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Introduction: Pollution reduction, carbon reduction, green expansion and
economic growth—the synergistic effects of the four—have become essential
in maintaining urban ecological security and promoting a green and low-carbon
transition. And it is inherently consistent with the globally accepted concept of
sustainable development.

Methods: Based on the evaluation index system and the coupling mechanism of
the four, we adopt the entropy method and the coupling coordination model to
measure the synergistic level of “pollution reduction, carbon reduction, green
expansion and economic growth” in 243 cities above prefecture level in China
from 2005 to 2020. Furthermore, the study examined the temporal and spatial
evolution and regional differences by utilizing the center of gravity-standard
deviation ellipse, Dagum Gini coefficient method, Kernel density estimation, and
Markov chain. In addition, the spatial econometric model was used to analyze the
driving factors affecting the synergistic development.

Results: The results show that the overall synergistic level is rising, the spatial
distribution characteristics of “high in the east and low in the west.” The standard
deviation ellipse shows a "northeast—southwest” pattern, and the center of gravity
moves in a “southeast—northwest—southwest” migration trend. Regional
differences are mainly rooted in inter-regional differences. The intra-regional
differences are East > West > Central, with the most prominent East—West inter-
regional differences. Without considering the spatial factor, the synergistic level
shows a steady increase and has continuity. Under the spatial condition, the
synergistic level has a positive spatial correlation. However, the positive spatial
correlation decreases significantly as the years go by. Also, the probability of “rank
locking” of synergistic development has been reduced, and there is a leapfrog shift.
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In terms of driving factors, the innovation level, level of external openness,
population size, and industrial structure positively drive synergistic development.
While government intervention negatively affects synergistic development.

Discussions: Based on the above findings,policy recommendations are proposed
to strengthen the top-level design and build a policy system, play the radiation
linkage, apply precise policies according to local conditions, and optimize the
industrial structure fully. Which is of great significance for improving the urban
ecological resilience and helping to achieve the “double carbon” target.

KEYWORDS

high-quality development, urban ecological security, synergistic effect, Dagum Gini
coefficient, Kernel Density, factor analysis

Introduction

Protecting the environment and developing the economy are
two important issues in UN Sustainable Development Goals
(SDGs), and they have become a severe challenge that all
countries in the world must face together (Xie et al,, 2021; Zou,
2021; Li and Yanase, 2022). Since the second half of the twentieth
century, continued population expansion and a crude economic
development model have led to the over-consumption of natural
resources and frequent global environmental events (Zahoor et al.,
2022; Qi et al,, 2023). Currently, the climate crisis (Klinenberg et al.,
2020; Wang and Feng, 2023), energy shortage (Qureshi et al., 2016;
Nepal and Paija, 2019), public health events (Bai et al., 2021; Dang
and Trinh, 2021), environmental inequality (Boyce et al., 2016), and
a range of ecological safety issues intersect with economic growth.
In this context, it has already threatened human survival and
development and puts the achievement of SDGs at risk (Mallucci,
2022). The core of sustainable development strategy is to promote
human social development in harmony with protecting natural
resources and the ecological environment, which is gradually
reaching consensus in countries around the world (Holland et al.,
20205 Cheng et al,, 2022). But, the sudden decline in the carrying
capacity of the resources and environment, coupled with the decline
in ecological resilience and vulnerability, has led to a more
prominent conflict between the resources and environment and
economic development. China, the world’s largest developing
country and the second-largest economy, has become essential in
promoting sustainable and healthy global development (Qiao et al.,
2019). The construction of China's ecological civilisation has
entered a critical period in which economic and social, ecological
and environmental benefits are being promoted in concert. The
core task of urban ecological protection has gradually shifted to
enhancing ecological resilience. And, improving the ecological
resilience and environmental carrying capacity of cities has
become an important element of sustainable urban development.
China’s economy exceeded 110 trillion yuan, making it the number
one driver of world economic growth in 2021. However, China still
faces enormous socioeconomic and environmental pressures, such
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as regional and income inequality, resource shortages, and air
pollution (Xu et al., 2020; Ren et al., 2021). China is also
currently the world’s largest emitter of carbon dioxide (CO,) (Lin
and Sun, 2010; Yang et al., 2020).

In the face of this serious situation, in order to solve the complex
problems in the ecological environment and economic development,
China has struggled to find pathways to achieve the SDGs that are
appropriate to its specific conditions (Wang et al., 2018; Fan et al,
2021; Zhu et al, 2023). In 1994, China began the process of
sustainable development in response to Agenda 21 for Action and
the Rio Declaration (Bradbury and Kirkby, 1996). China has also
incorporated “ecological civilization construction” into the “Five-

» «

Sphere Integrated Plan,” “green” into the new development concept,
and “pollution prevention and control” into the three critical battles
as a Chinese practice of sustainable development. In addition, China
has also responded positively to the UN 2030 Agenda for Sustainable
Development (UN, 2015; Zhang and Zhong, 2023). China has
resolutely declared war on environmental pollution and has been
hailed as the fastest country in the world to tackle air pollution. In
2020, in response to climate change, China proposed the strategic
goal of “striving to peak CO, emissions by 2030 and achieving carbon
neutrality by 20607 (Sun et al., 2022; Zhuo et al., 2022).
Environmental pollutants and greenhouse gas emissions have a
high degree of homogeneity, process characteristics, and spatial and
temporal emission consistency, which means that China faces the
challenge of synergistic promotion of pollution reduction and carbon
reduction. "Resilient Cities" has also been written into the 14th Five-
Year Plan (2021-2025) National Economic and Social Development
and the Long-Range Objectives Through the Year 2035. Ecological
resilience is an important dimension of urban resilience, and it is vital
to consolidate the ecological base of green development. With a
further deepening the understanding of the high-quality
development, the 20th National Congress of the Communist Party
of China put forward the concept of “pollution reduction, carbon
reduction, green expansion and economic growth.” It is an inevitable
requirement for following the economic laws of development,
showing the direction for better integration of ecological civilization
construction and economic and social development, which is
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intrinsically consistent with the globally recognized concept of
sustainable development (Xia and Xu, 2020; Wang et al., 2022).
The construction of China’s ecological civilization has entered a
critical period in which economic, social, ecological, and
environmental benefits are being promoted in concert. The
synergistic promotion of pollution reduction, carbon reduction,
green expansion and economic growth is also a profound response
to the widely recognized concept of sustainable development from
China’s reality and further concretizes sustainable development.
However, the synergistic development of pollution reduction,
carbon reduction, green expansion and economic growth is still
relatively abstract concepts at this stage. Also, there is an urgent
need to establish an evaluation index system and propose metric
indicators with a scientific basis so that the construction of pollution
reduction, carbon reduction, green expansion and economic growth
systems is operable and assessable.

In view of this, this study explores the temporal-spatial patterns
and synergistic drivers of pollution reduction, carbon reduction,
green expansion and economic growth. First, a comprehensive
evaluation index system of pollution reduction, carbon reduction,
green expansion and economic growth is constructed with 243 cities
from 2005 to 2020 as the research sample. The indexes are
objectively assigned weights by the entropy value method, and
measuring the synergistic level of “pollution reduction, carbon
reduction, greening and growth” using the coupling coordination
degree model. The spatial and temporal distribution pattern of the
the synergistic level is also depicted by applying the center of gravity-
standard deviation ellipse. In addition, the Dagum Gini coefficient is
used to reveal the regional differences and sources of the
coordination degree. Furthermore, the Kernel density and spatial
Markov chains are used to reveal the dynamic evolutionary trend of
the level of synergistic development. Finally, a spatial econometric
model is used to identify the driving forces of the synergistic level.
The marginal contributions of this paper may be reflected in the
following three aspects. Firstly, from the perspective of goal setting of
synergistic management, pollution reduction, carbon reduction,
green expansion and economic growth are integrated into the
same analytical framework. And, this study analyzed synergistic
development mechanism, which helps to provide a new entry point
for the synergistic promotion between pollution prevention and
control, greenhouse gas reduction, ecological protection and socio-
economic construction. Secondly, it reveals the spatial-temporal
patterns and regional differences in the synergistic promotion of
pollution reduction, carbon reduction, green expansion and
economic growth, and portrays their evolutionary trends from a
more detailed dynamic perspective, thus contributing to the
formulation of differentiated joint prevention and policies. Thirdly,
it attempts to clarify the factors affecting the synergistic promotion
of pollution reduction, carbon reduction, green expansion and
economic growth, identify the spatial spillover effects of the
influencing factors, and make a more scientific study of the
driving mechanisms at the spatial level.

The remainder of this study is organized as follows: Section 2 is
a literature review and synergistic mechanism analysis of pollution
reduction, carbon reduction, green expansion and economic
growth. Section 3 is the research design and data sources. Section
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4 is the results of the empirical analysis. Section 5 presents the
conclusions and discussions. The research framework is shown
in Figure 1.

Literature review and synergistic
mechanism analysis

Literature review

Studies on the synergistic promotion of pollution reduction,
carbon reduction, green expansion and economic growth have
received great academic attention. The literature related to this
study can be divided into the following three categories for review.

The first category of literature concerns the relationship
between the ecological environment and economic development.
A large number of scholars have analyzed the effects of economic
growth on air pollution emissions, or carbon emissions (Grossman
and Krueger, 1995; Song et al., 2018; Rao and Yan, 2020), an issue
on which there are two controversial academic views. One view
claims that economic growth causes an increase in air pollution
emissions, or carbon emissions (Mardani et al., 2019; Wang et al.,
2021). Different curves or an inverted U-shaped relationship
between economic development and environmental quality
(Dinda, 2004; Orubu and Omotor, 2011; Ali et al., 2021), but it
may not be a single inverted U-shaped curvilinear relationship
either (Xu et al, 2022), maybe it could be an N or inverted N-
shaped (Ozokcu and Ozdemir, 2017), and also vary by region and
by stage of economic development (Almeida et al., 2017; Chen et al.,
2018). The other view is that the level of economic development
significantly contributes to environmental governance (Li and Gan,
2021). However, economic development and environmental
governance are causally linked, especially, environmental
governance also has an impact on economic development and the
channels of impact are more diverse. They can be achieved through
environmental regulatory policies (Liu et al., 2022a; Zhao et al,
2022), environmental tax rates (Abdullah and Morley, 2014; Fan
etal, 2021), river chief and lake chief system (Liu et al., 2019; Tang
etal., 2020), social capital mechanisms (Muringani et al., 2021), and
synergistic mechanisms for green development (Deng et al., 2021),
which affect economic growth. Another strand of literature focuses
on the relationship between ecological construction and economic
development, with most studies supporting the view that the two
are mutually reinforcing. Economic agglomeration and eco-
efficiency are positively correlated in terms of spatial distribution
(Jin et al, 2020), and the spatial distribution pattern of urban
greenery is influenced by economic development (Li et al., 2018).
Meanwhile, ecological construction positively promotes economic
development. The larger the area of public green space in the city,
the more efficient the highly skilled employees are, which in turn
increases the productivity of the enterprise (Yang et al., 2023). The
most direct impact of green space is to increase the price of real
estate (Du and Zhang, 2020).

The second category of literature focuses on the synergistic
governance of pollution and carbon reduction. With the national
arrangement and deployment of carbon peaking and carbon
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Research framework.

neutrality (“double carbon”), China’s ecological and environmental
management has entered a new stage of comprehensive integration
and synergistic management of pollution reduction and carbon
reduction (Nam et al,, 2014; Jiang et al., 2020). The theories and
methods of system synergy have reached maturity, and synergy is
the dynamic competition, cooperation, coordination, and synergy
of internal components and subsystems, which in turn drives the
transformation of a complex system from disorder to order (Haken
et al,, 1995). The synergistic effect refers to the phenomenon that
implementing a pollutant reduction measure generates other
environmental benefits. Accurate analysis of the synergistic
benefits of pollution reduction and carbon reduction is a
prerequisite for the study, and the main methods currently used
are the system dynamics approach (Chen et al, 2023), scenario
analysis (Liu et al., 2022b), cost-effective approaches (Jiang et al,
2020), panel regression models (Dong et al., 2022), and LMDI (Jia
et al,, 2023). Furthermore, exploratory spatial analysis (Xue et al,
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2023) has been used to analyze the spatial correlation and regional
differences between pollution reduction and carbon reduction. In
contrast to the above literature, scholars have assessed the pollution
reduction effect of carbon emission reduction policies on the one
hand. Burtraw et al. (2003) found that initiatives in the power sector
to mitigate the accumulation of greenhouse gases in the atmosphere
also reduced traditional air pollutants. On the one hand, the effect of
air control policies on carbon emission reduction is assessed, and
Xu and Masui (2009) confirmed the carbon reduction benefits
associated with relevant SO, policies. Air pollution prevention
and control measures such as the Blue-Sky Action Plan (Shu
et al., 2022) contribute to the reduction of CO, emissions while
combating air pollutants, and the discounted benefits of reducing
local air pollution far outweigh the benefits of mitigating global
climate change (Bollen et al., 2009).

The third category of literature deals with studies on the factors
influencing pollution reduction, carbon reduction, green expansion
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and economic growth. Reducing pollution and carbon emissions is
often not determined by a single factor, so scholars have attempted to
reveal the driving forces of the synergy of pollution reduction and
carbon reduction at multiple scales (Gu et al,, 2018; He et al., 2022; Hou
et al, 2023) and found that the key factors influencing pollution
reduction and carbon reduction differ across urban agglomerations.
The narrowing of the urban-rural income gap significantly promotes
pollution control and has carbon reduction benefits for the whole
country and the central and western regions, but increases carbon
emissions in the eastern region (Wang and Zhang, 2021). In addition,
the digital economy has become an important component of regional
economic growth; comprehensive experimental zones for big data can
help achieve synergy in reducing pollution and carbon, especially in
small and medium-sized cities and cities with old industrial bases (Hu,
2023). Existing studies generally agree that the main factors affecting
the synergistic promotion of pollution and carbon reduction are energy
mix, population, and technology (Yu et al, 2020). With the rapid
development of society, the factors influencing the harmonious
development of the economy and environment have gradually
become the focus of close attention. Scholars have introduced green
efficiency metric models and regression models to analyze the impact
of financial development on economic growth and environmental
protection in a unified framework (Yue et al., 2018). In addition, by
developing an interaction model to analyze the interaction between
economic growth and environmental pollution, Empirical Evidence
shows that the main factors affecting economic growth are industrial
wastewater emissions, industrial emissions, industrial smoke, and dust
emissions, and the interaction between industrial emissions and
industrial wastewater emissions inhibits economic growth (Rao and
Yan, 2020). Currently, urbanization is a powerful driver to foster
economic growth, and studies have shown the existence of an
environmental Kuznets inverse U curve between urbanization,
economic growth, and environmental pollution (Liang and Yang,
2019). Ongan et al. (2023) calculated the optimal level of
government spending for the Mexican government from the
perspective of public spending, therefore, the government should
have coordinated and sustainable public spending policies to
promote economic growth and a cleaner environment.

Through reviewing the literature, the research on the synergistic
promotion of pollution reduction, carbon reduction, green
expansion and economic growth has been fruitful. However, there
is still room for improvement, as follows: Firstly, the existing
literature mainly focuses on the synergistic development between
the two systems, such as pollution reduction and carbon reduction.
but there are few studies based on the synergy of pollution
reduction, carbon reduction, green expansion and economic
growth and incorporating them into the same analytical
framework. Most of the relevant studies are at the stage of
theoretical discussion and exposition. Secondly, there is a lack of
analysis of the current status of the synergies between pollution
reduction, carbon reduction, green expansion and economic growth
at the city scale, especially from a dynamic perspective. Thirdly,
there is a lack of research on the new initiative of exploring the
driving force of the synergistic promotion of pollution reduction,
carbon reduction, green expansion and economic growth, and the
existing studies have neglected the spatial correlation. To this end,
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this paper constructs an evaluation index system for the synergistic
promotion of pollution reduction, carbon reduction, green
expansion and economic growth. And, this paper explores the
spatial distribution pattern and evolutionary characteristics of the
coupled coordination of pollution reduction, carbon reduction,
green expansion and economic growth in Chinese cities, and
further reveals its influencing factors.

Synergistic mechanism analysis
and framework

Ecological and environmental protection is the foundation of
economic and social development, planting green undertones for
high-quality economic development. At the same time, stable
economic growth is an inevitable requirement for ecological
civilization construction, which also provides sufficient financial
and technical support for green and low-carbon urban
development. Generally, protecting the ecological environment
and promoting economic development are essentially organic,
unified, and mutually reinforcing. Synergistic promotion of
pollution reduction, carbon reduction, green expansion and
economic growth is the “Pareto optimum” to achieve multiple
pollution control goals, climate change response, ecological
protection, and economic growth. It is necessary to understand
the synergy between pollution reduction, carbon reduction, green
expansion and economic growth in terms of three dimensions:
objectives, pathways, and subjective synergy. The theoretical
framework is shown in Figure 2.

First, the goal of pollution reduction, carbon reduction, green
expansion and economic growth is synergistic. In terms of its
connotation, “carbon reduction” is about reducing pollutant
emissions at source, reducing the proportion of a high-carbon
economy, and increasing a low-carbon economy. “Pollution
reduction” focuses on improving the quality of the ecological
environment and developing a green economy. “Green expansion” is
characterized by enhancing carbon sink capacity and ecological
resilience, improving ecosystem diversity and stability, and
strengthening biodiversity conservation. “Economic growth” means
that economic development is based on a high level of ecological and
environmental protection so as to achieve effective qualitative
improvement and reasonable quantitative growth. Pollution
reduction, carbon reduction, green expansion and economic growth
are promoted in a concerted manner around achieving high-quality
development, seeking a dynamic balance among the multiple objectives
of economic and social development so as to form a spatial pattern of
resource conservation and environmental protection and promoting a
comprehensive green transformation of ecological environmental
protection and economic development. Reducing pollutant and
carbon emissions and improving ecological and environmental
quality are all visionary goals of ecological civilization construction,
which constantly meets the environmental needs of the people for a
better life. From the perspective of individual health, deteriorating
environmental quality substantially reduces health while inevitably
causing economic losses (Guerriero et al,, 2016). In turn, economic
growth is a prerequisite for securing and improving the well-being of
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FIGURE 2

Coupled synergistic mechanism of “pollution reduction, carbon reduction, green expansion and economic growth”.

people. Regarding fundamental goals, pollution reduction, carbon
reduction, green expansion and economic growth are tasks for
sustainable and healthy economic and social development,
responding to the people-centered development ideology. To this
end, the principles of integration and balance should be upheld, and
the synergy of pollution reduction, carbon reduction, green expansion
and economic growth should be adhered to achieve unified planning,
unified deployment, unified implementation, and unified acceptance
and realize the fundamental goals in multiple objectives.

Second, the paths of pollution reduction, carbon reduction, green
expansion and economic growth are synergistic. Atmospheric
pollutants and carbon dioxide have the same root, source, and
process (van Vuuren et al., 2006; Li et al, 2021), and the paths of
pollutant management and carbon reduction are highly overlapping
with the ways of economic development. On the one hand, optimizing
the energy consumption structure and improving energy efficiency,
curbing the consumption of fossil energy such as coal at source, and
increasing the proportion of renewable energy consumption are
effective ways to control air pollution and carbon emissions (Borghesi
and Vergalli, 2022). Moreover, due to the rebound effect of energy
efficiency, when energy efficiency is improved, it will increase the
demand for energy services and bring new growth points for the
economy. In addition, the synergy of pollution reduction, carbon
reduction, and green expansion not only creates a great synergy for
environmental protection but also overlaps with the path of economic
development. On the one hand, the “double-carbon” target constraint
helps to promote the green and low carbon adjustment of the industrial
structure. China’s industrial structure is still dominated by high-energy-
consuming and high-polluting industries such as iron, steel, and
chemicals. Upgrading the industrial structure will change the highly
polluting and inefficient production methods to green, clean, and
efficient ones and improve environmental conditions. In addition,
industrial structure upgrading will also promote the coordinated
development of the regional economy by improving labor
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productivity, accelerating the accumulation of production factors, and
adjusting residents’ consumption. The adjustment of energy structure
and industrial structure can achieve the parallel development of
environmental protection and economic growth. On the other hand,
green consumption promotes a low-carbon and environmentally
friendly life, which in turn forces green production and benefits the
development of a green economy. The recycling of consumption makes
the material resource inputs quantified and resourceful, maximizing the
lifetime value of resources (Lin, 2022) and reducing unnecessary cost
inputs for enterprises. The deep integration of traction development and
conservation makes the GDP green and superior. In addition, green and
low-carbon technology innovation plays a leading role in the synergistic
promotion of pollution reduction, carbon reduction, green expansion
and economic growth. Green low-carbon technology innovation
through the adjustment of energy structure changes the source link of
coal clean use. It can achieve a shift from end-of-pipe management of
ecological and environmental quality to prevention at source and
provide important support to synergistically promote pollution
reduction, carbon reduction, green expansion and economic growth.
And, ecological restoration projects such as reforestation not only
contribute to ecological resilience. But also benefits people in terms of
carbon sequestration and oxygen release, and contributes to reducing
pollution and carbon emissions. It also makes an important
contribution to the economy through timber supply and forest
tourism, leading to green and sustainable growth (Zhang et al., 2023).
Overall, there are overlapping pathways to achieving pollution
reduction, carbon reduction, green expansion and economic growth,
and multiple benefits can be achieved in one fell swoop with
strong initiatives.

Third, the main synergy of pollution reduction, carbon reduction,
green expansion and economic growth. Iron and steel, electric power,
petrochemicals, transportation and other industries are major
contributors to pollution, but they are also the dominant sectors
driving national economic development. High-energy-consuming
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and high-emission enterprises are also responsible for pollution
reduction, carbon reduction, green expansion and economic
growth. The government’s administrative intervention is also
essential (Yan et al., 2023); furthermore, the relevant departments
are politically responsible for pollution reduction, carbon reduction,
green expansion and economic growth. They coordinate the
formulation of policies, regulations, and action guidelines for
environmental protection and economic development, leading the
top-level design and improvement of the system. All departments and
units work together in planning and deployment, concrete
implementation, and regular scheduling to effectively fulfill the
responsibilities and tasks of synergistic promotion of pollution
reduction, carbon reduction, green expansion and economic growth.

Pollution reduction, carbon reduction, green expansion and
economic growth interact with each other are highly synergistic. On
the one hand, economic transformation is used to achieve pollution
reduction, carbon reduction, green expansion and economic
growth. On the other hand, economic transformation is forced
based on pollution reduction, carbon reduction and green
expansion requirements, leading to high-quality economic
development. The four subsystems form a symbiotic coupling
coordination relationship.

10.3389/fevo.2023.1202898

Research methodology and data sources
Construction of evaluation index system

Based on the synergistic mechanism of pollution management,
carbon reduction, green expansion and economic growth and the
existing research results (Yang et al, 2021; Chen et al, 2022), and
following the principles of scientificity, systematicity, and
comprehensiveness. This study comprehensively evaluates the level of
synergistic development of pollution reduction, carbon reduction, green
expansion and economic growth in cities from four subsystems:
pollution management, low-carbon development, ecological
protection, and economic construction. Among them, air quality,
pollution pressure, and pollution remediation are used as evaluation
indicators for pollution management; the low-carbon development
system is evaluated by carbon emission and resource consumption;
ecological protection is assessed by greening degree and land use; and the
economic system is measured by selecting indicators from three aspects:
economic efficiency, economic potential, and infrastructure. Finally, 19
indicators are determined to build an index system to evaluate the
synergistic development of pollution reduction, carbon reduction, green
expansion, and economic growth, as shown in Table 1.

TABLE 1 “Pollution reduction, carbon reduction, green expansion, and economic growth” synergistic development evaluation system.

System Subsystem Indicators Unit Attributes
Pollution Air quality PM, 5 concentration pg/m® -
management
SO, concentration pg/m?® -
Pollution pressure Volume of industrial sulphur dioxide emission ton -
Volume of industrial waste water discharged 10* tons -
Pollution Rate of domestic garbage harmless treatment % +
remediation
Low-carbon Carbon emission Total CO, emissions ton -
development
CO, emission intensity tons/10° ¥ -
Resource Annual electricity consumption 10° Kw-h -
consumption
Total gas supply (coal gas, natural gas) 10* m? -
Liquefied petroleum gas supply ton -
Ecological Greening degree Green-covered area as % of completed area % +
protection
Area of green land hm* +
Land use The proportion of the area of land used for urban construction in the total land area of the % -
administrative region
Area of the city paved roads at year-end 10" m* -
Economic Economic Real GDP per capita Yuan/ +
construction efficiency person
Number of the labor force and employment 10° persons +
Economic Number of new foreign direct investment agreements and contracts Unit +
potential
Number of industrial enterprises Unit +
Infrastructure Number of subscribers of mobile telephones at year-end 10* +
households

The indicator attribute of (—) means it is a negative indicator, i.e., the value of the indicator is negatively correlated with the system synergy development; the indicator attribute of (+) means it is a
positive indicator, i.e., the value of the indicator is positively correlated with the system synergy development.
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Research methodology

Entropy method

Based on the characteristics of each subsystem of pollution
management, low-carbon development, ecological protection, and
economical construction, considering the availability of data and
the actual situation of the country, and further drawing on the
comprehensive evaluation methods of existing studies (Sun et al.,
2021). This study adopts the entropy value method to measure the
weights of each indicator before the comprehensive evaluation of
pollution reduction, carbon reduction, green expansion and
economic growth. The entropy method was originally developed
from the concept of information entropy, which is gradually and
widely used in social disciplines to reflect the information utility
value of individual indicators and to determine the weight of
evaluation indicators. The entropy method is a more objective
assignment method, and the higher the value of the weight, the
greater the impact of the indicator on the system. The measurement
is shown in Egs. (1)-(11) (Chen and Chen, 2021; Li et al., 2022a).

(1) Standardization of indicator data

' Xij = min{xij}

* max{x; } - min{x; }

(+) 1)

X:J _ max{xij} —x,-j ( ) (2)

max{x,-j} - min{xij} -

Where: X,;- denotes the standardized data of the i city j index, x;;
is the original data, and min{x;} and max{x;} denote the
minimum and maximum values of the original data of the j
index, respectively. Also, i = 1, 2, 3...... nj=1,2,3...... m.

(2) Calculate the index weight p;; for the i city j index

P = X/ SX;; 3)
i=1

(3) Calculate the entropy e; of the j indicator

1 n
eJ‘ =- —Epljlnp,] (4)
i=1

Inn
(4) Calculate the coefficient of variation d; of the j indicator
d]‘ =1- ej (5)

(5) Calculate the entropy weight w; of the j indicator
w=d/3d, ©
=

(6) Calculation of each subsystem score

Q, = %W;a;j (7)
=1

Q, = Swiby (8)
=1
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Qc = ijcij (9)
=1

Qi = Swid; (10)
=

Where: Q,, Q;, Q. and  Q, denote the comprehensive scores of
pollution management, low-carbon development, ecological
protection, and economic construction systems subsystems,
}
data of individual indicators in the subsystem, and w; is the

respectively. a b;-j, c;j, and d;-j correspond to the standardized
corresponding weight of each indicator.
(7) Overall evaluation index score

T=0Q,+pQ,+7Q +6Q (11)

Where: o, 3, % and 6 correspond to the weight coefficients of
environmental governance, low-carbon development, ecological
protection, and economical construction subsystems, respectively.
The degree of coupling is not greatly affected by the coefficients, and
all four subsystems are equally important, so the weight is set to 1/4
(Chen and Zhao, 2019).

Coupling coordination degree model

Coupling refers to the interactive exchange of two or more
systems (Xing et al, 2019). The coupling degree is an index to
measure the degree of interaction between systems. When the
degree of coupling is higher, it indicates that the systems interact
more benignly with each other, thus driving each other’s
development; on the contrary, it means that the coupling
interaction between subsystems is weaker. There is a coupling
interaction between four subsystems of pollution management,
low carbon development, ecological protection and economic
construction that affect each other. So, we attempt to construct a
coupling degree model. However, when the development level of
each subsystem is low, the measured coupling degree may be high,
i.e., the phenomenon of “pseudo-coupling” appears, and the single
coupling degree model does not reflect the coherence of
coordination between systems. To reflect the synergistic effects
more accurately among environmental governance, low-carbon
development, ecological protection and economic construction
systems, we introduce a coupling coordination degree model with
the specific calculation formulae shown in Egs. (12) and (13) (Xiao
et al., 2021).

Coupling degree:

_4X\-yQu><Qb><Qc><Qd

C= 12
Qu+Qh+Qc+Qd ( )

Coupling coordination degree: D =vVC x T (13)

Where: D indicates the synergistic level of the four systems of
environmental governance, low-carbon development, ecological
protection, and economic construction; the value range of D is [0,
1]. T indicates the comprehensive evaluation index of the
composite system.
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Referring to the classification criteria of existing results, we
classify the composite system’s coupling coordination degree into
the following categories, as shown in Table 2.

Center-of-gravity standard deviation ellipse

The standard deviational ellipse (SDE) as a method of statistical
analysis of spatial patterns was proposed by Lefever (1926), which
can reveal the spatial distribution and multi-directional
characteristics of study objects (Kong et al., 2022). It is measured

E?:lwixi 5 2?:1“’:’)’:‘

Center of gravity : X = Y = (14)

Wi ' Wi

as follows:

Azimuth:

2.2 272 2,2 12y2 > 2,2
SLiwix” - XLwiy’) + \/(E;;lwixx = SLwh AL W DL Wi
——
23 Wiy,

tan6 =
(15)

The x-axis (long semi-axis) and y-axis (short semi-axis)
standard deviation

n . n /s ’ 2
EH (wxicos® — wyy| sin6)> 2:‘:1 (wix; sin® — w;y; cos6)
o, = = ,, o

2 > Ey T )
=1 Wi = Vi

(16)

Elliptical area:

S = 0,0,

; (17)

Where: n is the number of sample cities, and (x;, y;) denotes the
geographical coordinates of the latitude and longitude of each
prefecture-level city. The (x;,y;) is the relative coordinates of
(x;,y;) distance distribution focus, where x; =x-X, y; =y, - Y.
w; denotes the weight, and this study takes the synergistic level of
pollution reduction, carbon reduction, green expansion and
economic growth as the weight; 6 is the azimuth of the standard
deviation ellipse; o, and o, are the standard deviations of the x
-axis and y-axis of the ellipse, respectively; S is the area of the
standard deviation ellipse.

TABLE 2 Classification criteria of coupling coordination level.

10.3389/fevo.2023.1202898

Dagum Gini coefficient

To characterize the regional differences in environmental
management, low-carbon development, ecological protection and
economical construction coordination. We subdivide the country
into three study regions: East, Central, and West, according to the
policy division basis. Thus, using the Dagum Gini coefficient
measurement analysis further to further reveal the relative regional
differences and sources of differences (Li et al., 2022b) can reflect the
relative differences of regions and overcome the problem of duplication
of data. The Dagum Gini coefficient method can decompose regional
differences into three parts: intra-regional differences, inter-regional
differences and intensity of transvariation. The definition of the Dagum
Gini coefficient is shown in Eq. (18) (Dagum, 1997).

- 211’112];:12:21221 ‘yji _yhr{

G o (18)

Where: k denotes the number of regions, y; (y;,) denotes the
synergy degree of pollution reduction, carbon reduction, green
expansion and economic growth of city i(r) in region j(h), n; (n,)
denotes the number of cities in region j(h), # is the total number of
cities in the study sample (including 243 cities), and y is the mean
value of the coupling coordination degree of the composite system.

The Dagum Gini coefficient consists of intra-regional variation
G, inter-regional variation G,;,, and intensity of transvariation G,
ie, G =G, + G, + G;. The specific calculation of G,,, G,;, and G;
is referred to in the relevant literature (Han et al., 2020; Wen et al,,
2023).

k Sl =yl
G, = SGips;, G = ==l T (19)
le HiER M zyjan
kil >SS i - ]
G = S Gy (pisy + pis;) Dy, Gy, = =L =L Ml 5
nb ]:22;,21 'ih P] h Ph] 'jh, jh njnh(yj +yh)

k-l dip = pin
G, = Gy (pisi + prsp)(1 = Dy), Dy, = ——2 - (21)

t FEzE e ’ Pyt py

D) Level Characteristic
0.00-0.10 Extreme disorder Subsystems hinder each other’s development
0.10-0.20 Severe disorders There are serious negative effects between subsystems
0.20-0.30 Moderate disorder The dominance of mutual containment between subsystems
0.30-0.40 Mild disorders The negative impact between subsystems is more obvious
0.40-0.50 On the verge of disorder The phenomenon of negative influence between subsystems is highlighted
0.50-0.60 Barely coordinated Positive effects among subsystems almost compensate for negative effects
0.60-0.70 Primary coordination The positive impact between subsystems is more obvious
0.70-0.80 Intermediate coordination Subsystem interactions dominate
0.80-0.90 Virtuous coordination Good facilitating relationships exist between subsystems
0.90-1.00 Quality coordination Effective coordination between subsystems can be developed
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d= [ 4r0) [[o-0amp = [Car0) [[o-ndre @2)

Equations (19), (20), and (21) are the contribution rates of
intra-regional variation (G, ), inter-regional variation (G,;), and
intensity of transvariation (G,), respectively. Also, p; = n;/n, s; =
nju;/nu. Equation (22) is the relative impact of the coupling
coordination degree of pollution reduction, carbon reduction,
green expansion and economic growth between regions i and j.

Kernel density estimation

The Kernel density estimation method is a nonparametric
estimation method that can describe the dynamic trend of the
spatial-temporal distribution of variables. We analyze the dynamic
evolution characteristics of regional differences in the synergistic
development of pollution reduction, carbon reduction, green
expansion and economic growth in the whole country and the
three regions by depicting the distribution position, shape,
extension, and polarization trend of the Kernel density curve. The
Gaussian Kernel function is calculated as shown in Egs. (23) and
(24) (Lee et al., 2017; Xue et al., 2022).

1 X Xi—X
= K

(23)

KW = ep (-2
X) = ——exp (- —
V2r P 2
Where: f(x) is the density estimate, K(-) denotes the kernel
function, N is the number of cities in the study sample, X; and x

(29)

denote independently distributed observations and mean values,
respectively, and h denotes the broadband.

Spatial Markov chains

The Markov chain method is used to analyze the probability of a
subject moving from one state space to another and to obtain the
transfer characteristics and patterns of the coupling coordination
degree of pollution reduction, carbon reduction, green expansion
and economic growth through the conditional transfer probability.
In this paper, the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth is divided into
four types according to the quartiles (0.25/0.5/0.75): low (LL),
medium-low (ML), medium-high (MH), and high levels (HH).
Also, the Markov chain method is combined with the spatial lag to
form the spatial Markov chain method, which fully considers the
spatial factors in the coupling coordination degree of pollution
reduction, carbon reduction, green expansion and economic
growth. The formula is as follows (Hu et al., 2023):

Lag = > Wiy (25)

Where the spatial weight matrix Wj represents the spatial
relationship between the i city and the j city, which is defined
using the inverse distance squared spatial weight matrix. x; denotes
the value of an attribute of the j city and Lag; is the spatial lag value
of the region and denotes the neighborhood status of the i

city region.
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Spatial correlation analysis models
In order to reveal the spatially focused characteristics of the
coupled coordination degree of pollution reduction, carbon
reduction, green expansion and economic growth, we selected the
global spatial autocorrelation to study the characteristics of the
whole regional space. The calculation formula is as follows.
Global Moran’s

LTSS Wyl - )0 =)
SEL L Wi (x — %)

Where: n is the sample size, x; and xj are the coupling

(26)

coordination of pollution reduction, carbon reduction, green
expansion and economic growth in city i and city j,
respectively, and x is the mean value. Global Moran’s I is in the
range of [-1,1]. When Global Moran’s I > 0, it means the spatial
distribution is positively correlated, and the more it tends to 1, the
stronger the positive correlation is. Conversely, when Global
Moran’s I < 0, it means that the spatial distribution is negatively
correlated. Also, Global Moran’s I = 0 means there is no spatial
correlation. Wj; is the spatial weight matrix, and two spatial weight
matrices are constructed in this study. The first one is the inverse

&, %]
distance squared spatial weight matrix, W; ={

0, i=j
The second one is the seven nearest-neighbor spatial weights
matrix. The global spatial autocorrelation will ignore the atypical
characteristics of local areas. For this reason, local autocorrelation is
introduced to analyze the spatial clustering of high or low-value
elements. The model is set as follows.

n(x; = %) QL i Wi (x5 — X)
D il = %)
Where the variables are defined as shown in Eq. (27). When local

Moran’s I > 0, it is high value surrounded by high value (H-H) or low
value surrounded by low value (L-L) spatial agglomeration. When local

Local Moran’s I =

(27)

Moran’s I< 0, it is high value surrounded by low value (H-L) or low
value surrounded by high value (L-H) spatial agglomeration.

Spatial econometric models

Compared with traditional regression methods, spatial
econometric models consider the spatial dependence and spatial
correlation of samples. Also, common spatial econometric models
are classified as Spatial Lag Model (SLM), Spatial Error Model
(SEM), and Spatial Durbin Model (SDM), and the model settings
are shown below (Yuan et al.,, 2020; Yu et al., 2021).

Dy = pWiDi + BXiy + i + 1y + €5 (28)
Dy = BXi + i+ M+ Qi Qi = AW, + €5 (29)
Dy, = pWyD;; + BXj + BWX, + Ui + 1y + @ (30)

Where: Wj; denotes the spatial weight matrix, Dy is the
explanatory variable, i.e., the synergistic level of pollution
reduction, carbon reduction, green expansion and economic
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growth, and X, is the explanatory variable. The p denotes the
spatial lag coefficient, ¥ denotes the spatial autoregressive
coefficient of the explanatory variable, f3 is the degree of influence
of the explanatory variable on the explanatory variable, and 4 is the
spatial error coefficient. In addition, y; and 7, denote individual and
time-fixed effects, respectively, and ¢; is the random
disturbance term.

Data sources

Considering the availability of data and the real situation in
China, we take 243 cities at the prefecture level and above from 2005
to 2020 as the study sample (excluding Tibet, Hong Kong, Macao,
and Taiwan, and samples with incomplete data). The study data for
this study are mainly obtained from the 2006 to 2021 China City
Statistical Yearbook, local statistical yearbooks, statistical bulletins,
and the China Premium Database (CEIC). In addition, the
pollutants PM, 5 and SO, were obtained from the raster data of
Columbia University’s Center for Socioeconomic Data and
Applications and the website of NASA, respectively. Carbon
emission data are from the Institute of Public and Environmental
Affairs (IPE), and carbon intensity is calculated by dividing total
carbon emissions by real GDP. Also, missing values are filled in
using interpolation. In order to eliminate the effect of price changes
over time, economic indicators such as GDP are based on 2005.

Results and analysis
Spatial and temporal evolution

To concretize the current situation of the synergistic promotion of
pollution reduction, carbon reduction, green expansion and economic
growth, the level of synergistic development of pollution reduction,
carbon reduction, green expansion and economic growth from 2005 to
2020 was measured by using the coupled coordination model based on
the evaluation index system. At the same time, based on the
classification standard of coupled coordination level in Table 2, with
the division method of ArcGIS software, the synergistic level of
pollution reduction, carbon reduction, green expansion and
economic growth in 2005, 2010, 2015, and 2020 was divided into six
levels to explore the characteristics of its spatial pattern. The results are
shown in Figure 3.

At the time level, 64.20% of the cities had a synergy of pollution
reduction, carbon reduction, green expansion and economic growth at
a mild disorder level in 2005. Beijing, Guangzhou, and Shenzhen were
in the primary stage of coupling coordination. The number of cities
with moderate coupling disorder decreased sharply; only Lijiang was
still in moderate coupling disorder, and Shanghai joined the
intermediate coupling coordination stage in 2010. In the meantime,
69.55% of cities with pollution reduction, carbon reduction, green
expansion and economic growth synergy were in mild disorder in
2010. The synergistic level of pollution reduction, carbon reduction,
green expansion and economic growth has improved significantly in
243 cities in China, with 100% of cities already at the mild disorder
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stage and above in 2015. Still, only Shanghai and Shenzhen have
reached the intermediate coordination stage. Compared to 2015, by
2020, the synergistic level of pollution reduction, carbon reduction,
green expansion and economic growth in Chinese cities on the verge of
disorder had increased. In addition, Guangzhou has squeezed into the
intermediate coupling coordination stage, so the number of
intermediate coupling coordination cities has increased to three in
2020. Overall, the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in Chinese cities
has been improving yearly from 2005 to 2020, but there is significant
spatial heterogeneity.

At the regional level, the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth is highest
in the eastern region of China, followed by the central and western
regions, and the overall synergy of each region shows a fluctuating
upward evolution. The higher and lower coordination levels of the
synergistic level pollution reduction, carbon reduction, green
expansion and economic growth are characterized by a scattered
distribution, while the medium level is characterized by the spatial
evolution of clusters. The intermediate level of coordination areas,
such as Shanghai, Guangzhou, and Shenzhen, are distributed in the
southeast, while the primary coordination areas are also scattered.
The mildly dysfunctional and near-dysfunctional cities are in
clusters, and the proportion is increasing. The barely coordinated
cities are mainly located in the eastern coastal region, while the
moderately dysfunctional cities are also scattered in the southwest,
northwest, northeast, and other regions, while their proportion
contracted sharply. In addition, there were no cities in a moderately
dysfunctional stage in 2015. In summary, the synergistic level of
pollution reduction, carbon reduction, green expansion and
economic growth in Chinese cities from 2005 to 2020 has evolved
significantly, with the level of coordination increasing, and the level
of medium disorder gradually disappearing. The number of cities in
the intermediate coordination stage increases, and the higher
coordination level shows an eastern direction of distribution, in
the form of the spatial structure characterized by “high in the east—
low in the west.”

The reason for its development process may be that the Fifth
Plenary Session of the 16th Central Committee of the Communist
Party of China (CPC) has identified the building of a resource-
saving and environment-friendly society as a strategic task for
China, and environmental protection has reached an
unprecedented level. Especially since the 18th Central Committee
of the Communist Party of China (CPC) of China, ecological
civilization has formed a huge system from concept to practice,
from task to system. The development of pollution prevention and
control action plans in various regions has led to good results in
ecological protection, which to a certain extent has contributed to
the improvement of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth. However,
due to the differences in resource endowment, industrial
foundation, and policy implementation, there are spatial
differences in the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. The eastern
coastal region accelerates industrial transformation and
upgrading, focuses on the development of high-tech industries,
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FIGURE 3

Spatial pattern of the synergy of “pollution reduction, carbon reduction, green expansion and economic growth”. (A) 2005; (B) 2010; (C) 2015; (D) 2020.
Note: Produced based on the standard map with review number GS (2019) 1822 on the Ministry of Natural Resources of the People’s Republic of China
Standard Map Service website (http://bzdt.ch.mnr.gov.cn/). And, no changes to the base map boundary.
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and has a higher level of economic development, so the synergistic
effect is improved. In contrast, the northeast region has long been
dominated by heavy industry, and it is challenging to realize the
transformation in the short term. Similarly, the synergistic increase
in the central region also faces many problems, such as in Shanxi
and Inner Mongolia, with coal-based energy consumption at the
forefront. These factors make the synergistic level of pollution
reduction, carbon reduction, green expansion and economic
growth dysfunctional.

Center of gravity migration and standard
deviation ellipse analysis

To further explore the spatial dynamic evolution of the synergy of
pollution reduction, carbon reduction, green expansion and economic
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growth in China, this study relies on ArcGIS 10.2 software to calculate
its standard deviation and center of gravity parameters, as shown in
Table 3. In addition, four characteristic points in 2005, 2010, 2015, and
2020 were selected to draw the migration trajectory of the center of
gravity and standard deviation of the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth in
China, as shown in Figure 4. During the study period, the standard
deviation ellipse of the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in China showed a
“northeast-southwest” pattern, with a slight change in the standard
deviation ellipse, an overall shift to the southwest, and an insignificant
change in the coverage area. From the viewpoint of the length of the
long semi-axis, the long semi-axis has experienced a trend of
“shortening,” shortening from 1,126.04 km in 2005 to 1,118.40 km
in 2020. It indicates that the spatial distribution of the synergistic level
of pollution reduction, carbon reduction, green expansion and
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TABLE 3 Standard deviation ellipse and center of gravity parameters.

Center of gravity

coordinates

Short semi-axis (km)

10.3389/fevo.2023.1202898

Long semi-axis (km) = Turning the corner (deg)

2005 33.12°N 114.66° E 730.13 ‘ 1,126.04 22.13
2010 33.16° N 114.63° E 732.33 ‘ 1,123.29 22.52
2015 33.13°N 114.56° E 734.97 ‘ 1,122.63 22.73
2020 33.10° N 114.53°E 733.40 ‘ 1,118.40 22.92

Legend
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FIGURE 4

Standard deviation ellipse and center of gravity trajectory of the synergistic level of “pollution reduction, carbon reduction, green expansion and
economic growth”. (A) Standard deviation ellipse; (B) Center of gravity migration trajectory. Note: Produced based on the standard map with review
number GS (2019) 1822 on the Ministry of Natural Resources of the People’s Republic of China Standard Map Service website (http://bzdt.ch.mnr.

gov.cn/). And, no changes to the base map boundary.

economic growth in the direction of the long semi-axis has evolved into
aggregation. In terms of the short semi-axis, the short semi-axis has
experienced the process of “extension-shortening,” indicating that the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth has evolved through dispersion and
then aggregation. It indicates that the spatial distribution of the
synergistic level pollution reduction, carbon reduction, green
expansion and economic growth synergy in the direction of the
short semi-axis evolves in a dynamic process of dispersion,
then aggregation.

From the trajectory of the center of gravity, the center of
gravity of the synergy of pollution reduction, carbon reduction,
green expansion and economic growth in China during 2005-
2020 varies from 33.12° N to 33.10° N and 114.66° E to 114.53°
E, both of which are distributed near Zhumadian, Henan
Province, with an overall migration pattern of “southeast-
northwest-southwest,” and the distance and speed of the center
of gravity are gradually increasing. With the promotion of the
western development strategy, industrial policy support and
financial subsidies have accelerated the development of the west
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regional economy, and the continuous popularization of the green
financial policy has made financial resources and financial
services such as capital and technology sink to the southwest,
which is conducive to solving the financing constraints faced by
the development and green transformation of enterprises in the
southwest. The awareness and ability of enterprises to
compensate ecologically have been enhanced under strict
environmental regulations, and the discharge of wastewater and
gas emissions has been reduced. In addition, the ecological
protection work has increased the value of urban greening and
forest carbon sinks in Southwest China. To sum up, the synergy
of pollution reduction, carbon reduction, green expansion, and
growth in the southwest has been rapidly improved, which may
be an important reason for shifting the center of gravity to the
southwest. At the same time, the azimuth Angle has been
gradually increasing, from 22.13° in 2005 to 22.92° in 2020,
which shows that the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in
China has been shifting counterclockwise, and the change of
angle is relatively small.
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Analysis of regional differences

This study adopts the Dagum Gini coefficient method to reveal the
regional differences and sources of the synergistic development level of
pollution reduction, carbon reduction, green expansion and economic
growth. Also, measuring the Gini coefficients for the nation, the east,
the west, and the central and revealing the sources of regional
differences. The results are shown in Tables 4, 5 and Figures 5-7.

Intra-regional differences and trends

Combining the results in Table 4 and Figure 5, it can be seen that
the overall variation across the country shows a trend of “fluctuating
decline—gentle rise—slight decline.” It shows a fluctuating decline
from 2005 to 2014, shows a gentle rise from 2014 to 2018, and shows a
slight decline from 2019 to 2020. The overall Gini coefficient decreased
from 0.0969 in 2005 to 0.0834 in 2020, which is inseparable from the
vigorous promotion of ecological civilization construction across
China. During the sample investigation period, the synergistic level
of pollution reduction, carbon reduction, green expansion and
economic growth synergy among regions showed more obvious
heterogeneity. The intra-regional differences in the level of synergistic
development in the eastern region are the largest, with the Gini
coefficient values mainly concentrated 0.09-0.10, while the intra-
regional differences in the level of synergistic development in the
western region are the second largest, both of which are higher than
those in the central region.

The intra-regional differences in all three regions showed an overall
trend of first narrowing and then stabilizing, like the overall national

TABLE 4 Regional Dagum Gini coefficients.

Intra-Regional (Gjj)

10.3389/fevo.2023.1202898

trend. The evolutionary trend of the difference in the east region is
more fluctuating, with a rebound in 2009, 2012, and 2016, but the
decreasing trend of the intra-regional difference has not changed. The
intra-regional difference in the west region showed an expanding trend
from 2005 to 2008, then a fluctuating downward trend until 2020. The
intra-regional difference in the central region experienced a significant
narrowing in 2009, then stabilized at 0.053 or so, and then slightly
expanded in 2018. Overall, there is an uneven development among
regions in the synergistic level of pollution reduction, carbon reduction,
green expansion and economic growth in Chinese cities, and the intra-
regional differences are generally decreasing.

Inter-regional differences and change
trends

As can be seen from Figure 6, the inter-regional differences in the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth are “East-West > East-Central >
Central-West” from 2005 to 2020. From a longitudinal comparison,
the inter-regional differences in the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
between East-West, East-Central, and Central-West are generally
fluctuating and decreasing. The trend of the inter-regional differences
in synergy between East-West and East-Central is basically the same,
and the overall change is significant. In contrast, the trend of the
difference between the Central-West is more moderate, and the change
is not obvious. In terms of specific values, the Gini coefficients of East-
Central and East-West are approaching each other over time, while the

Inter-Regional (Gjh)

East Central East—Central East-West Central-West
2005 0.0969 0.0980 0.0566 0.0786 0.1146 0.1276 0.0692
2006 0.0932 0.0947 0.0562 0.0784 0.1079 0.1217 0.0691
2007 0.0938 0.0934 0.0610 0.0795 0.1085 0.1193 0.0715
2008 0.0915 0.0908 0.0611 0.0824 0.1038 0.1149 0.0727
2009 0.0907 0.0925 0.0539 0.0813 0.1049 0.1163 0.0690
2010 0.0876 0.0877 0.0558 0.0776 0.0999 0.1123 0.0682
2011 0.0873 0.0911 0.0529 0.0777 0.1013 0.1089 0.0666
2012 0.0868 0.0918 0.0524 0.0765 0.1005 0.1088 0.0656
2013 0.0851 0.0898 0.0525 0.0783 0.0972 0.1053 0.0667
2014 0.0838 0.0874 0.0514 0.0787 0.0960 0.1026 0.0666
2015 0.0852 0.0917 0.0513 0.0768 0.0995 0.1034 0.0654
2016 0.0851 0.0928 0.0516 0.0775 0.0985 0.1025 0.0659
2017 0.0850 0.0928 0.0512 0.0780 0.0982 0.1024 0.0661
2018 0.0857 0.0938 0.0531 0.0770 0.0989 0.1031 0.0662
2019 0.0836 0.0930 0.0526 0.0747 0.0962 0.0993 0.0647
2020 0.0834 0.0916 0.0542 0.0735 0.0957 0.0997 0.0645
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TABLE 5 Regional difference sources and contribution rate.

Intra-Regional (G,

Contribution Contribution

Inter-Regional (G,)

Contribution

10.3389/fevo.2023.1202898

Intensity of transvariation (G,)

Contribution Contribution Contribution

Value degree (%) value degree (%) value degree (%)
2005 0.0274 28.32 0.0507 52.28 0.0188 19.40
2006 0.0268 28.77 0.0462 49.61 0.0201 21.62
2007 0.0273 29.10 0.0443 47.20 0.0222 23.70
2008 0.0270 29.50 0.0403 44.09 0.0242 26.41
2009 0.0263 28.95 0.0430 47.45 0.0214 23.60
2010 0.0255 29.14 0.0409 46.62 0.0212 24.24
2011 0.0257 29.43 0.0409 46.90 0.0207 23.67
2012 0.0256 29.54 0.0403 46.41 0.0209 24.05
2013 0.0254 29.83 0.0382 44.82 0.0216 25.35
2014 0.0249 29.73 0.0378 45.18 0.0210 25.09
2015 0.0254 29.85 0.0392 46.01 0.0206 24.14
2016 0.0257 30.15 0.0381 44.73 0.0214 25.12
2017 0.0256 30.17 0.0381 44.81 0.0213 25.02
2018 0.0260 30.33 0.0380 4435 0.0217 25.32
2019 0.0256 30.67 0.0362 43.29 0.0218 26.04
2020 0.0256 30.68 0.0355 42.58 0.0223 26.74

Gini coefficients of Central-West remain at a low and stable level. This
indicates that the differences in the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
among regions are mainly between East-West and East-Central, while
the differences between Central-West are smaller.

Regional sources of variation and
their contributions

Figure 7 depicts the evolution trend of regional sources of variation
and their contribution rates. Regarding the overall contribution rate,
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FIGURE 5
Intra-regional differences and trends.
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the values of the inter-regional variance contribution rate range from
42.58% to 52.28%, and the values of the intra-regional variance
contribution rate range from 28.32% to 30.68% from 2005 to 2020.
Specifically, the intra-regional variance contribution rate has changed
steadily during the examination period, showing a slight increase. Also,
the inter-regional variance contribution rate showed a rapid decline
from 2005 to 2008. After a brief rebound in 2009, it continued its
declining trend, but the rate of decline was more moderate. The
contribution rate of intensity of transvariation is in an overall
upward trend, reaching a minimum value of 19.40% in 2005 and a
peak of 26.74% in 2020, then fluctuating and stabilizing at about 25%.
Compared with the fluctuation pattern, we can see that the
contribution rate of intra-regional variation fluctuates and then
stabilizes, while the contribution rate of inter-regional variation
fluctuates and decreases, and the contribution of the intensity of
transvariation fluctuates and increases. The contribution rate of
inter-regional differences is higher than that of intra-regional
differences and the intensity of transvariation, which indicates that
inter-regional differences are the primary source of the unbalanced
development levels of pollution reduction, carbon reduction, green
expansion and economic growth.

Dynamic evolutionary analysis

Traditional Kernel density estimates

The Gini coefficient reflects the relative differences in the level of
coordinated development. However, it could not sufficiently reflect
the absolute differences and evolution trend of the level of

frontiersin.org
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Regional differences and evolution trend

coordinated development. To intuitively describe the synergistic
distribution characteristics and dynamic evolution process of the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth in Chinese cities, the density
distribution pattern is estimated based on the Gaussian kernel
function, and the dynamic evolution is analyzed in the time
dimension. The observation periods of 2005, 2010, 2015, and
2020 are selected as the Kernel density maps of the whole
country, east, central, and west, as shown in Figure 8.

As shown in the picture, the Kernel density curves of the whole
country and the eastern, central, and western regions all show a
tendency to move to the right, indicating that the synergistic level of
pollution reduction, carbon reduction, green expansion and

10.3389/fevo.2023.1202898

economic growth in China as a whole and each region is on an
upward trajectory and is improving year by year. Also, the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth in China’s cities has been
effectively synergized. The height of the main peak of the overall
Kernel density curve tends to rise and then fall, and the width of the
main peak does not change significantly. Compared with 2005, the
height of the main peak of the overall Kernel density curve
increased in 2020. This means that the absolute difference in the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth across the country strengthens
first and then weakens, and the overall level of synergistic
development becomes concentrated. At the same time, from the
perspective of polarization, the overall shows a “double-wave peak”
form. There is a right-trailing phenomenon in the Kernel density
curve, which indicates that the synergistic level of pollution
reduction, carbon reduction, green expansion and economic
growth synergistic is in the two-stage differentiation spatial
evolution stage in the national.

The comparison at the regional level shows that the nucleus
density curves in all three regions show a trend of shifting to the
right year by year during the sample investigation period. In terms
of distribution pattern, the height of the main peak in the east
region tends to first increase and then decrease, while the width of
the main peak changes to first a sharp peak and then to a broad
peak. The height of the main peak in the central and west regions
roughly shows a dynamic evolution process of first decreasing, then
increasing, and finally decreasing. In general, the height of the main
peak of the Kernel density curve in the East, Central, and West
decreases in 2020 compared to 2005. This indicates that while the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth in cities in east, central, and west
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regions is increasing, the regional differences show a trend of first
narrowing and then widening. From the perspective of distribution
extension, the Kernel density in the east, central, and west regions
all show a right-trailing trend year by year. In terms of the number
of peaks, the Kernel density curve shifts from “single-peak” to
“double-peak.” In the east region, the side peaks are less obvious,
and it is easy to see that the central and west regions have changed
from single peaks to weak double peaks or even multiple peaks.
Among them, the west region was single-peaked at the beginning of
the sample examination period, and the number of peaks increased
after 2015, which means that the polarization of the level of
synergistic development of “pollution reduction, carbon
reduction, green expansion and economic growth” in the three
regions gradually emerged.

Unconditional Kernel estimates

Figure 9 shows the unconditional kernel density diagram and
density contours of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in China
from 2005 to 2020. In unconditional Kernel density estimation, the
x-axis is the level of synergistic development of the city in year t, the
y-axis is the level of synergistic development of the city in year ¢ + 3,
and the z-axis represents the probability of each point in the X-Y
plane. In the unconditional density contours, the x-axis and y-axis
also represent the level of synergistic development, and the density
contours represent different probability values. According to
Figure 9, the estimated probabilities of unconditional kernel
density for the synergistic level of pollution reduction, carbon
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reduction, green expansion and economic growth are mainly
concentrated on the positive 45° diagonal, indicating that the
synergistic level of each city has a strong continuity and does not
change significantly within the 3-year time span. In addition, there
are four major wave peaks distributed along the diagonal, which are
distributed around 0.35, 0.5, 0.65, and 0.75 on the x-axis. Among
them, in the interval where the coupling coordination degree of
pollution reduction, carbon reduction, green expansion and
economic growth is below 0.35, most of the graphs are
concentrated above the 45° diagonal. This indicates that the
distribution of the synergistic level from period t to t + 3 has
changed significantly, showing a tendency to shift to a higher level.
In general, the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in the city as a
whole maintains a long-term stable development trend, and the
synergistic level in the very low-level areas has been improved to a
certain extent.

Static Kernel density estimates considering
spatial proximity

Figure 10 presents the spatial static kernel density and density
contours of the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. The spatial static
kernel density estimates can be used to further examine the spatial
correlation of the distribution of China. x-axis is the synergistic
development level of neighboring cities in year ¢, and the y-axis is
the synergistic development level of the city in year t. If there are
obvious spatial effects, i.e., cities with high levels of synergistic
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development are adjacent to cities with high levels of synergistic
development, and cities with low levels of synergistic development
are adjacent to cities with low levels of synergistic development. The
distribution of probabilities should be concentrated on and along a
45° diagonal. According to Figure 10, the spatially static evolution of
the synergistic development level shows a “fault” phenomenon,
with 0.55 as the dividing point of the synergistic development level
of neighboring cities, which shows different evolutionary trends.
When the x-axis is less than 0.55, it is mainly concentrated 0-0.55 in
the y-axis, which means that the cities with low synergistic
development levels below 0.55 significantly influence the change
of the city’s synergistic development level. When the whole
synergistic development level is 0.30-0.60, the probability subjects
are roughly distributed near the positive 45° diagonal, and their
synergistic development levels show an obvious positive correlation
at this time. At this stage, the flow of factors such as technology and
human capital between neighboring regions will help to improve
the level of synergy between these cities. Also, when the efficiency
level of neighboring provinces is between 0.60 and 0.75, the
probability main body starts to be parallel to the x-axis. This
indicates that when the level of synergistic development reaches a
certain height, it is difficult to promote a higher level of local
coordination through spatial spillover effects, even if it is in close
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proximity to a higher-level city. It may be necessary to rely on one’s
own industrial restructuring and green technology innovation in
order to achieve the synergistic promotion of pollution reduction,
carbon reduction, green expansion and economic growth.

Dynamic Kernel density estimation considering
spatial proximity

In this paper, we further analyze the dynamic influence of
neighboring cities on the level of synergistic development of this city
in the current period by considering the time span on the basis of
spatial conditions at the same time. In Figure 11, the horizontal axis is
the synergistic development level of neighboring cities in year t, and the
vertical axis is the synergistic development level of this city in year t + 3.
The spatial dynamic conditions are both similar to and slightly different
from the spatial static conditions, indicating that temporal factors can
influence the interaction between the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
cities in China. As a whole, there is also a more pronounced
“discontinuity” in the spatial dynamics of the level of synergistic
development. Again, using 0.55 as the cut-off point for the level of
synergistic development of neighboring cities, when the level of
synergistic development of neighboring cities in year t is lower than
0.55, the distribution is 0-0.55 mainly on the y-axis, which does not
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change much compared with the estimated results under the spatial
static condition. The probability is roughly distributed around the
positive 45°diagonal throughout the process, suggesting that the level of
synergistic development between cities still exhibits positive spatial
correlation at this point in time when a 3-year lag is included. However,
compared to the spatially static results, the distribution of probability
subjects is more dispersed on the y-axis, which also indicates that the
spatial correlation of the level of synergistic development among cities
is weakened under the time lag condition. When the level of synergistic
development of neighboring cities is higher than 0.55, the 3-year lag
period does not have a significant effect, and the distribution position
and distribution pattern of the probability subjects remain almost the
same as those under the spatial static condition. In general, for
medium- and low-level neighboring cities, the extension of the time

TABLE 6 Spatial Markov transfer probability matrix.

span can significantly reduce the spatial correlation effect between
cities. However, for high-level neighboring cities, the time condition
does not play a significant role in the process of promoting the upward
shift of the city’s synergistic development level.

Spatial Markov chain analysis

In order to determine the specific transfer pattern of the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth and the impact of neighboring
cities on the cities in the region, this paper uses the spatial Markov
chain method to carry out the analysis. The spatial Markov shift
probability matrix is shown in Table 6.

Type of lag (t/t + 1) LL MH HH
LL LL 0.9542 0.0458 0.0000 0.0000
ML 0.0952 0.8095 0.0953 0.0000
MH 0.0000 0.0000 0.8667 0.1333
HH 0.0000 0.0000 0.0476 0.9524
ML LL 0.8429 0.1423 0.0106 0.0042
ML 0.0343 0.8326 0.1288 0.0043
MH 0.0153 0.0687 0.8091 0.1069
HH 0.0101 0.0101 0.0404 0.9394
MH LL 0.7216 0.2667 0.0117 0.0000
ML 0.0179 0.8179 0.1577 0.0065
MH 0.0035 0.0279 0.8920 0.0766
HH 0.0000 0.0047 0.0234 09719
HH LL 0.0000 1.0000 0.0000 0.0000
ML 0.0000 0.6563 03437 0.0000
MH 0.0000 0.0219 09197 0.0584
HH 0.0000 0.0000 0.0030 0.9970
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In general, the four transfer probability matrices are different
for different spatial lag types. It indicates that the probability of a
shift in the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in the city
varies, showing the differences in the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
in the neighboring cities. The diagonal elements of the transfer
probability matrix for different spatial lag types are not entirely
larger than the non-diagonal elements. What this means is that the
probability of “rank locking” of the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
decreases under the spatial spillover effect, and this phenomenon is
particularly obvious under the HH type of lag. In terms of
nondiagonal elements, there are all nonzero elements. It indicates
that there is instability in the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth. Although
the ideal upward shift can be achieved, there is also a certain risk of
a downward shift, and a leapfrog shift. In addition, the impact of the
same lag type on the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth varies from one
lag type to another. Specifically, under the low-level lag condition,
the probability of achieving an upward transfer level is 4.58%,
9.53%, and 13.33% for LL, ML, and MH levels, respectively, in
increasing order. This means that the probability of transfer is not
only influenced by the type of lag but also by the initial level of the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth.

TABLE 7 Global Moran'’s I.

Inverse distance squared spatial weight matrix (/1)

10.3389/fevo.2023.1202898

Spatial correlation characteristics

Global spatial correlation characteristics

The global Moran index is used to test the spatial correlation
of the synergistic level of pollution reduction, carbon reduction,
green expansion and growth (Ren et al., 2022), and the results are
shown in Table 7. The global Moran’s I index of the inverse
distance squared spatial weight matrix and the seven nearest-
neighbor spatial weight matrix are all greater than 0, and they all
pass the 1% significance level test. This indicates that the
distribution of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in
geospatial locations is not completely random but has obvious
clustering characteristics and positive spatial correlation.
Compared to the previous two years, two different spatial
weights of Moran’s I value increased substantially in 2010,
probably because China made more efforts to eliminate
backward production capacity this year. On 20 January, the
State Council executive meeting put forward six specific targets
for eliminating backward production capacity in key industries
such as electricity, coal, coke, ferroalloy, calcium carbide, iron and
steel, nonferrous metals, building materials, light industry, and
textiles. In addition, China has also increased investment in clean
energy, vigorously developing wind and solar energy and other
clean energy. In order to significantly enhance multi-pollutant
synergistic control and regional synergistic governance, industrial
enterprises have been prompted by a number of environmental

7 nearest-neighbor spatial weights matrix (1/2)

Moran's | z Moran’s | z

2005 0.257%%* 12.040 0.330*** 10.537
2006 0.235%%* 11.051 0.311%%* 9.946
2007 0.246*** 11.535 0.300*** 9.591
2008 0.216*** 10.154 0.267*** 8.551
2009 0.218*%* 10.263 0.261*** 8.384
2010 0.229*%%* 10.762 0.282*** 9.042
2011 0.227%%* 10.651 0.273*** 8.739
2012 0.220%%* 10.347 0.259%** 8.310
2013 0.212%%* 9.960 0.251%%* 8.044
2014 0.194 *** 9.161 0.230%** 7.393
2015 0.217%%* 10.200 0.245%%% 7.858
2016 0.215%** 10.102 0.242%% 7.767
2017 0.212%%* 9.987 0.238*** 7.651
2018 0.213*%* 10.040 0.240*** 7.730
2019 0.206*** 9.686 0.228*** 7.350
2020 0.205%** 9.670 0.222%% 7.156

*10%, **5%, and ***1%-statistical significance.
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regulations to gradually realize green transformation and
development. In addition, the spatial correlation of the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth among cities has been
strengthened by the superimposed technology spillover effect.

Local spatial correlation characteristics

After understanding the spatial correlation of the synergistic level
of pollution reduction, carbon reduction, green expansion and
economic growth in 243 cities at the prefectural level and above in
China. The local Moran’s scatter diagram was further applied to
examine the overall distribution and characteristics of the synergistic
level of pollution reduction, carbon reduction, green expansion and
economic growth at the local spatial level using 2005, 2010, 2015, and
2020 as the four typical time segments of the overall study period. The
result is shown in Figure 12. According to the technology diffusion
theory, we focus on the high-high-type (quadrant I HH) and low-
low-type (quadrant III LL) regions. It can be seen from Figure 12 that
there are more cities in quadrants I and III than in quadrants II and
IV. There is indeed a significant positive correlation between the
spatial distribution of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in Chinese
cities, which is consistent with the above global test results. Based on
the above analysis, it is necessary to use a spatial econometric model
when discussing the influential factors of the synergistic level of
pollution reduction, carbon reduction, green expansion and
economic growth.

2005 (Moran's 1=0.2571 and P-value=0.0010)
o

FIGURE 12
Local Moran’s /. (A) 2005; (B) 2010; (C) 2015; (D) 2020.
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Analysis of driving factors

Spatial panel model selection and estimation

Based on the previous analysis, the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth
is the result of the combined effect of various factors, such as
regional innovation level, population size, financial development
level, science and technology investment, government intervention,
industrial structure, and urbanization level. In this study, we intend
to analyze the drivers of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in terms
of the above indicators. The measures of each indicator are as
follows: (1) Innovation level (InPatt): the logarithmic of the total
number of innovation patents granted; (2) Financial development
(Financ): the proportion of the balance of RMB loans to GDP of
financial institutions at the end of the year; (3) Level of external
openness (Openne): Foreign direct investment as a proportion of
GDP; (4) Industrial structure (Instru): ratio of secondary sector
output to tertiary sector output; (5) Government intervention
(Govene): the proportion of local general public budget
expenditure to GDP; (6) Education investment (Educat): the
proportion of local general public budget expenditure in
education; and (7) Population size (InPopu): the logarithm of the
total resident population.

Based on this, this study selects the appropriate spatial
econometric model by LM, Wald, LR and Hausman test, and the
results are shown in Table 8. It expands the cross-sectional spatial
weight matrix to the spatial panel weight matrix before the test to

2010 (Moran's 1=0.2292 and P-value=0.0010)

2020(Moran's 1=0.2053 and P-value=0.0010)
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TABLE 8 LM, Hausman, Wald, and LR test results.

10.3389/fevo.2023.1202898

w1 w2
Moran’s I 6.512%* 33.119***
Lagrange multiplier 4,906.557*** 1,081.8397
Robust Lagrange multiplier 446.756** 829.023***
Lagrange multiplier 5,309.345** 275.297**
Robust Lagrange multiplier 849.545%+* 224814
Wald test for SAR 42.590*** 49.310%*
Wald test for SEM 45.670* 49.020*
LR test for SAR 42.4200¢ 49.050
LR test for SEM 46.430* 49.730*
Hausman test -10.88 -5.10
Irtest both ind 133.55%%* 248,420
Irtest both time 7695.64%* 7,719.49*%*

*10%, **5%, and ***1%—statistical significance.

facilitate the extension of the test of the cross-sectional model to
panel data analysis. The standard LM-Err and LM-Lag statistics in
the LM test are significant. The robust LM test also remains
significant when the spatial Durbin model (SDM) is selected, and
further, the Wald and LR tests remain significant at the 1%
confidence level, indicating that the results reject the original
hypothesis and the SDM model cannot degenerate into a SAR or
SEM model. So, we choose a spatiotemporal bifixed SDM model
with fixed effects by combining the test selection effect and
Hausman test results.

Analysis of spatial econometric results

Table 9 presents the results of different factors on the synergistic level
of pollution reduction, carbon reduction, green expansion and economic
growth under two different weight settings of spatial measures.

According to the regression results, the regression coefficients of
the level of technological innovation on the synergistic level of
pollution reduction, carbon reduction, green expansion and growth
are all positive and significant at a 5% confidence level, while the
spatial lag coefficient is significantly positive at a 1% confidence level.
It indicates that the increase in the level of green technology
innovation is conducive to the synergistic promotion of pollution
reduction, carbon reduction, green expansion and economic growth
and positively affects neighboring cities. The increase in innovation
patents implies that the level of green innovation in enterprises has
increased, promoting green and sustainable development. The
increase in the level of technological innovation is conducive to the
effective allocation of resources within the enterprise, promoting
the transformation and upgrading of the enterprise, optimizing the
production structure of the enterprise, and thus reducing
the pollution level of the enterprise. It is also easy for the
surrounding areas to imitate and learn from the green technology
tools in the region, generating positive spatial spillover effects and
demonstration effects of technology (Vi et al., 2022).

Frontiers in Ecology and Evolution

The coefficient of the regression of the level of external openness on
the synergy of pollution reduction, carbon reduction, green expansion
and economic growth is positive but not significant, and the coefficient
of the spatial lag is also significantly positive at the 1% confidence level.
It indicates that the level of external openness helps to improve the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth on neighboring cities. According to
the “pollution halo” hypothesis, in the process of opening up to the
outside world, advanced foreign technology and management
experience will be introduced to the city’s high value-added
industries, through the “spillover effect” of technology, the
“demonstration effect” of foreign enterprises, and the “competition
effect,” which will promote the optimization and innovation of
production methods. At the same time, it also provides the
neighboring regions with experience in technology and management
methods to learn from. Also, with the increasingly stringent
environmental regulations in China, the threshold for the
introduction of foreign investment is also rising. The purpose of
introducing foreign investment is not only to speed up economic
development but also to enhance international competitiveness and
achieve high-quality economic development. In this context, increased
openness to the outside world can stimulate market vitality and
productivity, providing opportunities and the technological basis for
enterprises to “green transform,” thereby improving environmental
quality and eco-efficiency and promoting the synergy between local and
neighboring pollution prevention, carbon reduction, ecological
protection, and socioeconomic construction.

The spatial regression coefficients of industrial structure on the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth are all significantly positive at the
1% confidence level, but the spatial lag coefficient is not significant.
It indicates that the larger the proportion of secondary industry in
GDP, the better the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. The industrial
structure is an essential link between economic development and
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TABLE 9 Results of analysis of influencing factors.

10.3389/fevo.2023.1202898

0.0027*** (0.0006)

0.0028*** (0.0006)

0.0016** (0.0007)

~0.0007 (0.0012)
0.0007* (0.0002)
0.0033*"* (0.0006)
~0.0372%** (0.0087)

0.0156 (0.0104)

~0.0008 (0.0012)
0.0007* (0.0002)
0.0034°°* (0.0006)
~0.0389"** (0.0089)

0.0156 (0.0106)

0.0002 (0.0013)
0.0002 (0.0002)
0.0034° (0.0006)
~0.0392" (0.0097)

0.0169 (0.0111)

0.0161*** (0.0027)

0.0170** (0.0028)

0.0167*** (0.0030)

0.0999** (0.0293)

0.1011** (0.0306)

0.0685** (0.0305)

0.0030*** (0.0011)

—0.0067** (0.0026)

0.0013*** (0.0004)
-0.0011 (0.0013)
0.0229 (0.0189)

0.0194 (0.0226)

~0.0167** (0.0058)

Main

InPatt 0.0027*** (0.0006) 0.0029*** (0.0006) 0.0014** (0.0007)
Financ ~0.0008 (0.0012) ~0.0010 (0.0012) 0.0003 (0.0013)
Openne 0.0007*** (0.0002) 0.0007*** (0.0002) 0.0002 (0.0002)
Instru 0.0033*** (0.0006) 0.0033*** (0.0006) 0.0032*** (0.0006)
Govene ~0.0367*** (0.0087) ~0.0381*** (0.0089) ~0.0315*** (0.0097)
Educat 0.0151 (0.0104) 0.0154 (0.0106) 0.0140 (0.0109)
InPopu 0.0157*** (0.0028) 0.0165*** (0.0028) 0.0158*** (0.0030)
Spatial

Rho 0.1436*** (0.0415) 0.0872** (0.0438)
Lambda 0.1231%** (0.0439)

Wx

InPatt 0.0048*** (0.0016)
Financ ~0.0000 (0.0040)
Openne 0.0026*** (0.0006)
Instru 0.0023 (0.0018)
Govene —0.0194 (0.0283)
Educat 0.0240 (0.0329)
InPopu ~0.0149* (0.0087)
N 3,888 3,888 3,888

R’ 0.4502 0.4520 0.5031

3,888

0.4449

3,888

0.4521

3,888

0.4897

*10%, **5%, and ***1%—statistical significance. Standard errors are in parentheses.

ecological construction, and the degree of resource consumption
and environmental impact in the green innovation process depends
on the industrial structure characteristics of each economy.
Although the traditional secondary industry will reduce energy
efficiency, production may generate economies of scale when it
reaches a certain scale. At the same time, local governments
implement more stringent environmental standards to accelerate
the formation of green production methods in secondary industries.
The green and low-carbon industry’s development is beginning to
bear fruit, promoting a synergistic effect of pollution reduction,
carbon expansion and green growth. However, the spatial spillover
effect of the industrial structure is not obvious.

The regression coefficient of government intervention on the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth is negative and meets the 1%
significance level, but the spatial lag coefficient is not significant. It
indicates that greater government intervention is not conducive to
improving the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. The paper
suggests that the “crowding out effect” in the innovation process
caused by excessive fiscal expenditure, ie., local enterprises rely

Frontiers in Ecology and Evolution

excessively on government financial support and thus reduce their
incentive to innovate, resulting in lower efficiency of green
innovation, which is not conducive to the sustainable development
of enterprises. Appropriate government controls should ensure a
steady increase the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. Therefore, the
level of government intervention should be kept within a suitable
threshold, and the “catalyst” effect of administrative tools should be
effectively utilized.

The spatial regression coefficients of population size on the
synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth are all significantly positive at a
1% confidence level, while the spatial lag coefficient is significantly
negative, at least 10% significant. The possible reasons for this are
that the economically developed areas show a “siphon effect” on the
population of neighboring cities. Cities with larger populations
usually imply higher economic development and higher
transportation efficiency, which are conducive to enhancing
synergy. On the one hand, economically developed cities have
higher requirements for green policies, such as environmental
regulations and higher human capital costs. They are more likely
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to concentrate on high-value added, usually environmentally
friendly industries. Therefore, the population size is conducive to
promoting the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth. On the other
hand, as people “vote with their feet,” the larger the population size
of the city, the greater the population flow in the neighboring areas,
resulting in the reduction of human capital in neighboring cities. It is
easy to cause the phenomenon of talent “depression” in the
surrounding regions and a lack of green innovation vitality, which
makes it difficult to promote the synergistic level of pollution
reduction, carbon reduction, green expansion and economic growth.

Direct effects, indirect effects, and total effects

In order to measure the magnitude of the impact of the
influencing factors on the synergistic level of “pollution reduction,
carbon reduction, green expansion and economic growth”, the
direct, indirect, and total effects of the model need to be further
estimated. The results are shown in Table 10. Taking the inverse
distance square spatial weight matrix (W1) as an example, analyze
the direct effect, indirect effect, and total effect.

From the direct effect, innovation level, industrial structure,
government intervention, and population size, the regression
coefficients for the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in the region area
are 0.0015, 0.0032, —0.0315, and 0.0158, respectively. Among them,
population size is the most important factor affecting the synergistic
level in the region, and the support of the population plays a vital
important role in the synergistic level of pollution control, carbon
emission reduction, green expansion and economic growth.

In terms of indirect effects, for innovation level and level of
external openness, the regression coefficients for the synergistic
level of pollution reduction, carbon reduction, green expansion and
economic growth in neighboring areas is 0.0053 and 0.0028,
respectively. Among them, the positive spatial spillover effect of
the innovation level is the most obvious. In terms of the total effect
of each variable (in innovation level, level of external openness,
industrial structure, and government intervention), the regression
coefficients for the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth in neighboring
areas is 0.0068, 0.0031, 0.0060, and —0.0551, respectively.

TABLE 10 Direct effects, indirect effects, and total effects.

10.3389/fevo.2023.1202898

Conclusions and recommendations
Conclusion

This study constructs a comprehensive system evaluation index
system of “pollution reduction, carbon reduction, green expansion
and economic growth.” We adopt a coupled coordination model to
measure the synergistic level of pollution reduction, carbon
reduction, green expansion and economic growth of 243 cities in
China from 2005 to 2020. Combining the Dagum Gini coefficient,
standard deviation ellipse, Kernel density analysis, Markov Chain,
spatial exploration analysis method, and spatial econometric model
are used to explore the spatial and temporal characteristics, regional
differences and sources, evolutionary trends, and driving factors of
the synergistic level of pollution reduction, carbon reduction, green
expansion and economic growth and the following main
conclusions are drawn.

(1) During the study period, the synergistic level of pollution
reduction, carbon reduction, green expansion and
economic growth in Chinese cities has fluctuated and
increased. There were still cities in the moderate disorder
stage in 2005, and 100% of cities were already in the mild
disorder stage or above in 2015. In terms of spatial pattern,
it shows the distribution characteristics of “high in the east -
low in the west”. Also, the higher and lower coupling
coordination degrees are characterized by a scattered
distribution, while the medium level is characterized by
the spatial evolution of clusters. The spatial evolution shows
a “northeast-southwest” pattern in the standard deviation
ellipse, and the center of gravity moves in a “southeast-
northwest-southwest” trend.

(2) From the decomposition of regional differences, regional
differences are mainly rooted in inter-regional differences;
intra-regional differences are generally East > West > Central.
In addition, East-West inter-regional differences are the most
prominent, followed by East-Central and Central-West inter-
regional differences, which are smaller. Without considering the
spatial factor, the coupling coordination degree shows a steady
increase and has strong continuity. There is a polarization

w1 w2
Direct Indirect Direct Indirect
InPatt 0.0015** (0.0007) 0.0053*** (0.0017) 0.0068*** (0.0014) 0.0017** (0.0007) 0.0032*** (0.0011) 0.0049*** (0.0009)
Financ 0.0002 (0.0013) 0.0004 (0.0043) 0.0006 (0.0041) 0.0001 (0.0012) ~0.0068** (0.0027) ~0.0067** (0.0027)
Openne 0.0002 (0.0002) 0.0028*** (0.0006) 0.0031*** (0.0005) 0.0002 (0.0002) 0.0014** (0.0004) 0.0016%** (0.0004)
Instru 0.0032*** (0.0006) 0.0028 (0.0018) 0.0060*** (0.0018) 0.0034** (0.0006) ~0.0010 (0.0013) 0.0024* (0.0013)
Govene ~0.0315* (0.0091) -0.0236 (0.0314) ~0.0551* (0.0295) ~0.0390*** (0.0091) 0.0219 (0.0203) ~0.0171 (0.0193)
Educat 0.0147 (0.0107) 0.0262 (0.0355) 0.0409 (0.0359) 0.0176 (0.0108) 0.0208 (0.0236) 0.0385 (0.0244)
InPopu 0.0158*** (0.0032) ~0.0139 (0.0097) 0.0019 (0.0092) 0.0166*** (0.0031) ~0.0161*** (0.0062) 0.0006 (0.0062)

*10%, **5%, and ***1%—statistical significance. Standard errors are in parentheses.
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3)

phenomenon in the east, central, and west regions. Under the
spatial condition, the static and dynamic estimation results are
similar but different, and both have positive spatial correlations.
However, when the synergy degree of neighboring cities is at a
medium or low level, the positive spatial correlation decreases
significantly with the addition of the time factor. Also, the
probability of “rank locking” of synergistic development level
has been reduced, and there is a leapfrog shift.

The spatial patterns of the synergistic level of pollution
reduction, carbon reduction, green expansion and economic
growth have a significant positive spatial correlation. Further,
innovation level, level of external openness, industrial
structure, and population size have a more obvious role in
promoting local coordinated development. However,
government intervention has a negative impact on synergy.
Meanwhile, innovation levels and levels of external openness
generate positive spatial spillover effects and contribute to the
improvement of synergy in the neighborhood. In contrast,
the population size shows a negative spatial spillover effect,
relatively hurting the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth in
neighboring regions.

Discussion and recommendations

Based on the above research findings, the following countermeasures

are proposed.

1)

)

Strengthen the top-level design and build a policy system for
synergistic promotion of the four elements. Local governments
should take action to effectively implement the dual carbon
goals and requirements: “separate and manage” pollution
reduction and carbon reduction. While also taking economic
construction as the main line of work, they also need to
innovate the policy system for the coordinated promotion of
pollution reduction, carbon reduction, green expansion and
economic growth and form a coordinated and mutually
integrated institutional mechanism. Strengthen the top-level
design, clarify the timetable and roadmap for the synergistic
promotion of pollution reduction, carbon reduction, green
expansion and economic growth, and carry out monitoring,
evaluation, and assessment of the synergistic promotion of the
transportation, power, and chemical industries. Accelerate the
establishment of management regulations for collaborative
promotion, formulate and improve relevant laws and
regulations, establish sound rules and regulations, and
strengthen law enforcement capacity building.

Strengthen the role of radiation to achieve overall regional
synergy. Emphasis is placed on the spatial linkage of synergistic
development between cities to accelerate the development of
pilot demonstration areas for collaborative promotion of
pollution reduction, carbon reduction, green expansion and

10.3389/fevo.2023.1202898

location, and encouraging key areas to carry out pilot
demonstration work is significant. Strengthen exchanges and
cooperation among cities and expand the radiation-driven role
of high coordination level areas in the synergistic promotion of
pollution reduction, carbon reduction, green expansion and
economic growth using technology overflow, talent overflow,
and system overflow. Encourage those who live in locations
with low levels of regional cooperation to study and adopt
cutting-edge green technologies from their neighbors and to
continuously explore the potential of pollution reduction and
carbon reduction. By promoting joint prevention and control of
the regional ecological environment to eliminate the spatial
pattern of differentiated urban ecological resilience, reduce the
local risk of ecological resilience, and reduce pollutant and
carbon emissions. High-level regions should dovetail well with
other regions to achieve complementary advantages and a
reasonable division of labor in order to eliminate current
regional barriers and impediments to factor flows to gradually
narrow the gap inter-regionally in terms of the level of
development of the synergistic level of pollution reduction,
carbon reduction, green expansion and economic growth.

(3) To enhance the vitality of collaborative development by

applying precise policies according to local conditions.
According to the current situation of synergistic level of
pollution reduction, carbon reduction, green expansion and
economic growth, each city should combine its resource
characteristics, economic foundation, and ecological
advantages and scientifically formulate the strategy of
coordinated promotion. The government should increase
investment in R&D funding and education, promote the
transformation of green patent results, and enhance regional
collaborative innovation capabilities to enhance ecological
resilience and adaptability. It should also reasonably guide
population clustering, effectively develop strategies to attract
talent, and break down barriers to the flow of resources such as
cultural innovation, capital, and talent. Actively study and learn
from advanced resource management experience and technical
means at domestic and international levels, benchmark
advanced production technology, and accelerate the
restructuring of energy-intensive industries. Based on the
principle of governance at source, promote the green and
low-carbon transformation of key secondary industries such
as oil and cement, accelerate the green transformation of
industrial sectors, and guide industries to green production
and prevention at source. Cities should continuously deepen the
reform of regional administrative management systems and
effectively break down administrative barriers that are not
conducive to the free flow of factor resources. The
government should establish a decision-making mechanism
to guide high-quality economic development and adhere to
long-term government actions.

Although this study analyzes in depth the spatial and temporal
differentiation and driving forces of the synergistic level of carbon

economic growth. Summarizing and promoting the experience
of high-level coordination areas such as Shenzhen and Shanghai

promptly, giving full play to the advantages of economic  reduction, pollution expansion and green growth and obtains many
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valuable conclusions, there are still some limitations. Firstly, the scope
of the study can be more diverse. Based on the availability of data, this
study constructs a systematic and comprehensive evaluation index
system of pollution reduction, carbon reduction, green expansion and
economic growth based on city-level statistics. In future studies, based
on the availability of data, the research sample will be expanded to the
county level. Secondly, there are various factors affecting the synergistic
development of carbon reduction, pollution expansion, green growth
and economic growth etc. This paper analyzes the influence of the level
of innovation, financial development, level of openness to the outside
world, industrial structure, government intervention, investment in
education, and population size. In future research, more factors
affecting the synergistic level of carbon reduction, pollution
reduction, green expansion and economic growth, such as the digital
economy, need to be identified to further clarify the path. Thirdly, the
synergistic promotion of carbon reduction, pollution reduction, green
expansion and economic growth is a dynamic process, and its
connotation is constantly enriched and improved. In future research,
the comprehensive index system of carbon reduction, pollution
reduction, green expansion and economic growth should be adjusted
according to the development of the times. Moreover, the dimensions
of “green expansion” can be further refined to build a more scientific
and comprehensive index system to improve the precision of the
research. In addition, a more in-depth analysis of the synergistic
mechanisms of the four is also the focus of future research work.
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