.
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Figure 5. Variation trend of green TEP 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 TEP 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 o 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 SO,, 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
SO, 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 TEP 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 o 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 o 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 TEP 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 FIZ 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].
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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 pg/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), NO, (lag03), O3 (lag06) and CO (lag04)
increased by 10 ug/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.

Health pathways are
lacking
M Lewis turning point
Air pollution  }--------—- » Health |----o-oooeev » Labor mobility = f------- > phenomenon
; Y
;’,
Latino health paradox,
Few studies at as health migration
the macro level effect and salmon bias Lack of analysis of the impact
of exogenous factors.

effect, etc.

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 = po + p1polis + p2djs + p3poliy + diy + B contr + w; + Jt + € 1)

lit = Bo + B1hi + Bo * contr + w; + &t + &3 ()

In Equations (1) and (2), i, t refers to the province and the year, respectively. The value
I 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, & represents the coupling
index of air pollution and the health shock and w, J and ¢ refer to the individual effect, the
time effect and the random effect, respectively. B and By represent the coefficient parameter
vector of the control variables, pg and fy are the constants, p1, p2, p3 and B; 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:

liy = ag + aypoljy + By * contr + w; + 6 + €4 3)
dit = yo0 + y1polit + By * contrl + w; + 6y + €4 4)
liy = Ay + Arpoliy + Axdiy + Bz x contr + w; + 6 + €5 5)

In Equations (3)—(5), B1, B2, B3, a1, B1, 71, A1 and A; represent the coefficient parame-
ters, respectively. ag, v, and A are the constants. contrl represents the control variables.
When a4 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 1, A1 and A, are
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significant, indicating that air pollution affects labor mobility partly by a health shock; if 1
and A; are significant on the test, while A; is not, the effect of air pollution on labor mobility
is entirely due to a health shock. Finally, if 1 or A, 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:

lip=po+pux MxI()+w+ey (6)

In Equation (6), o refers to the constant, y 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 /, and the index [;; in region i from time ¢ to f + 1 can
be calculated as:

(pit+1 = pir X (14 nip)) X 90%
(pit—1 + pit) /2

In Equations (7), p refers to the year-end population in one region. I;; >0 denotes the
net inflow and /;; <0 denotes the net outflow.

liy =

@)

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, g 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=elxe =elatn) 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
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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 g(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 & of the air pollution system
and the health shock system is calculated as follows:

pol = ela(pol)+r(pol)) )
d = e(q(d)+r(d)) (10)
1 = ela(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 (contrl) 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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(8) 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
1 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 1.284 185

pergdp Per capita GDP yuan/person 33,514.940 19,462.150 6915.000 106,184.200

Per capita real income level m? /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 m? /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 (/) vary greatly among provinces, and
the index of labor mobility (/) is generally low.

Furthermore, the annual average growth rate of the labor mobility index
(I, Izt = (It /1;—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 (/) of each province are shown in Figure 6. We
can see that the [, 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.
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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, Chongging, 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 SO, 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 HI.

Table 2. The baseline main results of OLS and GMM models.

1) (2) 3) ()] (5) (6)
Var. OLS(FE)  OLS(RE)  OLS(FE) GMM GMM GMM
Ll 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)
Ingp 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)
Inpere 4529 ** 3.714 #+ 3.486 ** 0.546 0.752 1.016
2.72) (2.97) (2.27) (0.66) (0.95) (1.11)
Inthr 0.193 0.982 0.038 0.496 0.549 0.973 *
(0.22) (1.16) (0.04) (1.21) (1.09) (1.80)
Inrain ~0.253 0377 —0297  —0275%*  —0281*  —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 5413
(—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 30 30 30 30 30 30
pl‘OVlr\CeS
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.

) (8) 9
Var. Labor Mobility Health Shocks Labor Mobility
pol —0.308 ** 0.165 * —0.139
(—2.50) (1.97) (-1.11)
d —0.546 ***
(~3.16)
Ingp 1.415 % 0.872 *
(2.46) (1.87)
iemport 3.811 *** —2.052 *** 1.956 **
(4.36) (—2.92) (2.34)
Inpere 4.529 ** —2472 —1.836
2.72) (~1.50) (—1.43)
Inthr 0.193 —0.436
(0.22) (=0.77)
Inrain —0.253 —0.157
(—0.92) (—0.76)
perroad 0.134 * 0.081
(1.98) (1.66)
Inpergdp —2.406 *
(—=1.78)
Intemper 0.155
(0.32)
Intec —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 (Iniv6) 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 (Iniv6)
OLS(RE) GMM OLS(FE) GMM OLS(FE) GMM OLS(RE) GMM
L1 0.160 0.218
(1.24) (1.39)
L.Iniv6 0.679 *** 0.705 ***
(6.03) (5.63)
L.pol —0.147 —0.109
(—0.83) (—0.79)
Ld —0.454 * —0.295 *
(—1.80) (—1.66)
L.(polxd) —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)
polxd —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
2 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 (I). 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

163



IJERPH 2022, 19, 1382

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.

(18) (19 (20)
var: Labor Mobility ~ Health Shocks ! Labor Mobility
L.pol —0.363 * —0.226
(—1.77) (—1.36)
pol 0.165 *
(1.97)
Ld —0.684 ***
(—3.91)
Adjust the R? 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. ! 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.

(21) (22) (23) (24) (25) (26)
Var. The Eastern The Central The Western Yangtze River North of South of
Region Area Region Economic Belt Huai River 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 Critl
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 RSS MSE Fstat Prob Crit10 Crit5 Critl
shocks
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.

(27) (28)
Var.
ar Time Threshold The Threshold of Air Pollution-Health Shocks
Ob._cat#c.h 0.051 —0.523 ***
(0.54) (—3.25)
1._cat#tc.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.
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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
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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 Al). 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 km? (including an influx area of 42,000 km?).
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.
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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.
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Figure 3. Conflict and coordination of PLES. Source: The authors.

178



IJERPH 2022, 19, 1458

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
Forestland ecology space Forestland, shrubbery forest, Sparse woodland, Other woodlands
Grassland ecology space High, Medium and Low coverage grassland
Ecology space Water ecology space Canal, Lakes, Reservoir pit, Permanent glacier snow, tidal flat

Sand land, Gobi, Saline-alkali land, Everglade, Bare land, Bare rock

Other ecology spaces 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:

S11 512+ Sun
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where S is the land area; 7 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 x 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
SClis [9]:

SCI = CI+FI -8l ()

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 (AWMPEFD) 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 AWMPEFD 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:
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where P;; is the perimeter of the patch; a;; 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:

o
FI=Y" Fx ZI @)

where n is the total number of space types; F; 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; a; 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-PDPD="1 )
A
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; 7; 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 x 1 km, 4 km x 4 km, 7 km x 7 km, 10 km x 10 km) and referring to
related research, it is found that the 4 km x 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 x 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 (km?).

PS LS ES
Year
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
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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.

Legend | | aps [ es [ vis 0 ris B res 00 ces [ ves I oks

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 km? and 12,439 km?, 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 (km?).

2020
1990 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.
Area/km?
Type
P Roll-In Rate Roll-Out Rate The. T(.)tal Exc%\al}ge Net Increase Rate of Increase
Variation Variation and Decrease
APS 6.35% 9.01% 72,154 58,688 —13,466 —2.83%
1Ps 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.
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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.

Number of Space Units Percentage (%)

Level of Conflict
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 418 436 516 549 135 14.08 16.66 17.73
Basic Out of Control 445 480 577 651 14.37 155 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

b.2000
fEnte Bia
i
¢.2010 d.2020
:  ;€
TR
peae ] Nz
FH
He e T 2 3 J " 3_“.. 22!
S j e e
2 i
it
Legend - Seriously Out of Control | Basic Out of Control [ & 7\ Basic Controllable - Stable and Controllable

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

(O]

@

©)

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.

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.

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.
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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 1PS 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].
Romaén 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:

8
C:ZE]‘XD(]'X@']‘ (1)
j=1

where C represents carbon emission, E; represents the physical consumption of the j-th
energy, a; represents the coefficient of standard coal, and ¢; 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:
AC/C

P = Acpp/cpP
where S represents the decoupling index, C and GDP represent the base period values of
carbon emissions and GDP, respectively, while AC and AGDP represent the difference be-

@
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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.

4
ot
Expansive negative
Strong negative decoupling Expansive coupling
decoupling
B>12 08<p<12
B<0 Weak decoupling
0<p<08
L.
>
Weak negative  p<p<0.8 AGDP
decoupling B<0
08<p<12 Strong decoupling
B>12
Recessive coupling
Recessive decoupling

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:

G_E_C
C= Pxﬁxaxf_pxgxexs (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 AC in
the target year relative to the base year can be decomposed into:

AC = AC' — AC® = AC, + ACy + AC. + ACs 4)

where AC, represents population effect, AC, represents economic intensity effect, AC,
represents energy intensity effect and AC; represents carbon intensity effect. Among them:

Aq_szm@
ACe = YW x In g o

Acf—zwmcz 5)
ACG=YWxh§&
_ (-
W = qierren

By combining Equations (2) and (4), it can be concluded that:

GDP GDP ACyxGDP
B =AC X 6o = (ACy + ACq + AC, + ACs) X =36DP = TrAGDP

ACgxGDP | AC,xGDP | ACsxGDP
+Txacor T Tacor + Sacor = fo t et fet S

(6)
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where f, represents the decoupling index of population, f; represents the decoupling
index of economic intensity, f, represents the decoupling index of energy intensity and f;
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.

1,200,000 - - 450,000
L 400,000
£1,000,000- 0
g - 350,000
Z 800,000 -300,000§
= 250,000 §
T 600,000 g
200,000 3
=] =
S 400,000 150000
T (]
= [ 100,000 2
S 200,000
I 50,000
0 1 Ll 1 1 1 1 1 1 1 T 0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
=== GDP === Carbon dioxide emissions

Figure 2. Carbon emissions and economic growth trend (2009-2019).
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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.

25%
w=fe== Carbon Emission Growth Rate ==@== Economic Growth Rate

20%
15%
10% 1

5%

- , I I I'I/\‘/'/_l—-_l_‘l

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

59 -
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.

. 2009-2011 2011-2013 2013-2015 2015-2017 2017-2019
Area Province
B Decoupling B Decoupling B Decoupling  f Decoupling Decoupling

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
Eastern China 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
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
Northeast China  pejjonediang 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
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
Central China 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
Guangxi 1.058 Expansive 0.791 Weak 0.517 Weak 0.562 Weak 0.545 Weak
Chongging 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
Western China Gansu 0573 Weak 0.405 Weak 0317 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.

Year
Area Province 2009- 2011- 2013- 2015- 2017- 2009- 2011- 2013- 2015- 2017
2011 2013 2015 2017 2019 2011 2013 2015 2017 2019
fr fs
Beijing 0.404 0.278 0.227 0.150 0.101 0.434 0.449 0454 0.440 0424
Tianjin 0.230 0.236 0.225 0.184 0.321 0.722 0.614 0.543 0517 0519
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
Eastern Jiangsu 0.059 0.043 0.037 0.031 0.028 0.887 0.830 0.777 0.708 0.656
China Shanghai 0.772 0.553 0.360 0.237 0.162 0.167 0345 0447 0.494 0.481
Zhejiang 0.140 0.098 0.082 0.076 0.078 0.757 0718 0.680 0.626 0.559
Fujian 0.066 0.056 0.060 0.055 0.048 0.875 0.766 0737 0.648 0.603
Guangdong 0273 0.186 0.153 0.132 0.119 0.672 0.672 0.640 0.604 0552
Hainan 0.032 0.042 0.053 0.049 0.050 0.881 0.740 0.747 0.648 0.605
Liaoning 0.035 0.022 0.017 0.023 0.014 0.856 0.773 0.745 0.845 0.900
Northeast Jilin 0.008 0.006 0.005 —0.008 —0.031 0.926 0.806 0.743 0.725 0.841
China Heilongjiang 0.005 0.004 —0.005 —0.012 —0.036 0.879 0.809 0.803 0.796 0.874
Shanxi 0.098 0.090 0.104 0.085 0.086 0777 0.760 0.749 0.735 0.770
Henan ~0.030 -0.013 ~0.001 0.006 0.009 0956 0.821 0.754 0.653 0549
Central Hubei 0.015 0.016 0.019 0.020 0.016 0.908 0.740 0.668 0.608 0537
China 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 0915 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
Guangxi —0.109 —0.044 —0.014 0.006 0.017 1119 0.989 0.861 0.843 0.806
Chongging 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 0517
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 0592 0.544 0.489
Western Shaanxi —0.017 —0.003 0.006 0.013 0.017 0.934 0.884 0.843 0.765 0713
China 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. 0.061 0.050 0.052 0.082 0.087 0.902 0.839 0.821 0.873 0.959
Mongolia
Ningxia 0.050 0.068 0.081 0.089 0.104 0952 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 0732
Area Province fe fs
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 0495 —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
Eastern Jiangsu —0.283 —0.398 —0.428 —0.434 —0.429 0.003 —0.003 —0.006 —0.009 —0.008
China Shanghai —0.465 —0.484 —0.617 —0578 —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
Liaoning —0.508 —0.580 —0.604 ~0.525 ~0.300 ~0.014 ~0.012 —0.010 —0.018 —0.014
Northeast Jilin —0.327 —0.546 —0.616 —0.615 —0.675 0.002 —0.001 —0.003 —0.007 —0.009
China Heilongjiang ~ —0.539 —0.619 —0.603 —0.585 —0.614 —0.007 0.005 —0.002 0.002 0.001
Shanxi —0.525 —0473 —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
Central Hubei —0.364 ~0.613 ~0.575 —0.524 —0.456 0.028 0.000 —0.005 —0.005 —0.007
China 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 —0.39%4 —0.391 —0.399 —0.382 —0.015 —0.022 —0.019 —0.017 —0.015
Guangxi 0.038 —0.171 —0.330 —0.286 —0.282 0.009 0.016 0.000 0.000 0.003
Chongging —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
Western Shaanxi ~0.358 —0.308 ~0.326 —0.356 ~0.351 0.006 0.011 0.008 0.004 0.002
China Gansu —0.351 0423 —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
MI““”, ~0.184 ~0.362 ~0372 ~0.175 0.135 0.004 0.010 0.010 0.012 0.016
ongolia
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
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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 (Cls), 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 (1 = 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 Mean (SD)
environment
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 (1 (%))
Female 1164 (58.9)
Male 813 (41.1)
Age (1 (%))
18-39 477 (24.1)
40-59 804 (40.7)
60+ 696 (35.2)
Monthly income (1 (%))
Not low income 1449 (73.3)
Low income (<HK$ 3500) 528 (26.7)
Self-reported poverty b (1 (%))
No 1500 (75.9)
Yes 477 (24.1)
Educational attainment (1 (%))
Higher education 289 (14.6)
Education attainment under college 1688 (85.4)
Marital status (1 (%))
Non-single 1221 (61.8)
Single 756 (38.2)
Birthplace (1 (%))
Non-Hong Kong 1020 (51.6)
Hong Kong 957 (48.4)
Having under-school-aged children (1 (%))
Yes 165 (8.3)
No 1812 (91.7)
Hong Kong permanent residence (1 (%))
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.
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Table 2. Descriptive statistics of environmental exposures and obesogenic behaviors among adults
with PRH and non-PRH residence.

PRH Non-PRH
n=1129 n =848
Environmental Exposures Mean (SD) Mean (SD)
RFEIL 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 Mediation Proportion
Lemeshow Test
B (S.E.) B (S.E.) ) (%)
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].

IJERPH 2022, 19, 3017. https:/ /doi.org/10.3390/ijerph19053017 223

https:/ /www.mdpi.com/journal/ijerph



IJERPH 2022, 19, 3017

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].

First treatment in CHC
get 30% discount

v LevelA . 0000 Tier 1
! : Medical
! Level C 1 | il (- e Patients
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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 km?. 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 (R?) 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 R? 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.

q9ij = 2 1)

where j is the healthcare location, i is the population location, g;; is the attractiveness of
health facility, V; is the annual actual outpatient visits of the facility, and S; 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 f; (w,-j) 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 (q;;) 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 (g;;) 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).

wy;; = Norm(—q;j) )

where wy;; is the tolerance of residents who visited the healthcare facilities under the
conditions of Scenario 1, and Norm (—qi j) is the normalization of —4ij-

Scenario 2. The attractiveness (q;;) 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.

wyi; = Norm(t;;) + Norm(—q;;) 3)

where wy;; is the tolerance of residents visiting health facilities in Scenario 2, t;; is the travel
time from the population location to the supply service, Normi (t;;) and Norm ( —qi;) are the
normalizations of the datasets t;; and —g;;. They were normalized to [0,1] to eliminate the
influence of their numerical values.

The tolerance decay function f;(w;j) 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 (w;;), a uniquely shaped decay function, f; (wj;),
was obtained for every population location i.

Figure 3 illustrates an example of the changes in f; (w; j) with various medians and SDs
of wjj. 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.

1+exp 7;17(
filawy) = Ewﬁ> @
o5

V3
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where y is the median of w;;, and ¢ is the SD of w;;.

Median: 20, SD: 1

Median: 20, SD:

w

----- Median: 20. SD: 5

Median: 10, SD: 3

————— Median: 30, SD: 3

Wi

Figure 3. Effects of median and standard deviation (SD) on tolerance decay function; x axis represents
the tolerance (w;;) and y axis represents tolerance decay function f; (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(wi;), varied for each catchment area. The suboptimal configuration was evaluated by
fc (wi]-), 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)].

S;fi(wy) fo (wy))

A=Y 2RI
l TS0} Vi (1, <10y Pifi (i)

©)

where S; is the number of physicians of the facility, P; is the population of the demand
location, f¢ (wj;) is the global tolerance decay function, t;; is the travel time between the
residents and the healthcare locations, t( is the maximum travel time of the catchment area,
and A, is the accessibility of the demand location.

fo(wij) = (6)
: 1+exp (7@“]7;}%)”)

where i and o are the medians and SDs of all the w;; 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 f;(wj;). First, we determined
the benchmark value of accessibility by using the travel time, ;;, 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 —g;; 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, —4qij, 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 —g;; and normalized #;; 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 t;; 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 —¢;;, 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 (wy;;) and 2 (wo;;), respectively, using the MT2SFCA
method proposed in this study.
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Figure 5. Accessibility of CHCs: (a) benchmark of accessibility; (b) accessibility calculated for
Scenario 1; (c) accessibility calculated for Scenario 2.
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Figure 6. Accessibility of hospitals: (a) benchmark of accessibility; (b) accessibility calculated for
Scenario 1; (c) accessibility calculated for Scenario 2.
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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.
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Figure 8. Accessibility differences between: (a) Scenario 1 and the benchmark; (b) Scenario 2 and
the benchmark.
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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.
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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.
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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(w;), and
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Scenario 2 f(wj), 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.
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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 f; (w;j) with
the global decay function fg (wi]-) 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 km? area was not big for a first-tier city, compared
to the area of 16,410 km? of Beijing, 7430 km? of Guangzhou, and 6340 km? 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.

236



IJERPH 2022, 19, 3017

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 CDE. 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 Keqgiang 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.

Population Size Economic Level
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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:

_ fxfax fs 13
Ci{(f1+f2)X(f1+f3)x(f2+f3)} M
T=afi+Br+7fs )
D=VCxT ®3)

In the formula, C is the coupling degree; f; is the comprehensive evaluation function
of each function; T is the comprehensive evaluation value of “production-living-ecology”
function, reflecting the overall coordination effect; «, , v are undetermined weights. In
this paper, since the “production-living-ecology” function of land is equally important,
« =B = =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.

=" — @

where: 7 is the number of research objects; X; and X; represent the observation values
of i and j regions, respectively; Wj; 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.

* < Xi
Gf = Y Wi ®)
=YX
=1

where: Wj; 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 = Bolui, v;) + Y Br(ui, vi)xix + € (6)
T

In Equation (6), y; is the dependent variable value at the geographic location (u;, v;),
(uj, v;) is the geocentric coordinate of the sample space unit, By(u;, v;) is the constant value
at the geographic location (1, v;), Bk (u;, v;) is the value of function By (1, v) at the location
of I, ¢; 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

Proportion of agricultural land

Agricultural production Proportion of agricultural output value

Per unit area yield of grain

Proportion of construction land

Average gross industrial output value of land

Non-agricultural production

Production function Average industrial output value

Freight volume
Per capita GDP

Amount of foreign capital used

Economic development
P Fixed asset investment per land

The industrial structure

Proportion of residential land area

Living standard

Density of road network
The employment rate
Material life - -
Living function Per capita savings balance
Proportion of science and education expenditure
Spiritual life Number of books in public libraries per 10,000 people

Number of college students per 10,000 persons

Green coverage rate of built-up area

Ecological foundation -
Per capita green garden area

Average industrial wastewater discharge

Ecological carrying Average industrial sulfur dioxide emissions

Ecological function - -
Average industrial smoke and dust emission

Comprehensive utilization rate general solid waste

Ecological governance 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.

248



IJERPH 2022, 19, 3488

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.

= 2017

B Lov-level coordination @A
Primary coordination

[ Intermediate coordination %

| Advanced coordination

0 1500 3000 kv

e —

2008
B Lov-level coordination
Prinary coordination ,
[0 Intermediate coordination™
W Advanced coordination
0 1500 3000 km
—

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).
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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 (Qigihar, 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 Urumgqi 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
Production-Living function /
Internal driving force Production-Ecological function /
Living-Ecological function /
Population density population/total area
External driving force Fmanc@l den51.ty general budget exPendlture/ 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.

Lower Upper

Minimum Quartile Mean 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
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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

257



IJERPH 2022, 19, 3488

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
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published maps and institutional affil- COVID-19 has caused a serious negative impact on the global economy and resident’s
fations. 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,
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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
KN1 0.85 ***
KN2 77 H*

Knowledge KEB 8 g4 it 0.80 0.89 0.68
KN4 0.83 ***
PS1 0.88 ***

Perceived severity PS2 0.83 *** 0.82 0.88 0.71
PS3 0.81 ***
PVl 0.79 ***

Perceived vulnerability pPv2 0.82 *** 0.77 0.84 0.64
PV3 0.79 ***
SE1 0.79 ***

Self-efficacy SE2 0.89 *** 0.83 0.89 0.72
SE3 0.87 ***
RE1 0.81 ***

Response efficacy RE2 0.79 *** 0.79 0.86 0.67
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.

Total Sample Non-Hubei Sample Hubei Sample
Category
N 0/0 N 0/0 N 0/0
Female 1701 54.03% 1093 53.45% 582 52.77%
Gender Male 1447 45.97% 952 46.55% 521 47.23%
18-25 564 17.92% 350 17.11% 190 17.23%
26-40 723 22.97% 481 23.52% 250 22.67%
Age 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%
<6 314 9.97% 218 10.66% 121 10.97%
7-9 316 10.04% 181 8.85% 120 10.88%
Years of education 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%
<¥5000 ($774) 409 12.99% 251 12.27% 162 14.69%
Monthly Income ¥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%
1 220 6.99% 139 6.80% 75 6.80%
Family size 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%
Not well 1045 33.20% 690 33.74% 370 33.54%
Health status 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.

Total Sample Non-Hubei Hubei Sample
Variables 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 4472 0.702
Perceived vulnerability (PV) 4.313 0.537 4.101 0.781 4.598 0.692
Self-efficacy (SE) 4411 0.531 4278 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.

Total Sample Non-Hubei Sample Hubei Sample
Response
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.

Total Sample Non-Hubei Sample Hubei Sample
R
eason 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 (B = 0.345, p < 0.05), perceived severity (3 = 0.465, p < 0.001), perceived vulnera-
bility ( = 0.321, p < 0.05), self-efficacy (3 = 0.238, p < 0.01) and response efficacy (3 = 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.

Logistic Regression

Variables 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 x? 130.218 123.679 141.783
Prob > 2 0.000 0.000 0.001
Pseudo R? 0.554 0511 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 R? 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:

n N,‘
WTP = i1 WTPiW @
Table 9. Distribution of residents” WTP value.
Total Sample Non-Hubei Sample Hubei Sample
Interval ; ; ;
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, WTP; means the
WTP value of respondents who select ith interval, N; 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 x? 97.359 92.257 89.183
Prob > x2 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 (B = 0.221, p < 0.05), perceived severity ( = 0.263, p < 0.05), perceived vulnerability
(B =0.280, p < 0.01) and response efficacy (3 = 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 ( = 0.347, p > 0.05). As for control variables, gender ( = —0.181,
p < 0.01) and health status (3 = —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” WIP. 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

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

Knowledge (KN) 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

PS1: COVID-19 is a serious social issue
Perceived severity (PS) PS2: COVID-19 will have negative consequences
PS3: The negative effect of COVID-19 is severe

PV1: COVID-19 can negatively impact me
Perceived vulnerability (PV) PV2: I am vulnerable to the negative effects of COVID-19
PV3: My chances of being infected by COVID-19 is high

SE1: It is easy for me to purchase and wear mask

SE2: If I wanted to, I could easily purchase and
Self-efficacy (SE) wear mask

SE3: It is mostly up to me whether I purchase and

wear mask

RE1: Wearing mask can impede the spread of COVID-19

RE2: Wearing mask can lower the chances of being
Response efficacy (RE) 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”7, “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
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time span from 2017 to 2021, set “years per slice = 1”7, “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.
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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
Public Environmental
Occupational Health

Engineering Environmental

Water Resources

Toxicology

Meteorology Atmospheric
Sciences
Biodiversity Conservation
Multidisciplinary Sciences

Geosciences Multidisciplinary

Chemistry Analytical

Environmental Science and .
1640 Pollution Research 161 LiJ 27

Science of the

408 Total Environment 146 Wang Q 27
International Journal of
233 Environmental Research and 106 Radfard M 25
Public Health
Environmental Geochemistry .
217 and Health 101 Rojas-rueda D 24
178 Human and Ecological 93 Latif MT 21
Risk Assessment
Ecotoxicology and Mohammadi
115 Environmental Safety 88 MJ 21
99 Environmental Pollution 81 LuXW 20
76 Chemosphere 80 Zhang H 19
58 Atmospheric Environment 43 Zhang JQ 18
49 Environmental Research 43 LiF 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 ], Radfard M, Rojas-rueda
D, Lu XW, Liu G, Wang Q, Li J, etc.

283



IJERPH 2022, 19, 5957

o
o
@
a
5
2
&

CHINA

L2

e ! 1al u univi@ortag il -
Kyod . ’ british geol survey islamicazaduniv. = Vg
pem— & 3 1 SC shaanxi normal univ
anh n% D o f S — x ~
chengdu univ technol - changan univ univ catania
@ v
univ nacl autonoma mexico - .. univ portharcourt

Figure 5. Cooperation between institutions.

malmdilt, ebb:
gibson, jacqueline macdonald
5

fan zhengaiu
ef
roj vid remwlsuo @
ki - zhargime
arko "
- wu, jianhua
castroalberta xue, chenyang
lwond&nim ‘! !,us A

| fang, o nqu?asﬁ th eri
maian o gool shantha .
.‘m ""@gé,f”:«- g ?ﬁ'ﬁf mgh ammad javad
lu € n, ¢ y tial Shui

S Y &S ol radesm

2 A TR = changankfazicllan

p N

 radfe
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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.

s Total Number Total Average Cited Total Number ‘Nu‘mber of Average Citation
Institution Name £ Articl Referen Ti £ First Auth Citations of the of the
of Articles eferences imes of First Authors First Author 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 64 356 556 19 112 5.89
Malaysia
Chinese Res Inst 53 260 491 19 171 9.00
Environm Sci
Shiraz Univ 25 256 10.24 15 154 10.27
China Univ Geosci 54 211 391 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 81 195 241
Environment International 41 187 4.56
International Journal of Environmental Research
and Public Health 106 179 169
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 Total Referen. Average Cited Total Number of Number of Citations
utho Articles otal Reterences Times First Authors of the First Author
Yousefi M 15 207 13.8 5 79
Mahvi AH 14 186 13.29 0 0
LuXW 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 5 127 254 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.
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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 (PMjg, NO,, SO,, and Os) 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
Yu et al. (2014) [24], Jiang et al. (2014) [29], Tuyen et al.
#0 64 0.894 polycyclic aromatic hydrocarbons (2014) [30], Hoseini et al. (2016) [31], Bulejko et al. (2016)

[32], Yue et al. (2015) [33]
Lu etal. (2014) [25], Han et al. (2016) [34], Sun et al. (2015)

#l 58 0.8% street dust [35], Keshavarzi et al. (2015) [36], Han et al. (2016) [37]

. . Fu et al. (2015) [26], Varol & Davraz (2015) [38], Islam et al.
#2 45 0.783 potential health risk 015) [39]
#3 0 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]

Gerike et al. (2016) [28], Mansfield & Jacqueline
#4 40 0.985 physical activity (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) 5.87 2012 2013 T s

Health effects of fine particulate air pollution: Lines that connect
(Chow et al., 2006) 5.22 2012 2014 —— —

Seasonal and site-specific variation in vapour and aerosol phase
PAHs over Flanders (Belgium) and their relation with 225 2012 2014 ——

anthropogenic activities (Ravindra et al., 2006)
Use of health impact assessment in incorporating health 201 2012 2013

considerations in decision making (Davenport et al., 2006) I N s e

The 2005 world health organization reevaluation of human and
mammalian toxic equivalency factors for dioxins and dioxin-like 221 2012 2013
compounds (den Berg et al., 2006)

Geochemistry and risk assessment of street dust in Luanda, Angola:

A tropical urban environment (Ferreira-Baptista & Migu et al., 2005) 221 2012 2013 I
Risk-based evaluation of the exposure of children to trace elements 284 2013 2016
in playgrounds in Madrid (Spain) (De Miguel et al., 2007) ’ — —
Health risk assessment for traffic policemen exposed to polycyclic 233 2013 2014
aromatic hydrocarbons (PAHs) in Tianjin, China (Hu et al., 2007) i o N s
Apheis: Health Impact Assessment of Long-term Exposure to PM; 5
in 23 European Cities (Boldo et al., 2006) 194 2013 2014 e I e
The status of soil contamination by semivolatile organic chemicals 1.94 2013 2014
(SVOCs) in China: A review (Cai et al., 2008) . — I — —
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 1.94 2013 2014 e e

(Liao et al., 2006)

Distribution, availability and sources of trace metals in different
particle size fractions of urban soils in Hong Kong: Implications for 1.95 2014 2016
assessing the risk to human health (Luo et al., 2011)

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
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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 PM;( 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 PM, 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 PM;y 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
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],
#0 121 0.847 road dust 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]
Cai et al. (2019) [48], Duan et al. (2020) [66], Zhang et al.
#1 119 0.874 source apportionment (2021) [67], Li et al. (2021) [68], Sun et al. (2020) [69], Tang et al.
(2020) [70]
Hamed et al. (2018) [49], Qasemi et al. (2019) [71],
#2 68 0.982 drinking water Badeenezhad et al. (2021) [72], Radfard et al. (2019) [73],
Mirzabeygi et al. (2018) [74]
. . . Sah et al. (2019) [50], Long et al. (2021) [75], Jan et al. (2018) [76],
#3 63 0.962 chemical fractionation Guo et al. (2021) [77], Jiang et al. (2020) [78]
volatile organic Gu et al. (2020) [51], Li et al. (2020) [79], Ding et al. (2020) [80],
#4 61 0.971 com ougds Tohid et al. (2019) [81], Xiong et al. (2020) [82], Wang et al.
P (2020) [83], Li et al. (2020) [84]
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],
# 52 0.967 air pollution Sohrabi et al. (2020) [89], Khomenko et al. (2021) [90],
Gamarra et al. (2021) [91]
olvevelic aromatic Najmeddin et al. (2019) [53], Abbasnejad et al. (2019) [92],
#6 46 0.970 D rocarboms Najmeddin et al. (2018) [93], Qishlaqi & Beiramali (2019) [94],
Y Liang et al. (2019) [95]
. . Zhang et al. (2019) [54], Shen et al. (2019) [96], Zhang et al.
# 5 0.904 north China plain (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 16.11 2017 2018
smelting district, Northeast of China (Zheng et al., 2010) . I e s —
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 I e s
Multivariate statistical analysis of heavy metals in street dust of Baoji,
NW China (Lu et al., 2010) 956 2017 2018 I e e
Study of ground-level ozone and its health risk assessment in residents 6.88 2017 2018
in Ahvaz City, Iran during 2013 (Yari et al., 2016) : I e

Health risk assessment of abandoned agricultural soils based on heavy
metal contents in Hong Kong, the world’s most populated city 6.49 2017 2018
(Luo et al., 2011)

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., 5.97 2017 2019
2011)

Polycyclic aromatic hydrocarbons (PAHs) in urban surface dust of
Guangzhou, China: Status, sources and human health risk assessment 5.46 2017 2019
(Wang et al., 2011)

Bioaccessibility and health risk of arsenic, mercury and other metals in 5.46 2017 2019
urban street dusts from a mega-city, Nanjing, China (Hu et al., 2011) : I

Integrating hierarchical bioavailability and population distribution into
potential eco-risk assessment of heavy metals in road dust: A case study 5.35 2017 2018
in Xiandao District, Changsha city, China (Huang et al., 2016)

An evaluation of hospital admission respiratory disease attributed to

sulfur dioxide ambient concentration in Ahvaz from 2011 through 2013 4.96 2017 2018 I e e
(Goudarzi et al., 2016)
Heavy metals exposure of children from stairway and sidewalk dust in 496 2017 2018
the smelting district, northeast of China (Zheng et al., 2010) . T s
Polycyclic aromatic hydrocarbons in urban soils of Beijing: Status, 494 2017 2019
sources, distribution and potential risk (Peng et al., 2011) : T
Multivariate and geostatistical analyses of the spatial distribution and
sources of heavy metals in agricultural soil in Dehui, Northeast China 4.58 2017 2018 e e e
(Sun et al., 2013)
Exposure to PM;g, NO, and O3 and impacts on human health
(Khaniabadi et al., 2017) 42 2017 2018 T s
Cardiovascular and respiratory mortality attributed to ground-level 42 2017 2018
ozone in Ahvaz, Iran (Goudarzi et al., 2015) . T e
Impact of Middle Eastern Dust storms on human health
(Khaniabadi et al., 2017) 42 2017 2018 T s

Heavy metal contamination and health risk assessment in drinking
water of Sistan and Baluchistan, Southeastern Iran 5.18 2018 2019
(Mirzabeygi et al., 2017)

The concentration data of fluoride and health risk assessment in
drinking water in the Ardakan city of Yazd province, Iran 4.75 2018 2019
(Mirzabeygi et al., 2018)

Drinking water quality and human health risk in Charsadda district,

Pakistan (Khan et al., 2013) 3.16 2018 2019 B e
Risk assessment and implication of human exposure to road dust heavy 316 2018 2019
metals in Jeddah, Saudi Arabia (Shabbaj et al., 2018) . N — —

Association of Hypertension, Body Mass Index and Waist Circumference
with Fluoride Intake; Water Drinking in Residents of Fluoride Endemic 3.16 2018 2019
Areas, Iran (Yousefi et al., 2018)
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Table 8. Cont.

Title Strength Begin End 2012-2021
Source apportionment of atmospheric PM; 5-bound polycyclic aromatic
hydrocarbons by a PMF receptor model. Assessment of potential risk for 2.87 2018 2019 e e e
human health (Callen et al., 2014)
Sources identification of heavy metals in urban topsoil from inside the
Xi’an Second Ringroad, NW China using multivariate statistical 2.87 2018 2019 e e e
methods (Chen et al., 2012)
Levels, sources and health risks of carbonyls and BTEX in the ambient 353 2019 2021
air of Beijing, China (Zhango et al., 2012) : — — E—
Spatial variation and probabilistic risk assessment of exposure to 331 2019 2021
fluoride in drinking water (Fallahzadeh et al., 2018) i — e E—
Probabilistic risk assessment of Chinese residents’” exposure to fluoride
in improved drinking water in endemic fluorosis areas 3.09 2019 2021 [ —
(Zhang et al., 2017)
Investigation of outdoor BTEX: Concentration, variations, sources, 3.09 2019 2021
spatial distribution and risk assessment (Miri et al., 2016) : — e E—
Inhalation exposure and related health risks of BTEX in ambient air at
different microenvironments of a terai zone in north India 2.87 2019 2021 e e I
(Masih et al., 2016)
Pollution, ecological-health risks and sources of heavy metals in soil of 265 2019 2021
the northeastern Qinghai-Tibet Plateau (Wu et al., 2018) . — e E—
Trends of BTEX in the central urban area of Iran: A preliminary study of
photochemical ozone pollution and health risk assessment 22 2019 2021 — e —

(Hajizadeh et al., 2018)

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
AModularity and ACluster Linkage.

Table 9. Some of the articles with the strongest transformative potentials, M is AModularity, C-L is
for ACluster Linkage, C-D is for ACentrality Divergence.

Year M C-L C-D Title
The effects of urban vehicle traffic on heavy metal contamination in road sweeping waste

2020 98.94 212 0.31 and bottom sediments of retention tanks (Nawrot et al., 2020)
Contamination characteristics of heavy metals in particle size fractions from street dust

2020 98.87 35.48 0.06 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)

Characteristics and health risk assessment of heavy metals in street dust for children in

2020 97.99 19.56 0.06 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
Geostatistical mapping and quantitative source apportionment of potentially toxic
2020 97.46 15.64 0.08 elements in top- and sub-soils: A case of suburban area in Beijing, China
(Duan et al., 2020)
Spatial distribution of pollution characteristics and human health risk assessment of
2020 97.4 9.11 0.08 exposure to heavy elements in road dust from different functional areas of Zhengzhou,
China (Wang et al., 2020)
Hazard, ecological and human health risk assessment of heavy metals in street dust in
2020 97.16 1086 0.07 Dezful, Iran (Sadeghdoust et al., 2020)
2021 9713 1403 010 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)
Pollution status and human health risk assessment of potentially toxic elements and
2020 97.11 12.5 0.06 polycyclic aromatic hydrocarbons in urban street dust of Tyumen city, Russia
(Konstantinova et al., 2020)
Contamination and health risk assessment of potentially harmful elements associated
2021 96.88 —17.27 0.03 with roadside dust in Dhanbad India (Patel and Jain, 2021)
2021 96.75 _18.19 0.02 Heavy metals in indoor dust across Chl'na: Occurrence, sources and health risk
assessment (Liu et al., 2021)
A comprehensive exploration of risk assessment and source quantification of potentially
2021 96.62 —20.82 0.04 toxic elements in road dust: A case study from a large Cu smelter in central China
(Wang et al., 2021)
-~ Risk and sources of heavy metals and metalloids in dust from university campuses: A
2021 96.62 17.14 0.01 case study of Xi’an, China (Fan et al., 2021)
Pollution characteristics, sources and health risk assessments of urban road dust in Kuala
2020 96.57 25.28 0.08 Lumpur City (Othman and Latif, 2020)
Pollution effect assessment of industrial activities on potentially toxic metal distribution
2021 9649 —145 0.01 in windowsill dust and surface soil in central China (Han et al., 2021)
Heavy metal pollution of road dust in a city and its highly polluted suburb; quantitative
2021 96.41 —25.84 0 source apportionment and source-specific ecological and health risk assessment
(Heidari et al., 2021)
Spatio-temporal distribution and source identification of heavy metals in particle size
2021 9633 —1485 0.04 fractions of road dust from a typical industrial district (Zhu et al., 2021)
Contamination, distribution and health risk assessment of risk elements in topsoil for
2021 95.71 —17.24 0.01 amusement parks in Xi’an, China (Guo et al., 2021)
Urban street dust in the Middle East oldest oil refinery zone: Oxidative potential, source
2021 95.58 —9.36 0.04 apportionment and health risk assessment of potentially toxic elements
(Naraki et al., 2021)
Water quality and health risk assessment based on hydrochemical characteristics of tap
2021 94.97 —13.77 0.06 and large-size bottled water from the main cities and towns in Guanzhong Basin, China
(Deng et al., 2021)
Human health risk assessment of heavy metals in the urban road dust of Zhengzhou
2021 0477 —28.26 0.01 metropolis, China (Faisal et al., 2021)
2021 94.75 1434 0.08 Pollution evaluation, human health effect and tracing source of trace elements on road
. i . dust of Dhanbad, a highly polluted industrial coal belt of India (Mondal and Singh, 2021)
Status, spatial distribution and health risk assessment of potentially harmful element
2021 92.61 —3086 0.08 from road dust in steel industry city, China (Wang et al., 2021)
2021 91.84 1720 001 Pollution, human health risk assessment and spatial distribution of toxic metals in u