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Abstract: Promoting the synergy of pollution and carbon reduction (PCR), as well as accelerating
high-quality economic development (HQED), are the two major tasks of China’s current economic
development. Thus, it is crucial to achieve a deep integration between PCR and HQED. We first
construct the indicator system of PCR and HQED, and use the entropy method to assign weights
to the indicator system. The coupling coordination model often portrays the level of coordinated
development between systems. We apply this model to measure the synergistic relationship between
PCR and HQED in 108 cities of the Yangtze River Economic Belt (YREB) in China from 2006 to 2021.We
further analyze its spatial-temporal characteristics, regional differences, and convergence. The results
reveal that the coupling coordination degree (CCD) between PCR and HQED in the YREB increases
from 0.4234 in 2006 to 0.5832 in 2021. A higher CCD reflects a better coordinated developmental
relationship between the two subsystems, and the relationship between the PCR and HQED shifts
from on the verge of being uncoordinated to barely coordinated. Meanwhile, the CCD of the YREB
shows a trend of decreasing downstream, midstream, and upstream, with significant spatial positive
autocorrelation characteristics. Moreover, the overall differences in the CCD of the YREB from
2006 to 2021 show a fluctuating trend, with larger contributions of inter-regional differences and
intra-regional differences. The convergence model reflects whether there is a tendency for the coupling
coordination differences to narrow. Finally, the model indicates that there is no σ convergence but
exists β convergence in the CCD of the YREB. Convergence is fastest in the downstream, followed by
the midstream, and slowest in the upstream. The study reveals that the CCD of the YREB is increasing
and has significant positive spatial correlation characteristics. It could utilize inter-city synergies,
implement integrated strategies, and promote synergies between PCR and HQED in accordance
with local conditions. Our findings provide empirical evidence and policy references for effectively
promoting the deep integration of PCR with HQED.

Keywords: pollution and carbon reduction; high-quality economic development; coupling coordination;
regional difference; convergence; Yangtze River Economic Belt

1. Introduction

To promote sustainable development, countries around the world typically pro-
mote the coordination of ecological environment (eco-environment) as well as economic
development [1,2]. As the world’s largest developing country, China has serious chal-
lenges in both aspects [3]. In the field of environmental preservation, China confronts
two key challenges: reducing environmental pollution and lowering carbon emissions. In
terms of environmental pollution, according to Ministry of Ecology and Environment data,
China’s average PM2.5 concentration in 2023 is 30 micrograms per cubic meter, which is
significantly higher than the World Health Organization’s target limit of 5 micrograms
per cubic meter. The average ozone concentration is 144 micrograms per cubic meter,
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which is 44 percent above the World Health Organization’s limit of 100 micrograms per
cubic meter. In terms of carbon emissions, International Energy Agency data indicate that
China’s carbon dioxide (CO2) emissions reach 12.6 billion metric tons in 2023, an increase
of 565 million metric tons from 2022, which is the largest increase in CO2 emissions in the
world. Meanwhile, China’s per capita CO2 emissions are also 15% higher than developed
economies. Pollutants and CO2 have the same root, source and process [4]. Therefore,
we need to evaluate the comprehensive performance of pollutants and CO2 in a unified
framework. China regards the coordinated promotion of pollution and carbon reduction
(PCR) as an inevitable choice for a comprehensive green transformation of economic and
social development. At the same time, the economy of China has shifted from a stage
of high-speed growth to high-quality development [5]. High-quality economic develop-
ment (HQED) implies that the goal of economic development is to turn from a single
growth rate dimension to a multidimensional benefits dimension. The improvement of
economic development quality is manifested in the general improvement of economic
growth fundamentals, economic growth structure optimization and upgrading, as well as
the sustained enhancement of economic growth results [6]. In this context, accelerating the
deep integration of PCR and HQED has the practical relevance of achieving a multi-benefit
situation in terms of environmental, climate, and economic benefits [7].

In theory, the relationship between PCR and HQED is neither mutually exclusive or
antagonistic, but rather an interdependent and mutually beneficial union. On the one hand,
PCR has a reversed transmission effect on the HQED. Green development contributes to
the formation of green productivity, forcing the overall transformation and upgrading of
the economic system. Thereby facilitating the realization of high-quality development
in which human beings live in harmony with nature [8]. On the other hand, HQED is
supportive of PCR. Green development is an inevitable requirement for HQED, and the
development oriented towards HQED inevitably focuses on green development, which
can contribute to the realization of PCR [9]. On the basis of the previous analysis, this
study intends to examine the deep integration relationship between PCR and HQED from
a quantitative perspective.

Specifically, this study analyzes 108 cities in China’s Yangtze River Economic Belt
(YREB) during 2006–2021. On the one hand, in practice, the Yangtze River waterway ranks
first in the world in terms of cargo volume on inland waterways. The YREB region is
densely populated with cities, covering 11 provinces and municipalities along the river,
with more than 40% of China’s population size and gross domestic product. Rich in
freshwater and mineral resources, the YREB is an important industrial development site
and one of the regions with the greatest potential for economic growth in China. The
YREB is facing serious ecological and environmental conditions, and the task of industrial
transformation and upgrading is arduous. The development of the YREB is beneficial to
narrow the development gap between the East, the Middle and the West, and to build a
two-way opening by land and sea. It is a green development that prioritizes ecology and is
one of China’s three major strategies. The development of the YREB is related to the overall
development of China. On the other hand, in theory, the existing literature provides some
assessments of the ecological performance and the economic development performance of
the YREB [10,11]. Therefore, we choose the YREB as the object of this study, because it is
the pioneer demonstration belt of ecological civilization construction and the main force
leading China’s economic high-quality development [12]. Our accurate scientific grasping
of YREB can be a reference for other places.

This study measures and analyzes the coupled coordination between PCR and QED
in the YREB using the coupling coordination degree (CCD) model. In order to analyze
the dynamic evolution and spatial distribution characteristics of the CCD, this study
uses the kernel density estimation method and the spatial autocorrelation method to
determine whether there is a spatial autocorrelation between the CCD of PCR and HQED.
On this basis, this study utilizes the Dagum Gini coefficient method to explore the sources
and magnitudes of regional differences in the CCD of PCR with HQED. Finally, this
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study conducts convergence analysis, using σ convergence, absolute β convergence and
conditional β convergence studies to analyze the evolution of the coordination gap between
the coupling of PCR and HQED in the YREB as a whole and in the three major regions.

The following four main findings are obtained in this study: First, the CCD between PCR
and HQED in the YREB gradually increased from 0.4234 in 2006 to 0.5832 in 2021, and the rela-
tionship between the two subsystems shifted from on the verge of being uncoordinated to barely
coordinated. The CCD in the upstream region grew from 0.4056 in 2006 to 0.5371 in 2021,
with a 1.89% average yearly rise rate. The CCD in the midstream region grew from
0.4109 to 0.5643, with a 2.14% average yearly rise rate. At the same time, the downstream
area has the greatest CCD, increasing from 0.4479 to 0.6346, with a 2.35% average yearly
rise rate. Second, the kernel density indicates that the CCD between PCR and HQED keeps
jumping from low level to high level, with increasing absolute difference and a significant
positive spatial autocorrelation characteristic. Third, in terms of regional differences, the
Dagum Gini coefficient results show a fluctuating trend in the overall differences in the
CCD of the YREB during the sample period. The contribution of inter-regional and intra-
regional differences is greater. The mean contribution of inter-regional variation is 38.63%,
the mean contribution of intra-regional variation is 30.77%, and the mean contribution of
trans variation intensity is 30.59%. Fourth, there is no σ convergence in the CCD of PCR
and HQED in the YREB. However, there is β convergence, with the rate of convergence
decreasing for the downstream, middle stream, and upstream in this order.

First, in terms of research topics, existing literature on the relationship between eco-
environment preservation and economic development has conducted research and quan-
titative measurements [13,14]. However, focusing on China’s practice, eco-environment
preservation no longer focuses on reducing pollutants. Rather, it should take into account
the dual objective task of decreasing pollution and greenhouse gas emissions, accelerating
the promotion of PCR. Similarly, economic development has also shifted from the pursuit of
scale and speed to the benefits and quality, which means solidly promoting HQED [15]. Fo-
cusing on the new background of environmental pollution and economic development, this
paper provides a quantitative assessment of the synergistic relationship between PCR and
HQED. This paper is an effective expansion of the existing literature with more innovative
and contemporary research.

Second, in terms of research substance, this paper comprehensively depicts the cou-
pling relationship between PCR and HQED from the perspectives of basic measurement,
spatial-temporal characterization, regional difference assessment and convergence. Specifi-
cally, this study takes the YREB as a case study, and employs the coupling coordination
model on the basis of constructing the indicator systems, firstly measuring the level of the
CCD and analyzing its change characteristics. On this basis, the characteristics of CCD
dynamic evolution, and spatial autocorrelation are analyzed by kernel density estimation
method and spatial autocorrelation method. This study further analyzes the sources and
magnitude of regional differences in CCD by using the Dagum Gini coefficient method.
Finally, the convergence studies are used to analyze the evolution of coupled coordination
gaps. By quantitatively depicting its full view, this study can effectively provide a reference
for PCR and HQED.

The remaining parts of the study are organized as follows: The literature review is
in Section 2. Section 3 is the theoretical analysis. Section 4 presents the research design.
Results and analysis are presented in Section 5. Finally, Section 6 contains conclusions and
related policy implications. Figure 1 shows the research framework of the study.
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2. Literature Review
2.1. Literature on Evaluation and Measurement of PCR

Environmental pollution and carbon emissions have the same root, source, and process
characteristics, so PCR targets are highly consistent, with excellent synergistic effects [16].
By means of ridge linear regression, Liang et al. [17] find that each 1% increase of ni-
trogen oxides and sulfur dioxide, CO2 increased by 0.86%. From a synergy perspective,
Xie et al. [18] quantitatively assesses the marginal abatement cost, and find that the cost of
joint abatement of air pollution and CO2 is reduced by 57.86% and 79.97%, respectively,
with synergy benefits increasing by 68.77%. Adopting the Multi-resolution emission in-
ventory model for climate and air pollution research, Xian et al. [19] figure out that both
carbon and air pollutant abatement policies have a synergistic effect on PCR based on data
from 30 provinces in China during 2006–2020.

Further, taking sulfur dioxide, nitrogen oxides, total suspended particulate, and CO2
as measures, Mao et al. [20] construct the equivalent emission index of air pollutants, and
find that synergistic emission reductions of air pollution and greenhouse gases have linear
cumulative benefits. And Li et al. [21] examines 285 cities in China during 2005–2018,
and find that the carbon emissions trading reduces urban CO2, particulate matter 2.5, and
sulfur dioxide by 9.8%, 11.7%, and 9.7%, respectively. On this basis, as the Greenhouse Gas
and Air Pollution Interactions and Synergies model-China model is a combination of the
Greenhouse Gas and Air Pollution Interactions and Synergies model and China’s economic
development, which accurately simulates the release of six greenhouse gases and six air
pollutants in China, Lu et al. [22] finds the highest synergistic benefits of particulate matter
2.5 with CO2 in the Beijing-Tianjin-Hebei region, based on the Greenhouse Gas and Air
Pollution Interactions and Synergies model-China model. Similarly, Zheng et al. [23] find
that sulfur dioxide will be well controlled in the Yangtze River Delta region by 2030 based
on this model, while particulate matter 2.5 is steadily decreasing in Jiangsu and Shanghai.
In addition, based on the equivalent emission index of air pollutants, Jiang et al. [24]
examine the power sector in Yunnan, Shanghai, Jiangsu and Zhejiang, which find that
technological emission reduction has a better synergistic effect on PCR than structural.
However, Feng et al. [25] adopt an accounting model to measure synergistic effect of PCR
and spatial difference from 2016 to 2021, discovering a decrease in the coordination of PCR
in the Yangtze River Delta region.

In terms of spatial correlation, He et al. [26] conduct a global spatial autocorrelation
test for the YREB, and find that the global CO2 emissions in the YREB from 2010–2019
have a significant positive spatial autocorrelation, where cities with high CO2 emissions
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are adjacent to each other, focusing to the coupling coordination of CO2 and pollutants.
With coupled coordination model and spatial auto-correlation analysis, Xu et al. [27] figure
out that the CCD of CO2 emissions and environmental pollution in the Yangtze River Delta
region exhibits a significant positive spatial correlation during the period of 2011–2019.
Similarly, using CCD model, Chen et al. [10] find that the coupled synergy of PCR has
a significant spatial positive correlation based on panel data of 108 cities in the YREB
from 2006–2019.

2.2. Literature on Performance Evaluation of HQED

The concept of HQED is complex and contains multiple dimensions, which is difficult
to be described by a single indicator. Therefore, the present literature mostly constructs a
HQED indicator system to assess its quality. On the basis of the new development principle,
some studies construct an indicator system from the five perspectives of innovation, coor-
dination, openness, green and sharing to measure and analyze HQED [28,29]. Meanwhile,
many scholars propose various methods of constructing a HQED indicator system. For
example, Luo and Qu [30] set up an index system for HQED on the basis of five subsystems:
economic, social, ecological, openness and coordination. And using the entropy method to
measure HQED at the provincial level in China, it is found that the score of HQED of each
province ranges from 0.244 to 0.737. Within that, Beijing scores the highest and Xinjiang
province scores the lowest, the level of HQED is inclined from the east to the mid-west.

Concerning the city level as the more micro scale, Pan et al. [31] establish a HQED
indicator system to assess the level at the 301 prefectural-level administrative districts in
China, based on five perspectives: innovation efficiency, environmental impacts, economic
development, people’s livelihoods, and ecological services. The findings show that the
provincial centers such as Wuhan, Xi’an, and Changsha all have high levels of HQED. In
contrast, the Yellow River Basin, Northeast China, and Yunnan-Guangzhou regions are
concentrated areas with lagging economic development. Chen and Wang [32] construct
an indicator system for HQED with innovation capacity, people’s lives, economic vigor,
green growth, and coordinated development as the primary indicators. On this basis,
principal component analysis is utilized to assess the HQED index in 233 Chinese cities
during 2003–2016, revealing that cities in the western region have lower scores than the
eastern region. Zhou et al. [33] construct an indicator system for measuring the HQED
with five first-level indicators, including industrial structure, district structure, people’s
livelihood, technological innovation, and green development. Using principal component
analysis to measuring the level of HQED, the conclusions reveal that the index increases at
an average yearly increase of 3.2%, from 0.327 in 2010 to 0.433 in 2019 in China’s Yangtze
River Delta region.

In terms of spatial correlation, according to Liu and Zhou [11], the results of kernel
density figure show that during the period of 2003–2020, the spatial distribution of the
high-quality urban development degree of the whole YREB shows convergence, and the
development of intercity is more coordinated. Moran’s index indicates a significant positive
spatial correlation characteristic. Meanwhile, Feng et al. [34] use the global Moran’s index
test to find that the harmonious interactions among the economic, social and environmental
systems of the cities in the YREB show a significant positive correlation from 2010 to 2020,
and the spatial dependence gradually increases.

2.3. Literature on the Synergistic Effect of Eco-Environmental Preservation and
Economic Development

A common goal of nations worldwide is to find ways to coordinate the preserva-
tion of the environment and economic growth. This is also a hot issue in the research
field of environmental economics. Current literature mostly constructs the index system
of eco-environment and economic development, using the CCD model to measure and
analyze. Wu et al. [35] figure out that the eco-environment and the socio-economic sys-
tem in 16 provinces of China are in high coupled coordination, Tibet is in medium, and
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13 provinces are in low coupling coordination. On the basis of the CCD model, Shi et al. [13]
apply the geographically time-weighted regression method to assess the ecological and
economic development levels of 17 areas of tropical and subtropical zones in China during
2003–2016. It is found that the eastern region is mainly of the economic-ecological syn-
chronous type. The economically undeveloped regions in the middle and west are mainly
in the lagging economic development type. The majority of East China’s economically
developed regions demonstrate the lag type of ecological development.

From more micro perspective, some scholars investigate the coupling coordination re-
lation between economic development and urban eco-environment. Ma et al. [36] construct
a subsystem of environmental pollution and economic growth, calculating the CCD of
350 prefectural-level cities in China. It is found that the CCD is still low in most prefecture-
level cities, and a spatial correlation exists between the structure of industrial sectors and
coupling coordination. Chen et al. [37] set up an indicator system of PCR and HQED,
finding that the CCD of the three city clusters in Yangtze River Delta, Beijing-Tianjin-
Hebei, and Pearl River Delta regions of China all show a fluctuating upward trend from
2010 to 2019. The CCD all reach above 0.8 by 2019, but the difference between cities is more
obvious. Liu et al. [14] find that the Yellow River Basin’s CCD of eco-environment and
economic growth grows from 0.6161 in 2008 to 0.6340 in 2017. Cities with a high CCD show
a tendency to expand from the lower reaches to the upper reaches and the inland areas.
Moreover, Huang and Li [38] analyze 55 countries’ levels of eco-environment and economic
development from the international perspective, which find a high CCD in Europe and
East Asia, as well as a low CCD in Central Asia, Africa and West Asia.

2.4. Research Gap

From the above literature review, it can be seen that the relationship between economic
development and environmental pollution is an eternal topic and always in the spotlight.
From the above literature review, it can be seen that the existing literature mostly carries
out unilateral measurement of economic development or environmental pollution, and the
indicators of environmental pollution are mostly single pollution indicators [18,21]. Few
studies have integrated environmental pollution and economic development into a unified
framework to examine performance levels [14,37]. Based on the data of 108 cities in the
YREB in China from 2006 to 2021, this study investigates environmental pollution from
the perspective of PCR, and economic development from the theme of the era of HQED,
exploring the coupling coordination relationship between both, in order to fill the gaps in
the relevant literature.

3. Theoretical Analysis

Theoretically, the relationship between PCR and HQED is mutual influence, promotion
and integration. In the new stage of development, the Chinese economy places a long-
term emphasis on speed over quality. Facing the current challenges of “triple pressure”
of demand contraction, supply shocks and weakening expectations. In addition, the
cultivation of China’s driving force mechanism is still dominated by traditional investment,
and the support of new driving force is insufficient. Therefore, the first challenge China
faces is to realize the organic unity between the improvement of economic development
quality and economic growth, which is to realize high-quality economic development. At
the same time, China faces carbon peaking and carbon neutrality targets [39], however,
CO2 emissions account for 33.6% of total global carbon emissions in 2023. In terms of
pollutant emissions, a total of 126 cities in China exceed air quality standards in 2022, with
ecological quality in urgent need of improvement. Therefore, the second challenge is to
realize the goal of PCR [40]. Facing the dual challenges of PCR and HQED at the same time,
it is necessary to promote deeply integrated and synergistic development [41].

The deep integration of PCR and HQED is supported in theoretical mechanism. Specif-
ically, there are five synergies, which are aim synergy, thread synergy, regional synergy,
measure synergy and policy synergy. First, in terms of aim synergy, PCR and HQED are
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key initiatives to boost healthy and durable long-term development of China’s economy.
The Chinese government proposes HQED as a top priority for building a modernized
country in all aspects. Promoting the greening and lower carbonization of economic society
is a key aspect of achieving it. Second, in terms of thread synergy, it is a common practice
in many countries worldwide to adhere to the winning combination of eco-efficiency and
economic efficiency. The same is the way China’s green development path is taking place
at present [42]. Therefore, we apply the CCD model to measure its coupling coordination,
which can better integrate the promotion of PCR and HQED. Third, in terms of regional
synergy, PCR is supposed to be integrated with HQED into regional development strategies.
This is because for the future sustainability of any region, these two major goals have to
be achieved [43]. The spatial -temporal characterization of the CCD we carried out is
conducive to a better implementation of regional synergy strategies. Fourth, in terms of
measure synergy, effective measures to PCR are conducive to forming green productivity
and providing internal support for HQED. Meanwhile, green development is the inevitable
requirement for HQED. Development oriented towards HQED will inevitably emphasize
sustainable development as well, which can contribute to the realization of PCR [44]. Fifth,
in terms of policy coordination. A policy system for a comprehensive green transformation
of the economy and society can harmonize the goals of PCR with HQED, and the two goals
can be mutually supportive of each other.

In practice, the Fourth Forum on the YREB pointed out that promoting the HQED of
the YREB fundamentally depends on a high-quality ecological environment. It is necessary
to strengthen synergies and enhance the coupled development of ecological environmental
protection and economic and social development. Jiangyin Municipal Government of
Jiangsu Province has shut down 667 polluting enterprises and rectified 1709 polluting
enterprises in the Lingang Development Zone, while importing a number of new energy
projects. Take a green development path while insisting on HQED. Nantong Haimen
Science and Technology Zone in Jiangsu Province has taken the initiative to adjust its
development orientation by playing the location advantage of being close to Shanghai
Zhangjiang Science and Technology City. The chemical and printing and dyeing industries
mainly in the industrial zone adjusted for the creation of innovation and entrepreneurship
ecosystem, attracting more than 150 various types of high-tech enterprises to move in. At
the same time as environmental protection, economic transformation and upgrading as
well as high-quality development have been realized.

In general, the achievement of PCR is the inherent requirement and inevitable choice
to boost HQED. Meanwhile, the realization of HQED can effectively provide the economic
foundation and external guarantee for PCR. Figure 2 shows the theoretical framework of
the coupling coordination relationship between PCR and HQED.

Sustainability 2024, 16, x FOR PEER REVIEW 8 of 28 
 

 
Figure 2. The theoretical framework for the integration of PCR with HQED. 

4. Research Design 
4.1. Research Methods 

The core objective of this study is to accurately measure and deeply analyze the co-
ordination relationship between PCR and HQED. Therefore, in the choice of methodol-
ogy, we draw extensively on existing relevant studies and select the most widely used and 
representative methods. Specifically, we sequentially measure PCR and HQED, analyze 
spatial-temporal characteristics, as well as analyze regional differences and convergence. 

First, we construct the indicator system of PCR and HQED respectively. In terms of 
measuring coupling coordination, referring to Nie and Lee [16], we use the coupling co-
ordination model to the CCD. Second, we analyze the spatial -temporal characteristics of 
the coupling coordination degree. Specifically, with reference to Liu and Zhou [11], the 
kernel density estimation method is used to analyze the characteristics of its dynamic evo-
lution, and the spatial autocorrelation method is used to analyze its spatial autocorrelation 
[45]. Immediately following, with reference to Hu et al. [46], we explore regional differ-
ences, applying the Dagum Gini coefficient method to the sources and magnitude of the 
differences in the degree of coupling coordination. Finally, referring to Wen et al. [47], we 
explore convergence. The σ convergence and β convergence are utilized to investigate and 
analyze the evolution of the coordination gap between the coupling of PCR and HQED in 
the YREB as a whole and in the three major regions.  

4.2. Index System Construction 
This study establishes a synthesis assessment index system to scientifically evaluate 

the subsystems of PCR and HQED. In the subsystem of PCR, pollution reduction and car-
bon reduction are constructed as primary indicators, with reference to the existing litera-
ture [16,48]. Secondary indicators of pollution reduction include industrial pollution and 
air pollution [49,50], while total carbon dioxide emissions and carbon emission intensity 
constitute the secondary indicators of carbon reduction [47]. In the subsystem of HQED, 
according to Mlachila et al. [6], we construct indicators for measurement from three di-
mensions: fundamentals, structures and outcomes of economic growth. where growth ef-
ficiency and growth dynamics make up the foundations of economic growth [51]. The 
economic growth structure consists of the structures of the four components: industrial, 
fiscal, financial and balance of payments. Living standards, income distribution, energy 

Figure 2. The theoretical framework for the integration of PCR with HQED.



Sustainability 2024, 16, 4892 8 of 26

4. Research Design
4.1. Research Methods

The core objective of this study is to accurately measure and deeply analyze the
coordination relationship between PCR and HQED. Therefore, in the choice of methodology,
we draw extensively on existing relevant studies and select the most widely used and
representative methods. Specifically, we sequentially measure PCR and HQED, analyze
spatial-temporal characteristics, as well as analyze regional differences and convergence.

First, we construct the indicator system of PCR and HQED respectively. In terms
of measuring coupling coordination, referring to Nie and Lee [16], we use the coupling
coordination model to the CCD. Second, we analyze the spatial-temporal characteristics
of the coupling coordination degree. Specifically, with reference to Liu and Zhou [11],
the kernel density estimation method is used to analyze the characteristics of its dynamic
evolution, and the spatial autocorrelation method is used to analyze its spatial autocorre-
lation [45]. Immediately following, with reference to Hu et al. [46], we explore regional
differences, applying the Dagum Gini coefficient method to the sources and magnitude of
the differences in the degree of coupling coordination. Finally, referring to Wen et al. [47],
we explore convergence. The σ convergence and β convergence are utilized to investigate
and analyze the evolution of the coordination gap between the coupling of PCR and HQED
in the YREB as a whole and in the three major regions.

4.2. Index System Construction

This study establishes a synthesis assessment index system to scientifically evaluate
the subsystems of PCR and HQED. In the subsystem of PCR, pollution reduction and
carbon reduction are constructed as primary indicators, with reference to the existing
literature [16,48]. Secondary indicators of pollution reduction include industrial pollution
and air pollution [49,50], while total carbon dioxide emissions and carbon emission in-
tensity constitute the secondary indicators of carbon reduction [47]. In the subsystem of
HQED, according to Mlachila et al. [6], we construct indicators for measurement from three
dimensions: fundamentals, structures and outcomes of economic growth. where growth
efficiency and growth dynamics make up the foundations of economic growth [51]. The
economic growth structure consists of the structures of the four components: industrial,
fiscal, financial and balance of payments. Living standards, income distribution, energy
consumption, and food security constitute economic growth outcomes. Table 1 lists the
measurement system.

Table 1. Measurement system construction for PCR and HQED.

Subsystems Primary Indicators Secondary Indicators Tertiary Indicators Units Types

PCR

Pollution reduction

Industrial pollution
Industrial wastewater discharge Ten thousand tons −
Industrial sulphur dioxide emissions Ton −
Industrial smoke and dust emissions Ton −

Air pollution Annual average concentration
of PM2.5 Micrograms/m3 −

Carbon reduction
Total carbon emission Total CO2 emissions Ten thousand tons −

Carbon emission
intensity CO2 emission intensity Ton/ten thousand yuan −

HQED
Economic growth

fundamentals

Growth efficiency
Total factor productivity — +
Labor productivity Ten thousand yuan +
Capital output ratio — +

Growth dynamics
Per capita fiscal expenditure on
science and technology Yuan +

Patent authorizations per
10,000 people Piece +
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Table 1. Cont.

Subsystems Primary Indicators Secondary Indicators Tertiary Indicators Units Types

HQED

Economic growth
structures

Industrial structure Ratio of tertiary to secondary industry
value added % +

Fiscal structure Fiscal revenues to fiscal
expenditure ratio % +

Financial structure Ratio of deposit and loan balances of
financial institutions to GDP % +

Balance of payments
structure

Ratio of total exports and imports
to GDP % +

Economic growth
outcomes

Living standards

Registered urban unemployment rate % −
Per capita fiscal expenditure
on education Yuan +

Number of medical beds per
1000 people Sheet +

Total number of public library books
per capita Volume +

Income distribution Ratio of disposable income per capita
for urban and rural residents — −

Energy consumption Consumption of electricity per unit
of GDP

Kilowatt-hours/ten
thousand yuan −

Food security Grain production per capita Ton +
Note: “+” indicates the positive indicator, “−” indicates the negative indicator.

4.3. Research Sample and Data Source

This study focuses on the Chinese YREB, with a sample examination period from
2006 to 2021. The data for the study are mainly from China Urban Statistical Yearbook,
China Urban Construction Statistical Yearbook, CEIC database and research bulletins
of provinces and cities. Two considerations are taken into account while selecting the
time span: First, in 2006, the phrase “environmentally friendly society” was included for
the first time in the Outline of the 11th Five-Year Plan for National Economic and Social
Development, a document on economic and social development. This indicates that 2006 is
a crucial time in China’s efforts to preserve its eco-environment, so this study chooses it as
the beginning of the research. Second, the China Urban Statistical Yearbook 2023 has not yet
been released. Therefore, setting 2021 as the endpoint of the study ensures that the data can
be obtained completely, while balancing the timeliness and cutting-edge nature of the study
to the greatest extent possible. The Yangtze River Economic Belt spans China’s eastern,
central and western regions, passing through nine provinces and two municipalities in the
Yangtze River basin. The upper reaches include four provinces and cities of Chongqing,
Sichuan, Guizhou and Yunnan, the middle reaches include three provinces of Jiangxi,
Hubei and Hunan, and the lower reaches include four provinces and cities of Shanghai,
Jiangsu, Zhejiang and Anhui. The research area is shown in Figure 3.

4.4. Method
4.4.1. Entropy Weight Method

Based on the indicator system established above, the study measures the data collected
from 108 cities in the YREB on PCR and HQED through the entropy weighting method.
The measurements of the two systems are also organized and analyzed separately. The
entropy weight method is one of the commonly used empowerment methods in academia
for conducting related research [30]. By calculating the weights of secondary indicators by
virtue of this method, it can eliminate the impact of subjective factors and make estimations
more objective. Considering diverse data types of the selected indicators, this study
standardizes the raw data by means of min-max, which is expressed by the formula:

ztij =
xtij−min(xj)

max(xj)−min(xj)
, Positive indicator

ztij =
max(xj)−xtij

max(xj)−min(xj)
, Negative indicator

(1)
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where, t denotes the year, i is the city in the YREB, and j is the indicator. xtij denotes
the original value of the jth indicator for city i in year t, max

(
xj
)

and min
(
xj
)

denote the
maximum and minimum values of the jth indicator, respectively, and ztij denotes the
standardized value.
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The entropy Ej can be denoted as follows:

Ej = − 1
ln(n × t)∑

T
t=1 ∑n

i=1

(
ztij

∑T
t=1 ∑n

i=1 ztij

)
ln

(
ztij

∑T
t=1 ∑n

i=1 ztij

)
(2)

where T and n denote the quantity of years and cities in the sample, respectively, which in
turn allows for the determination of the weights wj for each indicator:

wj =
1 − Ej

∑m
j=1
(
1 − Ej

) (3)

Finally, the level of PCR and HQED can be expressed as:{
PCRit = ∑m

j=1 wj × ztij

HQEDit = ∑m
j=1 wj × ztij

(4)

The magnitudes of PCR and HQED are between 0 and 1, with higher values indicating
better results.

4.4.2. Coupling Coordination Degree Model

The concept of coupling originated in physics and refers to the phenomenon of mul-
tiple systems interacting and influencing each other. The coupling degree is used to
characterize the level of coordinated development between systems, and is a measure of
the orderliness of development between different subsystems.
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PCR and HQED are two mutually reinforcing and coordinated subsystems. Based
on this, the CCD model is constructed to reflect the degree of interaction between the
systems of PCR and HQED, as well as the status of the coordination level. The formulas
are as follows:

Cit = 2 ×
√

PCRit × HQEDit
PCRit + HQEDit

(5)

where Cit means the coupling degree, its value range is 0–1, and the larger value represents
the higher coordination degree.

Dit =
√
(Cit × Tit) (6)

Dit is the CCD of the system of PCR and HQED, with a value range of 0–1. The closer
the value is to 1, the higher is the coupling coordination level of the two systems, and the
lower is the opposite.

Tit = αPCRit + βHQEDit (7)

Tit is the development degree. α and β are the system weights of PCR and HQED,
respectively, and α + β = 1. Considering that both subsystems are evenly vital, the values of
α and β are both 0.5 in this paper. Table 2 presents the classification standards for CCD.

Table 2. CCD classification standards.

CCD Value Range Grade Types

0–0.1 1 Utmost uncoordinated
0.1–0.2 2 Highly uncoordinated
0.2–0.3 3 Moderately uncoordinated
0.3–0.4 4 Slightly uncoordinated
0.4–0.5 5 At the edge of being uncoordinated
0.5–0.6 6 Barely coordinated
0.6–0.7 7 Slightly coordinated
0.7–0.8 8 Moderately coordinated
0.8–0.9 9 Well-coordinated
0.9–1.0 10 Excellent coordination

4.4.3. Kernel Density Estimation Method

Kernel density estimation method is a nonparametric estimation method, which can
describe the change of CCD by appropriate kernel function, and has the characteristics of
strong robustness and weak model dependence. It is widely used to assess the dynamics of
distributional patterns [45], and can characterize the dynamic evolution of CCD between
PCR and HQED. A rightward shift of the kernel density distribution curve indicates
increasing CCD, a widening of the width of the distribution curve indicates a widening
of the CCD difference, and a single peak demonstrates the presence of single polarization.
The form of kernel density estimation method is listed as:

f (x) =
1

Nh

N

∑
i=1

K
(

Xi − x
h

)
(8)

where, N denotes the quantity of observations and h represents the bandwidth. We use the
Stata.17 software for plotting, using the default bandwidth. K denotes the kernel function.
Xi and x are the observations and the mean of the observations, respectively.

4.4.4. Spatial Autocorrelation Analysis Method

Existing literature confirmed the strong spatial correlation of environmental perfor-
mance and economic development among the YREB. The global Moran’s I is used to test
for the presence of spatial autocorrelation in the region. In order to verify whether spatial
autocorrelation exists in the coupling coordination between PCR and HQED, we use the
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Moran scatterplot and global Moran’s I for examination. The calculation form of the Moran
index is listed as below:

I =
n∑n

i=1 ∑n
j=1 wij(yi − y)

(
yj − y

)
∑n

i=1 ∑n
j=1 wij×∑n

i=1(yi − y)2 (9)

where yi and yj denote the CCD of the subsystems of PCR and HQED in the YREB in city
i and city j, respectively. y denotes the mean value of CCD and wij is the spatial weight
matrix. Moran’s|values range from −1 to 1, and when I > 0, it shows a spatially positively
autocorrelated agglomeration. This means that cities with a high CCD between PCR and
HQED tend to cluster together, and cities with a low CCD between PCR and HQED tend
to cluster together. When I = 0, it presents a random distribution state and there is no
spatial autocorrelation, when I < 0, it presents a differential phenomenon of negative spatial
autocorrelation. Cities with high value of CCD between PCR and HQED are clustered with
cities with low value of CCD. Moran scatterplot further reveals the spatial agglomeration
characteristics of CCD.

4.4.5. Dagum Gini Coefficient Method

The traditional Gini coefficient for exponential decomposition is too restrictive in its
constraints, and does not take into account the problem of differences between subgroups.
The Dagum Gini coefficient overcomes the limitation of the traditional Gini coefficient that
there is no cross-over between subgroup samples, and can effectively reveal the sources of
regional differences. Therefore, the Dagum Gini coefficient is applied to effectively access
the source and magnitude of inter-regional distinctions in the CCD of PCR and HQED.

The Dagum Gini coefficient method not only analyzes the overall differences and
regional differences, but also decomposes the overall differences. Decompose it into
intra-regional and inter-regional variations, as well as identify the contribution of each
component. Therefore, we provide specific explanations according to the sections of overall
differences, intra-regional differences, inter-regional differences and contribution. The basic
calculation formula is:

G =
∑k

j=1 ∑k
m=1 ∑

nj
i=1 ∑nm

r=1
|Yji−Ymr|

n2

2Y
(10)

where G indicates the overall Gini coefficient, n indicates the quantity of cities, k denotes
the quantity of regions. j and m indicate diverse regions. i and r indicate diverse cities.
Y indicates the overall mean value of the CCD of PCR and HQED for n cities. Yji(Ymr) is the
CCD of the i(r) city in the j(m) region. nj and nm represent the number of cities contained
in the j and m regions, respectively.

Gjj denotes the Gini coefficient within the j region, calculated as:

Gjj =
∑

nj
i=1 ∑

nj
r=1

|Yji−Yjr|
n2

j

2Yj
(11)

Similarly, the Gini coefficient Gjm between the j and the m regions can be calculated by:

Gjm =
∑

nj
i=1 ∑nm

r=1

∣∣Yji − Ymr
∣∣

njnm
(
Yj + Ym

) (12)

The decomposition formula for the Dagum Gini coefficient is:

Gw =
k

∑
j=1

GjjPjSj (13)



Sustainability 2024, 16, 4892 13 of 26

Gnb =
k

∑
j=2

j−1

∑
m=1

Gjm
(

PjSm + PmSj
)

Djm (14)

Gt =
k

∑
j=2

j−1

∑
m=1

Gjm
(

PjSm + PmSj
)(

1 − Djm
)

(15)

Djm =

(
djm − Pjm

)
∆jm

(16)

where Gw and Gnb indicate the contribution of intra-regional and inter-regional differences
to the Gini coefficient, respectively. Gt indicates the contribution of trans variation intensity
to the Gini coefficient. Moreover, Pj = nj/n, Sj = njYj/nY, djm represents the mathematical
expectation of the sum concerning the expectations of all Yjm − Ymr > 0 samples in regions
j and m. Similarly, pjm denotes the mathematical expectation of the sum concerning the
expectations of all Ymr − Yji > 0 samples in regions j and m, and ∆jm = djm + Pjm. Finally,
the overall Gini coefficient G satisfies G = Gw + Gnb + Gt.

4.4.6. Convergence Model

In order to investigate whether there is a decreasing trend in the difference of CCD be-
tween the PCR and HQED in the YREB. Based on analyzing the CCD and spatial-temporal
characteristics of PCR and HQED, this study examines the convergence characteristics of
the CCD through σ convergence and β convergence.

(1) σ convergence model. σ convergence in this study means that the deviation of the
CCD level between PCR and HQED of different cities from the average level is gradually
decreasing. It mainly compares the changes in the logarithmic standard deviation of the
CCD between PCR and HQED, and then determines whether there is a σ convergence of
the CCD. If the logarithmic standard deviation decreases annually, there is σ convergence,
otherwise there is not. The σ convergence model is formulated as:

σit =

√√√√ 1
n

n

∑
i=1

(
ln CCDit −

1
n

n

∑
i=1

ln CCDit

)2

(17)

where, ln CCDit represents the logarithmic value of the CCD between PCR and HQED
of the i city in year t. σit represents the σ convergence coefficient of the CCD between
PCR and HQED.

(2) β convergence model. β convergence means that cities with a low CCD between
PCR and HQED will gradually catch up with cities with a high CCD over time, and
reach a convergence state with the same CCD. The β convergence can be subdivided into
the absolute β convergence model and the conditional β convergence model. Absolute
β convergence removes the interference of external factors, and conditional β convergence
is the convergence state of the coupling coordinated development of PCR and HQED under
the interference of external factors. The formulas are as below:

ln CCDi,t+1 − ln CCDit = α + βln CCDit + µi + ηt + εit (18)

ln CCDi,t+1 − ln CCDit = α + βln CCDit + γCit + µi + ηt + εit (19)

Equations (18) and (19) denote the absolute β convergence model and conditional
β convergence model, respectively. where i denotes cities and t represents years, respec-

tively. ln CCDi,t+1 − ln CCDit represents growth rates of the CCD concerning PCR and
HQED of city i in year t. C is a series of control variables. µi and ηt denote city-fixed
and time-fixed effects, respectively. εit denotes the random interference term. β indicates
the convergence coefficient, and β convergence is considered to exist if the coefficient
β < 0 is significant.
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Considering the existing studies [52,53], five variables are controlled in this study
in conditional β convergence. They are the level of economic development, size of gov-
ernment, population density, human capital, and environmental regulation. where the
level of economic development is reflected by the natural logarithm of real GDP (con-
stant price in 2006), and the size of the government is expressed as the ratio of general
government budget expenditures to GDP Population density is expressed as the number
of people per unit area. Meanwhile, human capital is expressed in terms of the number
concerning undergraduates per 10,000 people, and environmental regulation is expressed
in terms of the frequency concerning environment-related words in The Report on the
Work of the Government.

5. Results

This study analyzes the coupling relationship between PCR and HQED in terms of
basic measures, spatial -temporal characterization, regional differences and convergence.
Specifically, the measurement results show that the CCD between PCR and HQED in
the YREB grows from 0.4234 in 2006 to 0.5832 in 2021, where the downstream region
has a higher CCD value than the midstream and upstream. In the spatial -temporal
characterization, the kernel density estimation results show CCD is increasing, the absolute
difference increases, and the spatial autocorrelation analysis results show CCD has a
significant spatial positive autocorrelation character. In the regional difference analysis, the
results of Dagum Gini coefficient method show that the overall difference in the CCD of
the YREB during the sample period shows a fluctuating trend, with larger contributions
from inter-regional differences and intra-regional differences. Convergence results show
that there is no σ convergence in the CCD, but there is β convergence, and the rate of
convergence decreases for downstream, midstream, and upstream in order.

5.1. Measurement Results of CCD
5.1.1. The Overall Measuring Results of CCD

Table 3 illustrates the PCR index and the HQED index of the YREB from 2006 to 2021,
as well as the CCD of these two subsystems. As observed from the overall results, between
2006 and 2021, the average value for PCR in YREB cities increased from 0.5359 to 0.7905,
with a 2.62% yearly average rise rate. The average value of HQED in cities in the YREB
grew from 0.0672 to 0.1666, with a yearly average rise rate of 6.24%. At the same time, the
coupling degree between PCR and HQED in the YREB overall grew from 0.6139 in 2006 to
0.7134 in 2021, with a 1.01% yearly rise rate. This indicates that the interaction between
the two subsystems is increasing. The CCD between PCR and HQED in the YREB grew
from 0.4234 in 2006 to 0.5832 in 2021, evolving from at the edge of being uncoordinated to
barely coordinated, with a 2.16% yearly rise rate. Therefore, the YREB has achieved partial
success in coupling the coordination of PCR with HQED.

Table 3. The overall measurement results of CCD.

Year PCR HQED C T D

2006 0.5359 0.0672 0.6139 0.3016 0.4234
2007 0.5172 0.0737 0.6411 0.2955 0.4276
2008 0.5301 0.0772 0.6440 0.3036 0.4359
2009 0.5488 0.0814 0.6476 0.3151 0.4463
2010 0.5333 0.0882 0.6752 0.3107 0.4512
2011 0.5633 0.0948 0.6744 0.3291 0.4663
2012 0.5879 0.1032 0.6828 0.3455 0.4822
2013 0.5532 0.1072 0.7089 0.3302 0.4785
2014 0.5418 0.1120 0.7258 0.3269 0.4807
2015 0.5784 0.1235 0.7266 0.3509 0.5004
2016 0.6213 0.1316 0.7220 0.3764 0.5183
2017 0.6352 0.1354 0.7221 0.3853 0.5240
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Table 3. Cont.

Year PCR HQED C T D

2018 0.6913 0.1409 0.7104 0.4161 0.5411
2019 0.7185 0.1476 0.7118 0.4331 0.5530
2020 0.7876 0.1502 0.7088 0.4689 0.5751
2021 0.7905 0.1666 0.7134 0.4786 0.5832

5.1.2. The Regional Level Analysis

Figure 4 illustrates the regional measurement results of the CCD. Dividing the YREB
into the upstream, midstream and downstream regions, the upstream provinces include
Chongqing, Sichuan, Guizhou, and Yunnan. Jiangxi, Hunan and Hubei provinces in the
midstream area. The downstream region includes Shanghai, Jiangsu, Zhejiang and Anhui
provinces. The CCD between PCR and HQED in the upstream region of the YREB grew
from 0.4056 in 2006 to 0.5371 in 2021, with a 1.89% average yearly rise rate. The CCD of PCR
and HQED in the midstream region grew from 0.4109 to 0.5643, with a 2.14% average yearly
rise rate. At the same time, the CCD of PCR and HQED in the downstream region grew
from 0.4479 to 0.6346, with a 2.35% average yearly rise rate. The comparison reveals that
the downstream area has a higher CCD than the upstream and midstream areas, with an
increasing gap. This is mainly because the downstream region is situated in the eastern part
of China, with flat terrain, excellent transportation facilities, high economic development
levels, sufficient human capital, as well as a more mature development of green science
and technology.
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5.1.3. The City Level Analysis

This study selects the index of CCD between PCR and HQED of cities in the YREB
in 2006, 2011, 2016, and 2021, and graphically analyzes the differences and its spatial
distribution. Figure 5 shows the specific results. In 2006, the downstream region had
the darkest coupling coordination color block, and the Shanghai and Zhejiang provinces
had the best coupling coordination. A total of 39 cities in Jiangsu, Hunan, Jiangxi, Hubei,
Anhui, Sichuan, and Yunnan Provinces have a CCD between 0.3 and 0.4, indicating a
slightly uncoordinated coupling of PCR with HQED. Sichuan Province has 13 slightly
uncoordinated cities, which accounted for one-third of the total. In 2011, city development
became more coordinated, with only eight slightly uncoordinated cities remaining in
Anhui, Hubei, and Sichuan provinces. The number of cities with CCD types that are
coordinated increased from 11 in 2006 to 27 in 2011. The CCD of cities in the YREB
increased significantly in 2016, while 53 of the 108 cities have reached the CCD index
of coordinated. Among them, 37 cities were barely coordinated, 15 cities were slightly
coordinated, and Shanghai’s coordination index had reached moderately coordination.
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In 2021, the cities in the YREB showed significant coupling coordination ability between
PCR and HQED, while 100 of the 108 cities reached the CCD index of coordinated. Within
this group, 71 cities were barely coordinated, 17 cities had a slightly coordinated index, and
10 cities were moderately coordinated. The coordination indices of Shanghai and Nanjing
were higher than 0.8, which had reached well coordination. The CCD indices of Zhaotong
and Lincang in Yunnan Province and Guang’an in Sichuan Province were 0.4767, 0.4806,
and 0.4894, respectively, which need to be improved.
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5.2. Spatial–Temporal Characteristics of the CCD
5.2.1. Kernel Density Estimation

The CCD kernel density curves are illustrated in Figure 6. The kernel density curves
of the YREB overall and the upper, middle, and lower reaches of the belt exhibit a clear
rightward trend, reflecting the dynamic process of CCD jumping continuously from the
low to the high level. This indicates that substantial progress in coupling coordination
of PCR with HQED has been achieved in different river basins. At the same time, the
falling height and widening width of the major peak on the kernel density curve for the
YREB as a whole demonstrate that the total disparity in CCD is growing. In terms of the
upstream and downstream division, in the upstream area, the width of the major peak gets
narrower and later wider, illustrating a trend of increasing and later decreasing absolute
difference in CCD in the upstream. The width of the major peak in the midstream area
keeps getting wider and wider, illustrating that the total disparity in CCD is increasing.
The lower height and widening width of the major peak in the downstream area indicate
an increasing absolute difference in CCD.
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5.2.2. Spatial Autocorrelation Analysis

To further reflect the spatial autocorrelation between PCR and HQED, this study
measures the CCD of the YREB during 2006–2021 by Moran’s I. Table 4 illustrates the
results. From Table 4, Moran’s I are all significantly positive, indicating the CCD presents a
significant positive spatial autocorrelation.

Table 4. Moran’s I of the CCD.

Year Moran’s z-Value p-Value

2006 0.570 8.612 0.000
2007 0.533 8.360 0.000
2008 0.522 7.914 0.000
2009 0.534 8.095 0.000
2010 0.596 8.999 0.000
2011 0.519 7.869 0.000
2012 0.533 8.078 0.000
2013 0.514 7.780 0.000
2014 0.524 7.926 0.000
2015 0.515 7.795 0.000
2016 0.525 7.961 0.000
2017 0.525 7.973 0.000
2018 0.515 7.816 0.000
2019 0.498 7.556 0.000
2020 0.516 7.795 0.000
2021 0.505 7.667 0.000

We further plot the Moran scatterplot as illustrated in Figure 7. According to Figure 7,
it can be seen that most of the cities in the YREB are in quadrants one and three, with
the overall performance of “high-high” and “low-low” types of distribution, showing a
significant positive spatial autocorrelation. This outcome demonstrates again the spatially
positive autocorrelation characteristic of CCD.
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5.3. Regional Differences of the CCD
5.3.1. Analysis of Overall Variances

The overall differences are demonstrated in Figure 8. The overall CCD Gini coefficient
from 2006–2021 ranges from 0.0584 to 0.0763, with an average value of 0.0696. In terms of
trends, the overall Gini coefficient indicates an increasing tendency until 2010, and a sharp
decrease in 2020, with a relatively flat trend in the remaining years. This result indicates
that the overall variation in CCD in the YREB has improved since 2011.The 2020 Central
Finance and Economy Commission proposed the YREB to connect to “The Belt and the
Road”. Three major urban clusters synergize their efforts to improve the eco-environment
while realizing HQED. This could lead to a reduction in the overall variance of CCD in the
YREB in 2020.
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5.3.2. Intra-Regional Variances Analysis

Figure 9 describes the intra-regional variances between the upper, middle, and lower
reaches of the YREB. The Gini coefficients in descending order are downstream, upstream,
and midstream, which indicates that the intra-regional variances in the midstream are
consistently lower than the downstream and upstream areas. The Gini coefficients of
the midstream and downstream regions are relatively stable, while the upstream region
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shows a downward trend, indicating a gradual decrease in the intra-regional variances
in the upstream area. The coupling coordination level of Shanghai and Nanjing has
reached well-coordinated, and the coupling coordination level of Huainan and Fuyang is
at the edge of being uncoordinated, so the downstream area has the largest intra-regional
differences. The midstream region is Hunan, Hubei and Jiangxi provinces, the level of
coupling coordination is mostly in barely coordinated, so the midstream region has the
smallest intra-regional differences.
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5.3.3. Inter-Regional Differences Analysis

Figure 10 describes the outcomes of inter-regional variances in the YREB. The inter-
regional variation in upstream-midstream CCD is consistently lower than upstream-
downstream and midstream-downstream in the 2006–2021 period. The inter-regional
variances in the midstream-downstream CCD are larger than the upstream-downstream
area in 2014 and 2015, and lower than the upstream-downstream region in the remaining
years. The lower reaches of the Yangtze River are located on the east coast of China, with
flat terrain, convenient transportation and a high level of economic development. It has
sufficient human capital and mature green technology development, and there are many
cities with a high degree of coupling coordination. The upper reaches of the Yangtze River
have not yet fundamentally changed the path dependence of the economic growth mode,
the quality of economic development has not yet been improved to a high degree, and the
conversion rate of green advantages is not high, so there are large inter-regional differences
with the lower reaches of the Yangtze River.
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5.3.4. Analyzing the Contribution to Overall Variance

Figure 11 describes the overall variance contribution. The overall variances in CCD in the
YREB mainly come from inter-regional differences, contributing between 31.18% and 51.14%,
with a mean value of 38.63%. It is followed by intra-regional variance, with contributions
ranging from 29.14% to 31.7% and a mean value of 30.77%. The least contribution of trans
variation intensity ranges from 19.71% to 37.25%, with a mean value of 30.59%.
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5.4. Convergence of the CCD
5.4.1. σ Convergence of the CCD

Table 5 presents the results of σ convergence for the CCD of the YREB. In overall terms,
there is no tendency for the σ convergence coefficients to decrease annually, thus indicating
no σ convergence. The σ convergence coefficients of the upper, middle, and lower reaches
of the YREB are not decreasing annually, so there is no σ convergence in all regions of the
upper, middle, and lower reaches.

Table 5. σ convergence results.

Year Whole Sample Upstream Midstream Downstream

2006 0.1238 0.1311 0.0583 0.1419
2007 0.1269 0.1147 0.0696 0.1587
2008 0.1170 0.1112 0.0691 0.1382
2009 0.1146 0.1031 0.0664 0.1376
2010 0.1339 0.1223 0.0777 0.1599
2011 0.1219 0.1052 0.0776 0.1442
2012 0.1206 0.1056 0.0647 0.1366
2013 0.1213 0.1092 0.0739 0.1460
2014 0.1205 0.1050 0.0764 0.1478
2015 0.1219 0.1053 0.0810 0.1326
2016 0.1264 0.1025 0.0677 0.1454
2017 0.1354 0.0895 0.0761 0.1723
2018 0.1265 0.0854 0.0762 0.1564
2019 0.1277 0.0859 0.0840 0.1541
2020 0.1036 0.0734 0.0670 0.1173
2021 0.1322 0.0899 0.0824 0.1498

5.4.2. β Convergence of the CCD

The results of the absolute β convergence of CCD in the YREB are described in Table 6.
In Table 6, the coefficients of β convergence are all significantly negative, thus absolute
β convergence exists in the YREB as a whole, as well as in the upper, middle, and lower
reaches. Specifically, the order of magnitude of the absolute value of the β convergence
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coefficient is downstream, midstream, and upstream. This indicates that the speed of
convergence in each region is ranked downstream over midstream over upstream.

Table 6. Absolute β convergence results.

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

Whole Sample Upstream Midstream Downstream

β −0.4410 *** −0.2822 *** −0.4211 *** −0.6007 ***
(0.0420) (0.0276) (0.0804) (0.0588)

City FE
√ √ √ √

Year FE
√ √ √ √

N 1620 465 540 615
R2 0.3448 0.3756 0.4562 0.5203

Note: Robust standard errors in parentheses, *** p < 0.01.

Table 7 describes the outcomes of conditional β convergence. With several controllable
variables introduced, such as the degree of economic development, the β convergence
coefficients of the model remain notably negative. This demonstrates that conditional
β convergence exists in the YREB overall and in the upper, middle, and lower reaches. In
terms of the rate of convergence, the downstream region has the greatest rate of convergence,
followed by the midstream region, and finally the upstream region. Compared to the
absolute β convergence coefficient, the conditional β convergence coefficient is large in the
upstream and downstream regions, indicating that the conditional β convergence rate is
faster. Meanwhile, the absolute value of the conditional β convergence coefficient is smaller
in the midstream region, and its conditional β convergence rate is slower than the absolute
β convergence rate. In the overall view of the whole YREB, conditional β convergence is
also slower than the absolute β convergence rate.

Table 7. Conditional β convergence results.

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

Whole Sample Upstream Midstream Downstream

β −0.4305 *** −0.3043 *** −0.4155 *** −0.6109 ***
(0.0435) (0.0428) (0.0822) (0.0538)

lnGDP −0.0366 * −0.0077 −0.0243 0.1106 ***
(0.0219) (0.0333) (0.0716) (0.0358)

GOV 0.0466 *** 0.0209 0.0063 0.0363 ***
(0.0146) (0.0210) (0.0869) (0.0095)

POPDEN −0.6650 *** −0.9327 −0.2334 −0.4762 ***
(0.1570) (1.0556) (0.3668) (0.1159)

HC 0.0000 0.0000 0.0001 0.0001 **
(0.0000) (0.0000) (0.0001) (0.0001)

ER 0.0020 0.0046 ** −0.0016 −0.0032
(0.0019) (0.0021) (0.0034) (0.0030)

City FE
√ √ √ √

Year FE
√ √ √ √

N 1620 465 540 615
R2 0.3683 0.3962 0.4639 0.5704

Note: Robust standard errors in parentheses, * p < 0.1, ** p < 0.05, *** p < 0.01.

6. Conclusions and Discussion
6.1. Research Findings

This study takes 108 cities in the YREB from 2006 to 2021 as examples to measure
and deeply analyze the coupling coordination of PCR and HQED. This study draws
the following three conclusions: First, according to the measurement results, the overall
coupling coordination between PCR and HQED of the YREB during the sample period is
low but increasing. It grows from 0.4234 in 2006 to 0.5832 in 2021, transforming from at the
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edge of being uncoordinated to barely coordinated, with an annual growth rate of 2.16%.
Regionally, CCD levels are higher in the lower reaches than in the upper and middle reaches.
Second, the results of the spatial-temporal characterization show that spatially the CCD
regional differences are expanding, showing positive spatial agglomeration characteristics.
Specifically, kernel density estimates confirm that the increasing coupling coordination is
accompanied by widening differences. The Dagum Gini coefficients show that the overall
difference comes mainly from inter-regional variation, followed by intra-regional variation,
with the least contribution from trans variation intensity. The spatial autocorrelation
analysis shows that the CCD of the Yangtze River Economic Belt has significant spatial
positive autocorrelation characteristics. Third, the convergence results show that there
is no σ convergence, but there is β convergence in the YREB. The results of the regional
convergence model show that the order of convergence rate is downstream larger than
midstream than upstream.

6.2. Theoretical Contributions

First, based on previous literature on eco-environment and economic development, we
measure economic development from the perspective of HQED, as well as the performance
of eco-environmental protection from the perspective of PCR. This study systematically
analyzes the coupling between PCR and HQED, and expands theoretical research on
economic development and ecological environmental protection.

Second, this study provides empirical evidence of synergy between PCR and HQED.
This study uses the data of 108 cities in the YREB from 2006 to 2021, adopting the entropy
weight method to measure the indicators of PCR and HQED. The coupling coordination
model measures the CCD of the two subsystems, and analyzes the spatial temporal fea-
tures of the CCD in the YREB with kernel density estimation and spatial autocorrelation
assessment. Finally, the regional differences in the CCD of the YREB are examined by the
Dagum Gini coefficient method, and the convergence characteristics of CCD are verified by
σ and β convergence models.

6.3. Practical Implications

The implications of this study hold significant value for policymakers and local governments.
First, the measurements in this study find that although CCD has realized an increase

over the sample period, the overall level of coordination is low. In order to enhance CCD, it
is necessary to strengthen the top-level design of synergistic governance between PCR and
HQED. Specifically, the relevant legal and regulatory systems should be improved, and
accountability for ecological damage should be implemented. The Yangtze River Protection
Law of the People’s Republic of China, as implemented, provides a strong rule of law
guarantee for the green development of the YREB. The Yangtze River basin is rich in water
resources and forests, and effective measures should be taken to rationally use and protect
the basin’s ecological resources. For example, Zhejiang Province launched the construction
of 23 low-carbon pilot counties to promote green and low-carbon transformation. The
existing pollution adhere to the treatment and repair, the implementation of urban sewage
and garbage, chemical pollution, agricultural pollution, ship pollution and mining pollution
and other pollution control “4 + 1” project, and promote the industrial zone “zero sewage
discharge area” construction. It has taken the lead in building a province with “zero landfill”
for primary garbage and solving the problems of chemical pollution, agricultural pollution
and ship pollution in the Yangtze River. The green transformation and upgrading of
industry are important tools in PCR [54]. The transformation and upgrading of traditional
industries in the YREB should be accelerated. Developing green technologies and products
and developing the economy while protecting the green ecology of the Yangtze River.

Second, the results of spatial-temporal characteristics show that the regional differ-
ences in CCD in the YREB are expanding, and there is a significant positive spatial correla-
tion characteristic. It should focus on the implementation of integration strategies [55,56].
Upstream areas are constrained by urban agglomeration and scale, with weak inter-city
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linkages and marginalization of peripheral cities, resulting in stagnation of the rational
flow of resources and factors between cities at different levels [57]. The linkage advantage
of adjacent cities should be taken to achieve eco-environmental protection and narrow the
gap with the downstream region. For example, the General Plan for the Integrated Devel-
opment Pilot Area of Suining-Tongnan-Sichuan-Chongqing Adjacent Areas was issued
in 2021.

Upstream-downstream has the largest inter-regional CCD differences, so in terms
of economic development, capital, technology, and labor-intensive industries should be
transferred from the lower reaches of the Yangtze River to the middle and upper reaches
to narrow the economic gap. It should also focus on the integration of the entire YREB,
breaking down regional constraints in the upstream, midstream and downstream, and
taking advantage of the Yangtze River waterways to promote transportation [58]. To
promote the integration of PCR and HQED among cities through the sharing of information,
systems and experiences. Strengthening communication and cooperation between cities,
cities with high CCD to drive cities with low synergistic development, and realizing the
integration strategy of the YREB.

Finally, the convergence results show different rates of convergence across regions,
with CCD converging to a steady state first in the downstream region. Therefore, in order
to narrow the synergistic governance gap between cities and accelerate the rate of conver-
gence, each region should formulate measures related to PCR and HQED according to
local conditions. Upstream regions such as Sichuan, Chongqing and Yunnan Provinces
should gradually phase out backward industries with high energy consumption and pollu-
tion, encourage green technological innovation, and reduce pollutant and CO2 emissions.
For example, Chongqing Municipality has carried out flue gas denitrification and ultra-
low-pollution-emission retrofits for industrial enterprises to promote green, low-carbon
and high-quality economic development. Midstream regions such as Hunan and Hubei
provinces should undertake the capital and green industries of downstream regions well,
focusing on the degree of social and economic matching with natural environmental factors
to narrow the gap with downstream regions. Downstream areas such as Anhui, Shanghai
and Jiangsu provinces should optimize their energy structure, establish new power systems
and encourage green consumption and travel. Give full advantage to scientific research
and human resources, promote the green development of industries, develop high-tech
and strategic emerging industries, as well as focus on the opening-up system. Promoting
the demonstration zone of green and integrated ecological development of the Yangtze
River Delta to reduce environmental pollution problems. Cities promote PCR and HQED
in accordance with local conditions, thereby narrowing the gap and realizing the coupling
coordination of the entire YREB.

6.4. Limitations

On the one hand, we use the entropy weight method, but there are many methods
other than it, such as the PCA method, which can be used in the future to make the paper
more robust through the cross-validation of multiple methods. On the other hand, the
object we chose to study is China’s Yangtze River Economic Belt region, and we are not in
a position to present substantive evidence for the rest of China and the rest of the world.
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