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Abstract

With rapid socio-economic development and accelerated urbanization, air pollution has become one of the biggest
concerns worldwide. Moreover, air quality affects people’s quality of life and is addressed in Sustainable Development
Goals (SDGs). It is important and meaningful to investigate the relationship between improved air quality and the level of
urban sustainability to curb urban air pollution more effectively and provide a scientific basis for promoting sustainable
urbanization. In this research, we employed the entropy weight method to measure the urban sustainable development
level using the strength of urbanization efficiency indices, coordination degree indices, and sustainable urbanization
indices from China's coastal cities panel data from 2014 to 2019. Next, we utilized the fixed effects model and dynamic
panel model (System GMM) to estimate the impacts of sustainable urban development on improving air quality. According
to the analysis, the main results were as follows: (1) Air pollution and urban sustainability indicated significant differences
between 46 coastal cities in China; (2) Estimating the dynamic relationship between air pollution and urban sustainability,
we found that air pollution has certain inertia: a 1% increase in the previous pollution concentration of PMsg and PMys will
result in a 0.8% and 0.7% increase in the current pollution concentration of PMso and PM, . (3) Higher levels of urbanization
effect, coordination degree, and sustainable urbanization contribute to decreasing the pollution concentration of PMs and
PM5 in China.
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| . Introduction

Sustainable development has been considered an import-
ant means to resolve urban problems (Malkina—Pykh, 2002).
The correlation between the two concepts of urban devel-

opment and sustainability was demonstrated in the United

Nations” (UN) 2030 Agenda for Sustainable Development
including Sustainable Development Goal (SDG) 11: “Sus-
tainable Cities and Communities” (Maranghi et al., 2020).
Discussions on sustainable development have mainly
addressed environmental, economic, and social problems

(Dempsey et al., 2011). Sustainable development in cities
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consists of attempts to strike a balance among economic
growth, protection of the ecological environment, and
social development (leey, 2001; Button, 2002; Repetti and
Desthieux, 2006). In addition, the construction of livable,
healthy, and safe cities have become the most important
duty of each state, government, and organ today. In particu-
lar, China, as the largest developing nation worldwide, has
undergone dramatic urbanization and industrialization
since the Chinese economic reform of 1978. While China has
accomplished a great success in economic growth and pov-
erty reduction with the swift implementation of urbaniza-
tion in the last 40 years, a severe environmental pollution
problem such as air pollution has been caused in the devel-
opment process. Against such a backdrop, the sustainable
development of cities centering on the environment has
even more importance and meaning. In 2014, the Chinese
government attempted a new stage in the development of
urbanization in order to resolve environmental and social
problems caused by economic growth in the past several
decades, announcing the National Urbanization Plan for the
sustainable development of cities (Verdini and Zhang, 2020).

The world is becoming increasingly urbanized (Schell and
Ulijaszek, 1999). At present, 50% or more of the world pop-
ulation lives in urban areas, and the ratio of population liv-
ing in cities is expected to rise to 2/3 of the total population
by 2030 (Matz etal., 2020; Zhang et al., 2020). The economy,
society, and environment of cities, which are the centers of
civic life, directly affect cities’ ecological environments and
the quality of citizens’ lives (Harvey, 1989; Zhang et al., 2020;
Alattar and Yousif, 2019; Huang et al., 2020). Today’s develop-
ment method, which focuses on the economy, has aggra-
vated cities” environmental problems through continuous
urbanization, population concentration, and industrializa-
tion. In particular, air pollution and climate change have
emerged as globally important environmental problems
(Lee et al,, 2015). In 2016, the World Health Organization
(WHO) estimated that the number of deaths due to air pol-
lution would amount to 4.2 million per year. Out of air pol-
lution, fine particulate matter (PM2_5) pollution severely
damaged human health (WHO, 2016a). Using satellite mea-
surements and the atmospheric transport model, the WHO
observed the atmospheric situation in over 100 nations and
over 3,000 urban and rural areas around the globe in 2016.

According to the results, it was revealed that 92% of the

world population lived in areas polluted with coarse partic-
ulate matter (standard: the WHO’s “The Air Quality Guide-
lines”l)) (WHO, 2016b;; Zhang et al., 2020). In addition, it
was announced that, as for atmospheric environment pol-
lution generated in cities, the total amount of emitted pol-
lutants exceeded the environmental carrying capacity and
that this frequently gave rise to severe air pollution dam-
ages (Fleischmann and Feagin, 1987; Zhang et al,, 2020). In
particular, when research focusing on the health effects of
deteriorated air quality is examined, it is apparent that air
pollution increases respiratory disease and heart disease inci-
dence rates in humans and that death rates due to air pollu-
tion increased continuously (Brunekreef and Holgate, 2002).
There is also a report stating that not only 50% or more of
the Chinese population is exposed to environments with air
pollution but also 1/5 of deaths can be seen as due to air pol-
lution (Zhang etal., 2020).

Many studies on the influencing factors of air quality have
been conducted (Lee et al., 2015; Cruz et al., 2017; Moli-
na-Gomez et al., 2020; Li and Jung, 2021). Previous research
on the sustainable development of cities and the improve-
ment of air quality distinguished the relationship of influ-
ence between sustainable development and the improve-
ment of air quality between direct influence and indirect
influence. As for direct influence, air quality is seen mainly as
a level or an index influencing sustainable development.
When air pollution is reduced and air quality is improved,
the sustainable development of cities can be improved in a
variety of ways (Zhao et al., 2020). When research on indi-
rect influence is examined, the goal is mainly reducing air
pollution and improving sustainable development. On the
basis of factors causing air pollution such as urbanization,
industrialization, population, socioeconomic growth,
energy consumption, and traffic congestion, policies based
on the perspective of sustainable development geared to the
improvement of air quality are presented, and the validity of
policies, too, is verified (Hosseinabad and Moraga, 2017).
Strategies for sustainable development can play positive
roles in the process of adjusting goals for socioeconomic
development and a clean environment. In addition, mecha-
nisms that analyze the influence of individual levels of sus-
tainable urban development on the improvement of air
quality hold important meanings for the establishment of

policies for sustainable socioeconomic development and the
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resolution of the problem of air pollution.

Consequently, the purpose of this study is to verify the
influencing and determining factors of urban sustainability
on the improvement of urban air quality. On the basis of
previous research, an urban sustainability assessment system
(ucs) taking into consideration development level, coordi-
nation degree, and sustainability level, which are the three
essential characteristics of sustainable development, was
constructed. In addition, in order to verify whether or not
sustainable development strategies were effective methods
for mitigating urban air pollution, urban sustainability eval-
uations of 46 coastal Chinese cities were conducted through
the use of the entropy weight calculation method, and the
relationship between urban sustainability and air pollutants
(PM,,, PMZ_S) was measured and analyzed through the use of
a static panel model and a dynamic panel model estimated
with the system generalized method of moments (GMM).
Through this, the cities’ sustainable development was evalu-
ated, and plans for the improvement of the cities” atmo-

spheric environments were presented.

Il. Literature Review

1. Review of Theories on Urban Sustainability
and Air Pollution

1) Review of urban sustainability

“Sustainable development” is a widely used term. Discus-
sions on sustainable development mainly address environ-
mental, economic, and social problems (Dempsey et al.,
2011). When in-depth meanings are examined, sustainable
development promotes the overall development of society
through economic development, efficient use of resources,
and protection of the ecological environment. In other
words, sustainable development and coordination develop-
ment on the three levels of the environment, society, and
economy are emphasized (Dias et al., 2014). Consequently,
the sustainable development of the environment signifies
that each person has a responsibility and a duty regarding
environmental protection and improvement so that current
environmental problems may not be transmitted to future
generations (T]'allingii, 1995). Next, on the economic level,
urban economies develop in the direction of efficiency, sta-

bility, and innovation (WHO, 1996). Finally, on the social
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level, sustainable development promotes information and
cultural exchange (Yiftachel and Hedgcock, 1993). In addi-
tion, sustainable development can be realized when govern-
ment organs, social public good organizations, and citizens
all actively engage in discussions and participate in deci-
sion-making in order to resolve urban problems (Tjallingii,
1995).

The urban sustainability is a new concept presented after
the construction global industrial cities. Supplementing the
shortcomings and defects of the theory of the industrializa-
tion-based development of cities, this concept has provided a
new theory and methodology regarding the healthy devel-
opment of cities (Yang etal., 2()17). Though similar, the con-
cepts of “urban sustainability” and “sustainable urban devel-
opment” differ in meaning. “Sustainability” stresses an ideal
state maintained during the development process. In other
words, it is a type of a series of constraints regarding develop-
ment norms and socioeconomic development. Sustainabil-
ity norms mainly stress that human society’s socioeconomic
development and the natural environment can coexist har-
moniously and, at the same time, assume responsibility for
future generations (Baumgﬁrtner and Quaas, 2010). “Sus-
tainable development” describes one development process.
In other words, this is a process where sustainable develop-
ment can be achieved in a situation where it has been initi-
ated. “Sustainable development” emphasizes both the direc-
tion of development and the final developed state (Ravetz,
2()0()). Urban’s environmental, economic, and social systems
not only provide the bases and conditions for urban sustain-
ability but also present the goals of urban development
clearly (Wang and Guo, 2012). Consequently, it is apparent
that sustainable urban development is a process of realizing
urban sustainability and that urban sustainability is the ulti-
mate goal of sustainable urban development (Maclaren,
1996). In addition, unlike sustainable urban development,
urban sustainability has the advantage also of taking into
consideration the effects of urban on the environments of
the surrounding areas, regions, and the globe according to
the spatial standard (Alberti, 1996). While providing diverse
advantages such as economic growth, social progress, and
improvement of urban residents” quality of life, at the same
time, development based on dramatic urbanization, indus-
trialization, and globalization has caused severe environmen-

tal pollution, especially prominent has been the problem of
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air pollution in cities and the regions where particulate mat-
ter is the main pollutant. Sustainable development has been
increasingly stressed in order to respond to such problems so
that urban sustainability likewise has received the attention

of scholars and policy makers.

2) Review of urban air pollution

According to the report “Health and the Environment:
Addressing the Health Impact of Air Pollution” presented at
the WHO’s 68th World Health Assembly (WHA) held in May
2015, over 7 million cases of premature death worldwide
every year are related to air pollution. By 2015, cases of dis-
eases due to air pollution are estimated to have outnum-
bered those of malaria, tuberculosis (TB), and acquired
immunodeficiency syndrome (AIDS) combined (Wellenius
etal., 2015). Air pollution thus not only has negative effects
on human health and living environments but also lowers
the quality of life.

Studies on air pollution have been actively conducted in
diverse fields in recent years and all present the results that
development based on urbanization and industrialization
has clear, negative effects on air quality (Luoetal., 2017; Liu et
al., 2017; Wang et al., 2017). Out of research on air pollution,
there is a study that estimated the optimal city size for con-
trolling air pollutants from the perspective of urban popula-
tions (Han et al., 2014). In addition, there is a study that
explored the correlation between socioeconomic indices
such as city areas, population density, and gross domestic
product (GDP) and air pollution in terms of urban forms
(Lin and Ouyang, 2014). Studies on air quality in urban areas
mostly examined the effects of the socioeconomic growth of
cities through development based on urbanization and
industrialization on air quality. According to a study, out of
them, urbanization caused the deterioration of urban air
quality through complex mechanisms and can aggravate air
pollutants emitted by factories and vehicles. According to
the results of this study, urbanization can aggravate air pol-
lutants emitted by factories and vehicles (Luo etal., 2017). On
the contrary, there are studies claiming that development
based on urbanization can improve air quality through the
adjustment of economic structures such as marketization,
globalization, and decentralization and institutional incen-
tives such as local governments’ and corporations’ energy

saving incentives (He etal., 2014; Zheng et al., 2017). In addi-

tion, when research on air pollution and development based
on industrialization was examined, a correlation between
industrialization-based development and air quality was
clear. The fact that industrial exhaust gases can be reduced
when innovations in the secondary industry and technology
and the share of the tertiary industry rise helps to improve
air quality (Zhang et al., 2020). Consequently, air pollution
has become one of the types of environmental pollution
gaining considerable attention worldwide, the improvement
of the atmospheric environment is included in SDG 11.6, and
the improvement of air quality not only is a priority in pro-
tecting public health but also can reduce negative effects of
air pollution on the economy, human resources, and medi-

cal and public health expenses.

3) Urban sustainability and air pollution

Against the backdrop of sustainable development, air pol-
lution is already worsening each day. In an outcome docu-
ment titled “The Future We Want” and presented at the UN
Conference on Sustainable Development (UNCSD) on July
27, 2012, national representatives promised to pursue sus-
tainable policies in order to create a healthy atmospheric
environment for sustainable cities and communities. In addi-
tion, the mitigation and improvement of air pollution were
reported to have positive effects on human health, quality of
life, and sustainable development (General Assembly, 2012).

Air quality has received considerable attention because it
plays important roles in the process of achieving sustainable
development. As for the relationship of influence between
sustainable urban development and the improvement of air
quality, previous research distinguished between direct and
indirect effects.

As for direct effects, air quality is seen mainly as an index
influencing sustainable development. Sustainable urban
development can be improved in many ways if air pollution
is reduced and air quality is improved. The results of a study
argue that air pollution has the severest effects on human
health (WH(), 2021). The WHO elucidated that long-term
exposures to coarse particulate matter could result in severe
effects on human health such as respiratory and cardiovas-
cular diseases and lead to premature death in extreme cases
(WHO, 2021). In addition, out of research on the spread of
coronavirus disease 2019 (COVID-19) and air pollution, stud-

ies conducted during the first several months elucidated that
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the higher the concentration of air pollution was, the more
easily people were infected with COVID-19. These studies
claimed that airborne pollutants could help to spread severe
acute respiratory syndrome (UN, International Day of Clean
Air for Blue Skies). Moreover, there is a study arguing that
air pollution is closely linked to climate change and that air
pollutants are strong factors behind climate change (CCAC,
Short-Lived Climate Pollutants). In addition, the results of a
study that air pollution led to immense economic and pro-
ductivity losses, crop yield reductions, and decreases in
urban competitiveness in human society were presented.
Global health damages due to air pollution were estimated
to amount to 570 million dollars in 2016 alone. This was 4.8%
of the world’s GDP for 2016 (World Bank, 2016). The results
of astudy that air pollution affected social equity as well have
been confirmed, too. In particular, air pollution affected
medium- and low-income nations far more than it did
advanced countries and severely affected the most vulnera-
ble classes and local communities (OECD, Air Pollution
Effects). Consequently, air pollution not only apparently has
directs effects on “Good Health and Well-Being” (SDG 3),
“Sustainable Cities and Communities” (SDG 11) and “Cli-
mate Action” (SDG 13) but also can indirectly influence
other SDGs.

When studies on indirect effects were examined, under the
goal mainly of reducing air pollution and improving sustain-
able development, they presented policies on the basis of fac-
tors causing air pollution such as urbanization, industrializa-
tion, demographic and socioeconomic growths, energy con-
sumption increases, and traffic congestion from the perspec-
tive of sustainable development appropriate for air quality
improvement and also verified the validity of the policies
(Hosseinabad and Moraga, 2017). In particular, announced
were the results of a study that research on the relations
among energy-environment-sustainable development
played key roles in raising sustainable investments in energy,
promoting sustainable development, and improving air
quality (Ahmad et al., 2020). In addition, from the perspec-
tive of energy consumption, a study sought to realize sus-
tainable development and to improve the environment and
air quality by reducing fossil fuel use and the development

and use of green, renewable energy (Omer, 2007).
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2. Review of Evaluations of Urban Sustainability

Sustainable development is a complex conceptual system
encompassing society, economy, and environment, and eval-
uating urban sustainability is also a complex process (Zhang
et al., 1999). Scholars at home and abroad universally use
sustainable indicators to evaluate urban sustainability
(Pelizer etal., 2004; Zhang, 2004; Wang et al., 2010; Fang et al.,
2011; Nyuk et al., 2011; Yang et al., 2011; Cai and Chu, 2012;
Liu et al., 2013; Sun et al., 2016a; Tran, 2016; Cui et al., 2()19).
Urban sustainability indices are a measure reflecting funda-
mental elements making possible the long-term and healthy
development of urban economy, society, and environment
and sustainable development (Fang et al., 2011). In addition,
analysis methods using these indices are simple methods
that not only facilitate an understanding of but also the
quantification of the evaluation results, making it possible to
grasp the situation of economic, social, and environmental
development in a particular area (Kang and Lee, 2012; Ge et
al., 2015). Consequently, developing urban sustainability
evaluation indices has important meanings for sustainable
urban development.

Asfor research on the development of urban sustainability
index systems, mainly on the basis of the concept of sustain-
able development and through research on relations on
multiple levels such as sustainable development and society,
economy, environment, and resources, systematic evalua-
tions of sustainable urban development were conducted.

(1) Sustainable development of societies and cities: Urban
sustainable development pursues cities where mutual
exchange occurs on the social level and information trans-
mission and culture develop and that are symbolized by
vitality, stability, and social fairness (Yiftachel and Hedgcock,
1993; Zhang et al., 1999). Based on this, domestic and over-
seas scholars’ research on sustainability evaluations on the
level of cities and societies mainly focused on clean air and
potable water, living environment, educational opportuni-
ties, employment, poverty eradication, and medical facilities
and services (Wang et al., 2010; Fang et al., 2011; Nyuk et al.,
2011; Yang et al., 2011; Cai and Chu, 2012; Liu et al., 2013; Sun
etal., 2016a; Tran, 2016).

(2) Sustainable development of the economy and cities:
The WHO suggested that sustainable urban development

must develop urban economies in the direction of greater
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efficiency, stability, and innovativeness under the premise of
minimal resource use (Zhang et al., 1999). Consequently,
many scholars’ research on evaluations of the sustainable
development of urban economies focused mainly on
improving the environmental efficiency of economic activi-
ties, reducing environmental costs due to economic activi-
ties, and developing hi-tech technological industries and the
tertiary industry (Haughton and Hunter, 2004; Nijkamp and
Perrels, 2014).

(3) Sustainable development of resources and cities: Sus-
tainable urban development must rationally use resources
in possession, purse green-friendly utilization methods, and
stress actually high efficiency (\X/alter etal.,, 1992; Zhangetal.,
1999). In addition, most research mainly established the pro-
tection of non-renewable resources, maximal use of renew-
able resources, and cyclical use of resources as the principles
of sustainable urban development (\X/alter et al., 1994;
Haughton, 1999; Zhangetal., 1999).

(4) Sustainable development of the environment and cit-
ies: The environment is the basis of human society’s produc-
tion and daily life (Xu, 1997). Economic and social develop-
ment will be restricted by environmental conditions, and the
environment’s qualitative level will directly affect cities’ sus-
tainability and healthy development. A good urban environ-
ment not only raises people’s quality of life and promote
urban development but also forms an important part of
urban sustainable development and has environmental
effects on all aspects of urban sustainable development. Con-
sequently, domestic and overseas scholars explored much in
order to resolve the deterioration of the urban environment
through research on urban sustainable development. When
comprehensively examined, most studies presented envi-
ronmental policies mainly on environmental problems aris-
ing per urban development stage(land abuse, air pollution,
traffic congestion, etc.) that were relatively appropriate for
environmental protection plans and urban planning (Cuiet
al., 2019). In addition, their principle was to select aspects of
effects on pressure on the urban environment, environmen-
tal state, environmental responses, and urban environment

as environmental evaluation indices (Xu et al., 2007).

3. Synthesis

Air pollution can affect not only the urban environment

but also indirectly, social and economic development. A
study on sustainable urban development and air pollution
demonstrated that reducing air pollution aided urban sus-
tainable development (Zhao et al., 2020). In addition, sus-
tainable development was seen as an important means of
resolving complex problems such as urban environment,
society, and economy (Malkina—l’ykh, 2002). Elucidating
such relations, sustainable development strategies can play
positive roles in the process of adjusting goals for socioeco-
nomic development and a clean environment. In addition,
mechanisms for analyzing effects on air quality improve-
ment on individual levels of sustainable urban development
have important meanings for the establishment of policies
for sustainable socioeconomic development and the resolu-
tion of the problem of air pollution. In particular, in China,
the target area of this study, it was pointed out that differ-
ences in urban air quality stemmed from imbalance in urban
development (Fang and Liu, 2009). Consequently, this study

established the following research question:

- Research question: Are sustainable development strate-

gies an effective method for mitigating urban air pollution?

According to previous research, the birth and change of
sustainable development are not abstract concepts but are
realized through the three levels of the spatial dimension,
element dimension, and temporal dimension of disparate
measures of such theory and development patterns (Yang
and Li, 2018). The spatial level mainly refers to concrete geo-
graphical units such as the world, nations, regions, cities, and
even communities. The element level mainly concerns the
three pillars of sustainable development, or sustainable eco-
nomic development, sustainable social development, and
sustainable environmental development. The temporal
change level encompasses evaluations of the current state
and development potential of sustainable development
(Figure l-a) (Yang and Li, 2018). In addition, when research
on evaluation indices for sustainable urban development was
synthesized, most studies focused on urban development
levels and evaluated the current state of urban development
with the corresponding social, economic, resource, and envi-
ronmental indices (Yang etal.,2011; Caiand Chu, 2012; Liu et
al., 2013; Sun et al., 2016a; Cui et al., 2019). Though some

studies focused on cities” capacity for development, they
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Figure 1. Three Dimensions of Sustainability Assessment

focused on policies regarding strategies to guarantee sustain-
able urban development (Hosseinabad and Moraga, 2017).
Consequently, tools of urban sustainability evaluations
remained at the stage of evaluations on the levels of urban
development (i. e, results of development) and simple com-
parisons of total amounts, and insufficient was research on
the capacity for sustainable development, coordination
degrees among elements, and diversity of urban develop-
ment. Announced in 2001, “Sustainability Science” defined
the capacity for sustainability as the ability to provide sup-
port for maintaining local survival and fulfilling basic

human needs systematically (Zhang et al., 2018). In sum-
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mary, the three fundamental characteristics of sustainable
development are the development level, coordination
degree, and sustainability level. Therefore, based on the sus-
tainability assessment of three dimensions (Figure 1-a) where
the temporal dimension should contain the three character-
istics of sustainable development. That is development cur-
rent situation (Development level), the coordination
between subsystem (Coordination degree) and the develop-
ment potential (Sustainability level) (Figure 1-b) (Fang and
Wang, 2011; Fang et al., 2015; Li and Jung, 2021).

Indicators research is a simple and easily quantified
method, making it possible to grasp economic, social, and
environmental development in a particular area. The results
of indexation calculations of evaluation indicators make pos-
sible a convenient and prompt understanding of the sustain-
able development of the study areas. In addition, these
results help policy makers to discover problems in urban
development, to establish specific development goals, and to
legislate sustainable development strategies (Ge et al., 2015).
Consequently, this study took into consideration the three
characteristics of the development level, coordination
degree, and sustainability level of sustainable development
on the basis of both previous research and the theory on the
three dimension of sustainable development. Constructed
was the UCS encompassing nine subcategories on the eco-
nomic, social, and environmental dimension in addition to
the three large categories of “Development level - Urbaniza-
tion Efficiency Indices,” “Coordination degree - Coordina-
tion Degree Indices,” and “Sustainability level - Sustainable
Urbanization Indices” (Figure 2).

The purpose of this study lay in verifying the influencing

and determining factors of urban sustainability on the
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improvement of urban air quality based on the theoretical
examination and previous research mentioned above. In
order to perceive problems with previous research and to
verify whether or not sustainable development strategies
were effective methods for mitigating urban air pollution,

the following research hypotheses were constructed:

Research hypothesis 1: The higher the Urbanization Effi-
ciency Indices (UEIs) are, the more air quality will be
improved.

Research hypothesis 2: The higher the Coordination
Degree Indices (CDIs) are, the more air quality will be
improved.

Research hypothesis 3: The higher the Sustainable Urban-
ization Indices (SUIs) are, the more air quality will be

improved.

lll. Research Methods

1. Target Areas and Scope of the Study

China has made great efforts to improve air pollution.
Since the Chinese economic reform of 1978, both urbaniza-
tion-based development rates population-based urbaniza-
tion rates have increased. Though China has made great
accomplishments in economic growth and poverty reduc-
tion with urbanization-based development over the past 40
years, that process has entailed severe destruction of the
ecosystem as well. Against this backdrop, in 1993, China des-
ignated sustainable development as a national strategy in
“Ten Strategies for Environment and Development” (Yang
et al., 2017). In 2012, the Chinese Ministry of Ecology and
Environment announced “Ambient Air Quality Standards,”
measuring PM, 5 and O; and adjusting measurement con-
centration standards for PM,,, SO,, and NO,. In 2013, the
State Council established “Air Pollution Prevention Plan”
and presented the goal of lowering the air quality of Chinese
cities on the prefectural level or above by 2017, by 10% in
comparison with the figures for 2012. Announced in 2014,
“National Urbanization Plan” attempts new stages in urban-
ization-based development and proposes sustainable urban
development in order to resolve environmental and social
problems caused by economic growth over the past several
decades (Verdini and Zhang, 2020). In addition, since the

third revision of “Air Pollution Prevention Plan” in 2013, the
construction of ecological civilized cities has been stressed,
and the improvement of air pollution and sustainable devel-
opment have been emphasized as major goals. The Chinese
government has adopted the control of environmental pol-
lution as a state agenda and pursued a series of policies and
programs begun to reduce environmental pollutant emis-
sions (Zhao etal,,2018; Zhangetal., 2020).

As the spatial scope of this study, 46 cities on China’s coast
were selected (Figure 3). These 46 coastal cities measure
393,100 km?in area, taking up 4.04% of the nation’s total area,
and, as of 2019, their resident population was 16.37% of the
total population, and their gross domestic product (GDP)
took up 26.83% of that of the entire nation. Convenient in
transportation and high in economic growth rates, these
areas are relatively more developed than other Chinese cit-
ies. Because of preferential policy conditions and dramatic
urbanization, these areas take up a very large share of China’s
economic development. These areas have seen the rise of

environmental, resource, and social problems due to dra-
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Figure 3. Study areas
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matic economic development and, in particular, turned into
ecologically vulnerable areas in the nation with the rise of
severe environmental pollution problems including soil con-
tamination, water quality decrease, air pollution, and ecolog-
ical environment destruction as social problems (Li et al.,
2020). With an increasingly prominent clash between eco-
nomic development and environmental sustainability, these

areas face great challenges in terms of urban sustainability.

2. Materials and Methods

1) Overview

This study’s process of evaluating urban sustainability is as
in the research flow in Figure 4. First, indicators needed for
analysis were selected, a standardization process was imple-
mented, weighted values were calculated using the entropy
method, these weighted values were applied to standardized
data, and urban sustainability was evaluated according to
the aggregation method. The evaluation results were
mapped using the geographic information system (GIS),
and the results of evaluations of the urban sustainability of
the study areas were analyzed comparatively. In addition, in
order to grasp the effects of sustainable urban development
on the improvement of air quality by using the evaluation

results, panel data model analysis was conducted.

2) Selection and indexification of urban sustainability
evaluation indices
The evaluation of urban sustainability is a long-term, sys-
tematic, and complex process encompassing diverse spatial
dimensions (Yang etal, 2017). Scholars at home and abroad
developed various methods and indices for the evaluation of

sustainable urban development. These studies evaluated

Selection of evaluation

The Probability Pij of the
indications

Indicator

¥

Information entropy Ej for the
indicator

Index nomalization

Entropy redundancy D_i for

Ent ight method
ntropy weight metho the indicator

Weight Wj for the indicator

Panel data analysis

Figure 4. Study process
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sustainable urban development mainly on diverse dimen-
sions such as society, economy, environment, and resources.

Figure 2 shows the internal structure of the UCS. This
study constructed a comprehensive index system in order
to evaluate urban sustainability and subsystems. According
to the results of the theory exploration and previous
research, it was apparent that the development level, coor-
dination degree, and sustainability level were the three fun-
damental characteristics of sustainable development. Based
on this, (1) the UEIs indicate development level in this
study. UEIs were measured through the three aspects of
economic quality, social quality, and environmental quality.
According to earlier research, the GDP per capita, secondary
and tertiary industry ratios, energy consumption rate per
GDP unit, and water use rate per GDP unit were used to
explain economic quality (U1) (Zhang, 2004; Zhang and An,
2011; Huang and Huang, 2015; Sun et al., 2016a; Sun et al.,
2016b; Cuietal., 2019). As for social quality (UZ), the six indi-
cators of citizens’ Engel coefficient, urban residential area
per capita, urban unemployment rate, number of physi-
cians per 10,000 people, number of buses per 10,000 people,
and road area per capita were used (Zhang, 2004; Fehr et al.,
2004; Zhang and An, 2011; Sun et al., 2016a; Sun et al., 2016b;
Cuietal., 2019). As for environmental quality (U3), the four
indicators of the industrial wastewater discharge amount,
factory exhaust gas emission amount, urban residential
wastewater discharge amount, and ratio of an urban air
quality index (AQI) of 2 or above were mainly used (Zhang,
2004; Pelizer et al., 2004; Sun et al., 2016a; Sun et al., 2016b;
Song et al., 2016; Cuietal., 2019). (2) The CDIs indicate coor-
dination degrees. They measured coordination degrees
through the three categories of the coordination degrees
between economic development and social development,
between economic development and the environment, and
between social development and the environment. In par-
ticular, under the goal of establishing local urban develop-
ment strategies and plans according to research on evalua-
tions of the sustainability of Chinese cities and on the basis of
indicators that harmoniously measure the quality and
quantity of urban development (Wang etal,, 2010; Fang and
Wang, 2011; Cui et al., 2019), itis possible to evaluate coordi-
nation within or among the internal systems and structures
of the economy, society, and environment in the urban

development process and also to assess equity in urban
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development with the nine basic indicators of the ratio of
social welfare expenditure to the total financial expenditure,
ratio of the public education expenditure to the GDP, resi-
dents’ average wage, ratio of urban public structure con-
struction investment costs to the GDP, ratio of environmen-
tal protection investment costs to the GDP, number of
wastewater treatment facilities per 10,000 people, number of
waste treatment facilities per 10,000 people, park green area
per capita, and wastewater discharge amount per capita
(Zhang, 2004; Pelizer et al., 2004; Yang and Shi, 201 1). (3) The
SUIs indicate sustainability levels and measure sustainability
levels through the three aspects of the economy, society,
and environment. Based on earlier research, the nine basic
indicators of the economic growth rate, ratio of the
increased tertiary industry to the GDP, ratio of the scientific
and technological research expenditure for the develop-
ment of hi-tech industries to the GDP, urban residents’ sub-
scription rate to basic medical insurance, social burden
index, rate of turning industrial waste into resources, rate of
rendering waste from daily life environment-friendly, and
ratio of the financial expenditure for energy saving and envi-
ronmental protection to the total financial expenditure
were selected and used to explain the sustainability levels of
cities on the economic, social, and environmental levels
(Zhang, 2004; Pelizer et al., 2004; Yang and Shi, 2011). The
specific indicators used in this study are as in Table 1.

The entropy method was applied first to thermodynam-
ics, and, in 1948, Claude Shannon applied this thermody-
namic term to information management (IM) science and
used it in order to express the uncertainty of information
(]ha and Singh, 2008; Shen et al., 2015). According to this
principle, the greater the uncertainty of the result is, the
higher is the probability of its distribution among them (Jha
and Singh, 2008; Shen et al., 2015). This method is widely
used in research fields such as economics, engineering, and
finance. In addition, applications of this method can already
be used in diverse fields such as the social sciences, urban
planning, energy consumption, and landscape analysis
(Zou et al., 2006; Shen et al., 2015). According to the results
of existing research and practices, the entropy weight
method, out of methods for determining the weighted val-
ues of evaluation indicators, can avoid the fallacy of
researchers’ subjective determination (Chen et al., 2013). It

was perceived that this method could be utilized usefully in

research on comprehensive evaluations of indicators. In
addition, the method can not only take indicators’ uncer-
tainty into consideration but also explain in detail informa-
tion related to indicators. Meanwhile, the value of entropy
can be calculated to determine the degree of indicators’ dis-
creteness, and the greater the degree of indicators’ discrete-
nessis, the greater the effects of these indicators on the com-
prehensive evaluation system, or their share in the system,
tend to be (Kim et al., 2012). Consequently, for urban sus-
tainability evaluations, this study calculated evaluation indi-
cators regarding urban sustainability through the entropy
weight method by using 32 indicators encompassing the
nine subcategories of the UEIs on the economic, social, and
environmental levels, the CDIs among the economy, society,
and environment, and the SUIs for the economy, society,
and environment.

First, in order to correct differences in indicators units,
data were standardized (Li et al., 2012). All index values X;

were normalized as [0, 1].

Iij - xijmin

Positive data: X;; = — -

’ Timax — Tjmin
T;max — I

Negative data’ Xij = Z,max — Tmin @
ij ij

X; : variable value
i :year
J :index

X;max, X;min . maximum value, minimum value

The process of calculating the weighted value for each
major index was determined as follows:

(1) Indicator x; is the probability P; within the year i:

X

?

Sy (3)

i=1

P,

ij

2) Entropy £, of indicator x;:

__1
J Inn /=4

(3) Entropic redundancy D; of indicator j':

D;=1-E; ®)
(4) Weighted value W, of index j:
W=
Ty ©)
D.
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Table 1. Urban sustainability assessment indicators

Variable name Explanation Unit
X1: GDP per capita yuan
Fconomic quality X2: Percentage of the secondary and tertiary industry %
un X3: Energy consumption per unit of GDP t/yuan
X4: Water consumption per unit of GDP m3/10%yuan
X5: Citizen Engel's Coefficient
X6: Urban per capita living space m2
Urbanization . .
Efficiency ' . X7:Urban unemployment rate %
I(r&?mes Sou?LIJ%Jahty X8: Number of college students per 10000 population Pop
X9: Number of doctors per 10000 population
X10: Number of buses per 10000 population Num
X11: Road areas per capita m2
X12: Discharged of waste water per unit of GDP t/10% yuan
Enwronr(\zjegr;t quality X13: Green covered area as % of Completed %
X14: Proportion of air quality equal to and better than level I %
X15: Financial expenditure for a social safety net in general public %
Coordination Degree expenditure rate °
Economk%?;wd Social X16: Financial expenditure for education as a percent of GDP %
X17: Real average wage
X18: Financial expenditure for municipal infrastructure as a o
Coordination - percent of GDP
Degree Indices ~ COOMIMALONDegree . i estment in the treatment of envi tal polluti
© Economic and : Total investment in the treatment of environmental pollution %
Environment as a percent of GDP
(C2) X20: Sewage treatment plants per 10000 people
X21: Garbage disposal plants per 10000 people
Coordination Degree  X22: Park green areas per capita m?2
Social and .
X23: Life waste harmless treatment rate m3

Environment(C3)

Sustainable
Urbanization
Indices

©

Economy
Sn

Society
(S2)

Environment
(S3)

X24: Sustained economic growth
X25: The share of the added-value of the tertiary industry in GDP

X26: Expenditure for science and technology as a percent of GDP

X27: Percentage of urban residents with basic medical insurance
X28: Social burden coefficient

X29: Average per capita income elasticity

X30: Industrial waste material recycle rate
X31: Treatment rate of industrial effluents

X32: Financial expenditures on energy conservation and
environmental protection in general public expenditure rate

%
%

%

%

%

%

%

%

Sources: China Statistical Yearbook, China Statistical Yearbook of Environment, China Energy Statistical Yearbook,
China City Statistical Yearbook (2016-2020)
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Here, nis the temporal scope (years) of this study, and m is
the number of indicator. Finally, the comprehensive index
S; of each evaluation indicator is calculated:

5= YW x Xij 7)

j=1

3) Establishment of variables and analytical model

To verify this study’s hypotheses, PM,, and PM, 5, which
are major air pollutants, were selected as this study’s depen-
dent variables, and, as for data on the annual average PM,,
and PM, 5 pollution concentrations, the annual average PM,,
and PM, pollution concentrations provided by the China
Statistical Yearbook of Environment according to “New
Atmospheric Environment Standards” of 2012 were used.
Urban sustainability was established as the independent vari-
able, and nine evaluation indices calculated through the
entropy weight method were used: the UEIs on the eco-
nomic, social, and environmental levels; the CDIs among
the economy, society, and environment; and the SUIs for
the economy, society, and environment (Table 2).

In order to grasp causal relations between the dependent
variables and the independent variable, this study confirmed
a third variable exerting influence between the dependent
variables and the independent variable and, in order to
remove its influence, selected control variables (Namkoong
et al,, 2()17). Consequently, previous research on urban air
quality mentioned above was analyzed, and the control vari-
ables of this study were selected on the basis of variables with
high significance out of variables causing urban air pollution
in previous studies. The finally selected control variables
were population density, industrial areas, and number of
private automobiles.

In addition, before analyzing panel data regression mod-
els, analysis of correlation among variables and analysis of
variance (ANOVA) were conducted. The purpose of
ANOVA is to estimate differences among groups, and
homogeneity tests of variance can be conducted. This study
used ANOVA to analyze differences between coarse particu-
late matter (PM,,) and fine particulate matter (PM,,) in the
annual average concentrations per region and time. Accord-
ing to the ANOVA results, as in Table 3, the annual average
coarse particulate matter (PMM) and fine particulate matter
(I’Mzﬁ) concentrations exhibited significant differences per

city and time.

Table 2. Variables

Dependent variable (Y)
Variables Explanation
PM, - The mean annual concentration of suspended
particulate matter (ug/mg)
PM, The mean annual concentration of suspended

particulate matter (ug/m?®)

Independent variable (X)

Urbanization Efficiency Indices (U)

Variables Explanation

Ul Urbanization Efficiency_Economic quality
U2 Urbanization Efficiency_Social quality

U3 Urbanization Efficiency_Environment quality

Coordination Degree Indices (C)

Variables Explanation

1 Coordination Degree between Economic and
Social

co Coordination Degree between Economic and
Environment

c3 Coordination Degree between Social and

Environment

Sustainable Urbanization Indices (S)

Variables Explanation

ST Sustainable Urbanization_Economy

S2 Sustainable Urbanization_Society

S3 Sustainable Urbanization_Environment
Control variable (Z)

Variables Explanation

Density Population density (Pop/km?)

Commercial ~ Commercial area (km2)

Industrial Industrial area (km?)

Private cars  Number of private cars (10000 units)

Sources: Yearbook of China, China Statistical Yearbook of Environment,
China Energy Statistical Yearbook, The Almanac of China's Cities
(2013-2020)

Before analyzing panel data regression models, the vari-
ance inflation factor (VIF) was used to conduct multicol-
linearity tests of individual panel data. The VIFis a coefficient
of variance expansion, and the VIF value is the method most
commonly used to test multicollinearity (Liu et al., 2017;
Zhao et al., 2016; Zhou et al., 2018; Han et al., 2020)‘ Accord-
ing to the VIF method, it is demonstrated that a model has
no problem with multicollinearity when the VIF value of
the root variable is smaller than 10 (Gujarati and Porter,
2009; Chatterjee and Hadi, 2006; Zhao et al., 2016; Zhou et al.,

2018). Consequently, this study eliminated from models
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Table 3. Results of test

Test PM, 5 PM,,
ANOVA test (time) F 15.80%** 22 52%%*
ANOVA test (region) F 10.77%* 6.71%*
Wooldrldge test for 84908 73,3070
auocrrelation in panel data F

Modified wald test for

groupwise heteroskedasticity 112446 3935.56%**
XZ

3.950 > 0.5676 2.968 > 0.5676
(5% critical (5% critical
value) value)

223.39%** 268.09***
Note: Significant levels ~p<0.7* ~p<0.05** ~p<0.07***

Frees' test of cross sectional
independence

Hausman test y?

variables with VIF values greater than 10. In addition, before
panel data regression models were estimated, models’
adherence to the hypotheses was verified, and, in particular,
serial correlation and heteroscedasticity tests of panel data
were conducted (Lee and Noh, 2013). In addition, this study
verified the groups’ heteroscedasticity and autocorrelation
by using the revised Wald test and the revised Wooldridge
test.

In general, panel regression models test the significance of
the fixed effect and the random effect with respect to the
individual effect and the time effect of panel models com-
bining cross-section data and serial data for research pur-
poses, and when both effects are significant, the characteris-
tics of the data and appropriate models are established as the
models for final analysis through the Hausman test (Lee et
al., 2013).

Because the Wooldridge autocorrelation test results
rejected the null hypothesis at a significance level of 1% in
Table 3 with respect to coarse particulate matter (PM,,) and
fine particulate matter (PM, ), panel data regression models
had first order autocorrelation. When the heteroscedasticity
test results are examined, because the modified Wald test
results rejected the null hypothesis and selected the alterna-
tive hypothesis when the significance probability (p value)
was smaller than 0.01, the existence of heteroscedacity could
be determined.

Because Hausman test results rejected the null hypothesis
at asignificance level of 1% when the significance probability
(p value) was smaller than 0.01, the alternative hypothesis
was adopted, and a correlation was shown to exist between

the individual effect and explanatory variables. Conse-
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quently, this study used the more appropriate fixed effect
models.

In addition, this study performed natural logarithm
transformation of the data. Natural logarithm transforma-
tion can reduce the heterogeneity of the data while not
modifying the original characteristics of the data. In addi-
tion, inconvenience due to disparate measurement units
can be eliminated, and the estimated coefficient, which is a
coefficient of elasticity, has the advantage of making it possi-
ble to interpret an increase of the independent variable by
1% as a change in the pure percentage due to a dependent
variable (Liu etal., 2020). Consequently, in this study, panel

data regression analysis equation (8) is as follows:
InYit=a+ B, InUit + B,InCit + B, InSit + i + eie ®)

a: constant term

i (administrative areas): 1,2,3...N

t: (time): 1,2,3...T

iz individual effect (situation in each city)

eit: disturbance term

When there are the problems of autocorrelation and het-
eroscedacity, because the estimator is a consistent estimator
but an inefficient estimator and therefore influences the
standard error (SE) of the estimated coefficient (8 value), it
decreases the reliability of the estimated coefficient. Conse-
quently, this study used fixed-effect estimation models
employing the Driscoll-Kraay SE correction method, which
is more efficient and accurate than pooled OLS (Lian, 2007).

Because the models established above hypothesized that
the annual average concentrations of coarse particulate
matter (PM,,) and fine particulate matter (PM, ) changed
according to cities” environmental, social, and economic
changes, there was no lagged effect. However, considering
that there is actually consistency in changes to cities’ envi-
ronmental, social, and economic elements, past situations
can affect the present. Consequently, a lagged effect was
confirmed to exist in the annual average concentrations of
coarse particulate matter (PM,,) and fine particulate matter
(PM, ;) in disparate areas. In addition, because urban sustain-
ability evaluation indicators for the annual average concen-
trations of coarse particulate matter (I’Mm) and fine particu-

late matter (PM,) can affect one another, endogenous
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errors can emerge in the models (Gu jarati and Porter, 2009).
In order to resolve this problem, this study used dynamic
panel models that encompassed lagged variable of depen-
dent variables as explanatory variables along with general
static panel models (8). Regression analysis equation (9)is as

tollows:
InYit=a+AInYit-1+f InUictf,InCie+f,InSictuiteic - (9)

0. constant term

i: (cities): 1,2,3...N

t: (time): 1,2,3... T

pi: individual effect (situation in each city)
&it: disturbance term

Yit-1: lagged variable of the dependent variable

Because the correlation between lagged variables of
dependent variables and the error term cause the problem

of endogenous explanatory variables in dynamic panel

Table 4. Analysis results

PM, ; as the depend variable

models, this study used GMM (Allerano and Bond, 1991). In
addition, because comparatively large deviation can arise
when serial observed values are few in difference GMM, effi-
cient estimators regarding coarse particulate matter (PMIO)
and fine particulate matter (PM, ) and urban sustainability

evaluation indicators were derived using system GMM

(Blundell and Bond, 1998; Zheng and Walsh, 2019).

IV. Results

This study presents in Table 4 the results of dynamic panel
model estimation performed through static pane models
and system GMM by using the Stata program. First, when
the estimation results of static panel models are examined,
because Hausman test results reject the null hypothesis at a
significance level of 1%, fixed effect models were selected. In
addition, because there exist autocorrelation, heteroscedac-
ity, and cross-section correlation, fixed-effect estimation

models using the Driscoll-Kraay SE correction method

PM,, as the depend variable

(1)

2

3)

()

()

)

(7)

®

In Vit 0.7162%** 0.83071***
InYUT -0.0483 -0.0997** -0.0997 -0.0513 -0.0549 -0.1118** -0.1118* -0.0479
InU2 -0.0485 -0.0617 -0.0617%* 0.0329 -0.0053 -0.0391 -0.0391** 0.0352
InU3 -1.1578%*  -0.64187*  -0.6418%*  -0.3510*  -1.1751%*  -0.5318*  -0.5318"** -0.1759
InC1 -0.0865 -0.0080 -0.0080 -0.0089 -0.1046 -0.0505 -0.0505 -0.0207
InC2 -0.0454 0.0192 0.0192 0.0014 -0.0560 0.0394 0.0394** -0.0161
InC3 -0.0246 -0.0429 -0.0429 0.0437 0.0388 -0.0863**  -0.0863** 0.0468
InS1 -0.1001** -0.0484 -0.0484** -0.0490 -0.0748* 0.0177 0.0177 -0.0241
InS2 -0.0545"  0.0637**  0.0637** -0.0042 -0.0532**  0.0500%**  0.0500%** 0.0144
InS3 0.0507 -0.0037 -0.0037 -0.3071* 0.0597 0.0222 0.0222%** -0.1042
In_Density -0.0247 0.0039 0.0039 0.0149 -0.0493 0.0107 0.0107 -0.0111
In_Commercial 0.0693** -0.0228 -0.0228*** 0.0188 0.0435 -0.0315%* -0.0315* 0.0202
In_Industrial 0.07169 -0.0279* -0.0279** -0.0128 0.0073 -0.0140 -0.0140 -0.0274
In_Private cars 0.0125 -0.2979%*  -0.2979*** 0.0546 0.0356 -0.2524%*  -0.2524%** 0.0355
R-squared 0.7427 0.6924 0.6924 0.7268 0.6362 0.6362

AR(1)_p 0.061 0.042
AR(2)_p 0.186 0.144
Sargan_p 0.240 0.132
Hansen_p 0.484 0.244

Notel: Significant levels ~p<0.1* ~p<0.05%* ~p<0.07%+*

Note2: Model(1): Pooled OLS; Model(2): Fixed-effect; Model(3): Fixed-effect regression with Driscoll-Kraay standard errors; Model(4): System GMM,;
Model(5): Pooled OLS; Model(6): Fixed-effect; Model(7): Fixed-effect regression with Driscoll-Kraay standard errors; Model(8): System GMM
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were employed. In system GMM estimation, the test results
of AR(1) demonstrated the existence of first order correla-
tion with the error term. The test results of AR(2) demon-
strated the absence of second order correlation with the
error term. The Sargan test and the Hansen test are verifica-
tion methods for determining the appropriateness of model
selection and the validity of instrumental variables. The null
hypothesis was adopted at a significance level of 1% accord-
ing to the test results, and the appropriateness of the models
established and the validity of the instrumental variables
used in this study were determined. The effect of Chinese
cities’ sustainability on the improvement of urban air quality
according to the results of analysis in Table 4 can be dis-
cussed as follows.

First, when the results of analysis on the level of the UEIs
are examined, in static panel models (2), (6), and (7), eco-
nomic quality (U1) exhibited significant negative influence
on coarse particulate matter (PMm) and fine particulate
matter (I’sz). These results show that the higher the eco-
nomic quality is, there is a clear inhibition effect on coarse
particulate matter (PM,,) and fine particulate matter (PM, )
pollution. In addition, this matches the phenomenon of the
decoupling of economic growth and environmental pollu-
tion (Li et al., 2021), and it can also be confirmed that the
atmospheric environment improvement policies currently
implemented by the Chinese government are active and
effective. In static panel models (3) and (7), social quality
(U2) exhibited significant negative influence on coarse par-
ticulate matter (PM,,) and fine particulate matter (PM, ),
and, as for environmental quality (US), it exhibited signifi-
cant negative influence in all static panel models. These
results match research hypothesis 1-1.

Even when urbanization-based development has a certain
degree of negative effects on the atmospheric environment,
if the efficiency of urbanization-based development in terms
of the economy, society, and environment is high, air quality
can be improved. In addition, when the results of calcula-
tions with entropy weights on the level of the UEIs (Appen—
dix 1) are examined, the weighted value was the highest for
the number of buses per 10,000 people (0.3645), followed by
the number of university students per 10,000 people
(0.2453), number of physicians per 10,000 people (0.1412),
and GDP per capita (0.1350), respectively. the weighted

value was the lowest for the urban greening ratio (0.0060).
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According to these results, discovered was an imbalance
between socioeconomic urbanization-based development
and environmental urbanization-based development in the
urbanization processes of Chinese coastal areas in the last
several years. In these areas, socioeconomic urbaniza-
tion-based development levels tended to be far higher than
environmental urbanization-based development levels.
Consequently, local governments must further stress the
quality of and efficiency in urbanization-based development
(Cuietal,,2019). In particular, itis necessary to pay attention
to the preservation of urban basic facilities and the improve-
ment of the living environment.

Second, when the results of analysis on the level of the
CDIs are examined, in the case of the coordination degree
economic and social (C 1), none of the models yielded signif-
icant results. However, in all models, the coordination
degrees of social and economic development exhibited neg-
ative correlation coefficients with respect to coarse particu-
late matter (PMIO) and fine particulate matter (I’MM). In
panel models (6) and (7), the coordination degree social and
environment (C3) exhibited significant positive influence on
coarse particulate matter (PM,,). These results match
research hypothesis 1-2 that the higher the coordination
degree is, the more the air quality can be improved.

In static panel model (7), the coordination degree eco-
nomic and environment (C2) exhibited significant positive
influence on coarse particulate matter (I’Mm). These results
explain that, at the present stage, focusing only on the
urbanization-based development of the population and
land has negative effects on improving coarse particulate
matter (I’MIO) and fine particulate matter (PM2,5) pollution.
In addition, harmonious economic, social, and environmen-
tal development reflects equity, and the results of the analy-
sis of these indicators match the claim of previous research
that many urban problems have arisen due to disagreement
between the quality and the quantity of China’s dramatic
urbanization-based development and urbanization (Fang
and Liu, 2009). Though the Chinese government has
focused on the urbanization of land and economic gain
from the sales and purchases of land, neglecting the coordi-
nation degrees among the economy, society, and environ-
ment in urbanization-based development, it is necessary to
focus on improving income inequality in the process of

urbanization-based development and building or improving
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welfare, infrastructures, and quality of life according to the
results of this study. In addition, when the results of the cal-
culation of entropy weights on the level of the CDIs
(Appendix 1) are examined, the weighted value was the
highest for the ratio of the public education expenditure to
the GDP (0.3040), the number of wastewater treatment
facilities per 10,000 people (0.2762), ratio of urban public
facility construction investment costs to the GDP (0.2428),
number of waste treatment facilities per 10,000 people
(0.1990), and ratio of environmental protection investment
costs to the GDP (0.1254), respectively. According to these
results, on the level of the coordination degrees of eco-
nomic, social, and environmental development in coastal
Chinese cities, more emphasis was placed on the coordina-
tion degree between the economy and the environment.
This means that, in improving the local environment, the
elimination of pollution sources first is more effective than
the “pollution first, elimination afterwards” development
method. Consequently, it is necessary for the government
to stress further upgrading industrial and environmental
protection technologies and to secure better environmental
protection along with continued economic growth.

Third, when the results of analysis on the level of the SUIs
are examined, in models (1), (3), and (5), sustainable eco-
nomic urbanization (S1) exhibited significant negative influ-
ence on coarse particulate matter (PM,,) and fine particulate
matter (PMz.s)- Though the dramatic development of
urbanization has led economic growth, in general, the pur-
suit of high economic profits can neglect the environmental
carrying capacity and destroy the ecological environment as
well. Because the results of a study arguing that a drop in
the quality of economic growth is a major cause of environ-
mental damages (Fang etal., 2015), itis necessary to change
industry-optimized upgrading and traditional paradigms of
economic development. In the case of sustainable social
urbanization (S2), models (2), (3), (6), and (7) exhibited sig-
nificant positive influence. In addition, in model (7), sustain-
able economic urbanization (S3) exhibited significant posi-
tive influence on coarse particulate matter (PMIO). Results
on the level of the SUIs according to the results of calcula-
tions of entropy weights (Appendix 1) are examined, the
weighted value was the highest for the ratio of the scientific
and technological researcher expenditure to the develop-
ment of hi-tech industries to the GDP (X26) (0.4064), fol-

lowed by the ratio of the financial expenditure for energy
saving and environmental protection to the total financial
expenditure (X32) (0.2393), ratio of urban residents’ sub-
scription to basic medical insurance (X27) (0.1270), and ratio
of the tertiary industry to the GDP (X25) (0.1024), respec-
tively. According to these results, Chinese coastal cities
placed more stress on sustainable economic urbaniza-
tion-based development. Urbanization in China is in the
accelerated development stage, and the unilateral empha-
sized on the speed of urbanization, thus causing an imbal-
ance between the quality and the quantity in urbaniza-
tion-based development (Fang and Wang, 2011). However,
sustainable urbanization-based development can also
improve air quality through the adjustment of economic
structures such as marketization, globalization, and decen-
tralization and institutional incentives such as local govern-
ments’ and corporaﬁons’ energy saving incentives (He etal.,
2014; Zheng et al., 2017). In addition, out of the results of cal-
culations with entropy weights on the level of the SUIs
(Appendix 1), the weighted value was the highest for the
ratio of the scientific and technological research expenditure
for the development of hi-tech industries to the GDP
(0.4064), followed by the ratio of the financial expenditure
for energy saving and environmental protection to the total
financial expenditure (0.2393), urban residents’ subscription
rate to basic medical insurance (0.1270), and ratio of the ter-
tiary industry to the GDP (0.1024), respectively. According
to these results, coastal Chinese cities further stressed sus-
tainable economic urbanization-based development. Local
governments in these areas not only increased investments
for the development of hi-tech industries and the share of
the tertiary industry but also made efforts regarding energy
saving and environmental protection investments. Conse-
quently, sustainable urbanization does not excessively inhibit
urbanization-based development but makes possible contin-
ued harmony among urbanization-based development and
the environment, resources, society, and economy.

Fourth, when the results of the analysis of dynamic panel
models (models 4 and 8) are examined, the annual average
coarse particulate matter (PM,,) and fine particulate matter
(PM, ) pollution concentrations in the past had positive
influence on the annual average coarse particulate matter
(I’Mm) and fine particulate matter (I’les) pollution concen-

trations in the present. This signifies that the higher the cur-
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rent coarse particulate matter (PM,,) and fine particulate
matter (PM, ;) pollution concentrations are, the higher the
coarse particulate matter (PM,,) and fine particulate matter
(PM,,) pollution concentrations in the next period can be.
In addition, the lagged variable of coarse particulate matter
(PM,,) and fine particulate matter (PM, ) was estimated to
have a significance probability of 1%, with the regression
coefficient values amounting to 0.8301 and 0.7162, respec-
tively. Therefore, when coarse particulate matter (PM,,) and
fine particulate matter (PM2_5> pollution concentrations
increased by 1% in the current period, coarse particulate
matter (PM,,) and fine particulate matter (PM, ;) pollution
concentrations could increase by 0.83% and 0.72%, respec-
tively, in the next period. In other words, coarse particulate
matter (I’Mm> and fine particulate matter (PMZ_S) pollution
has continuity, and past pollution can significantly affect the
future. In model (4), the environmental quality (U3) and
sustainable environmental urbanization (S3) exhibited sig-
nificant negative influence on fine particulate matter
(PM, ). Consequently, air pollution reduction and contin-
ued investments in energy saving and environmental pro-
tection have important meanings for managing the atmo-
spheric environment in the future. In other words, sustain-
able urbanization does not excessively inhibit urbaniza-
tion-based development but makes possible continued har-
mony among urbanization-based development and the
environment, resources, society, and economy.

Finally, when control variables are examined, in models
(3) and (7), the areas of industrial zones exhibited negative
influence on coarse particulate matter (PM,,) and fine par-
ticulate matter (PMz.s)- According to previous research,
there exists a causal relationship between industrial devel-
opment and air pollution, the transition of the secondary
industry to the tertiary industry can help to improve air
quality (Zhang et al., 2020). The clustering of the industries
not only improves efficiency in the use of land and energy
but also concentrates pollutants discharged from industrial
production, thus further helping pollution treatment. In
addition, clustered industrial complexes have a certain effect
on saving transportation costs and improving air quality as
well. In the estimation results in models (3) and (7), when
private automobiles increased by 1%, then coarse particulate
matter (I’Mm> and fine particulate matter (PMZ_S) pollution

concentrations increased by 0.2524% and 0.2979%, respec-
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tively. The continued rise in the number of private automo-
biles because of the development of the economy, urbaniza-
tion, and transportation in the past several years has
increased road areas and population mobility, thus increas-
ing traffic congestion and automobile exhaust gas emissions.
Consequently, it is necessary to improve the rational plan-
ning of urban transportation spaces and efficiency in the use
of urban road resources. In order to mitigate urban traffic
congestion, proposed are an increase in investments in pub—
lic transportation, construction of a smart transportation
system, and a green transit method combining walking,
bicycles, and public transportation (Stone, 2008; Zang et al.,
2017; Wu et al., 2018).

V. Conclusions

This study sought to grasp the effects of urban sustainabil-
ity on the improvement of urban air quality on the basis of
panel data on 46 Chinese coastal cities from 2014-2019. To
achieve this, static panel models and dynamic panel models
were used to conduct empirical analysis, and, through the
results of analysis, the following conclusion was derived, and
policy suggestions were presented.

In sum, first, in China’s coastal region, the annual average
concentrations and urban sustainability levels of coarse par-
ticulate matter (PM,,) and fine particulate matter (PM,,)
exhibited clear spatial differences (Appendix 2). Second,
China is experiencing a decoupling phenomenon of eco-
nomic growth and environmental pollution. According to
the study results, the higher the economic quality was, the
more reduced was pollution due to coarse particulate mat-
ter (PM,,) and fine particulate matter (PM, ), and the
greater the urban sustainability on the economic, social, and
environmental levels was, the more reduced was pollution
due to coarse particulate matter (PM,,) and fine particulate
matter (PM, ;). Consequently, the Chinese government
must further stress cities’ harmonious economic, environ-
mental, and social development, use resources effectively,
adjust the quality improvement and development rate of
urbanization, and achieve sustainable urban development
by improving the environment.

Urbanization in China has stressed the speed of urbaniza-
tion-based development in a fragmented manner at the

stage of accelerated development and caused qualitatively
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and quantitatively unbalanced development on the basis of
urbanization (Fang and Wang, 2011). The quality of urban-
ization-based development can reflect rationality in urban-
ization-based development in the provinces, efficiency in
economic urbanization, and equity in social urbanization
(Xuetal.,2007). Consequently, in order to establish effective
urbanization-based development strategies and to promote
healthy and orderly sustainable development, it is import-
ant to understand and the evaluate coordination between
the quality and quantity of urbanization-based develop-
ment.

The estimation results of the dynamic panel models
demonstrated continuity in pollution due to coarse particu-
late matter (PM,,) and fine particulate matter (PM, ;). It was
confirmed that when past coarse particulate matter (I’Mw)
and fine particulate matter (PM,,) pollution concentrations
increased by 1%, current coarse particulate matter (PM,,)
and fine particulate matter (PM,,) pollution concentrations
increased by 0.8301% and 0.7162%, respectively. These results
have important implications for Chinese government poli-
cies to improve urban air quality and show that a “pollution
first, management afterwards” method of managing the
environment is not effective. Consequently, the govern-
ment must perceive that upgrading industrial technology
and environment management technology is an effective
methods for reducing air pollutant emissions. At the same
time, it must legislate air pollution reduction policies, thus
emphasizing policy consistency. In particular, because eco-
nomic and urbanization-based development differs for each
area, it is all the more important to implement appropriate
management policies tailored to each area. Consequently,
this study proposes that air quality improvement and sus-
tainable development must be achieved through effective
government monitoring means and incentive mechanisms.

Because cities are complex and vast systems, individual
factors can affect one another, thus making it difficult to
determine causal relations among factors. In particular,
causal relations cannot be confirmed simply when limita-
tions to data collection and the complexity of the influenc-
ing factors of air pollution are taken into consideration. In
addition, because cities are multidimensional systems and
due to accessibility to data and the amount of calculations,
this study selected only six-year data for 46 Chinese coastal

cities as the research unit. Consequently, necessary in future

research are comparative studies that expand the study
samples and create a classification in terms of measures per
scale and cities per development stage. The theoretical
framework of mechanisms for analyzing the effects of indi-
vidual levels in the measurement of sustainable develop-
ment levels on air quality improvement must be prepared
to be more complete, thus providing a scientific basis for
urban planning and development.

Finally, based on the conclusion above, the following is
suggested. (1) Development level: According to the study
results (Appendix 2), it was discovered that areas with severe
air pollution were concentrated in China’s eastern coastal
region and that air quality in the southeastern and southern
coastal regions was relatively good. The southeastern coastal
region is known to be concentrated with the hi-tech and
tertiary (tourism) industries, and the eastern coastal region
was concentrated mostly with the secondary industry. Based
on the results of research that rises in technological innova-
tions in the secondary industry and the share of the tertiary
industry increase aid the improvement of air quality (Zhang
etal, 2020), this study suggest that, by adjusting local indus-
trial structures to be optimal and increasing the share of the
tertiary industry, a transition from traditional high-pollu-
tion and high-energy production methods to green,
low-carbon, and environment-friendly industries must be
made. (2) Coordination degree: According to the study
results (Appendix 2), the coordination degrees of urban
development were very low in all of the areas studied. In
particular, the coordination degrees of environmental and
economic development were the lowest. In addition, the
problem of environmental pollution, especially air pollu-
tion, is characterized by being cumulative, long-term, inter-
sectional, and fluid. As for air pollution, with the concentra-
tion and expansion of urban economic activities, pollutants
pile up and spread and can cause pollution in not only the
areas in which they are found but also other, surrounding
areas. Consequently, in order to reduce air pollution and to
improve air quality, cooperation with surrounding cities,
areas, and, furthermore, nations is needed, and differences
in local development, too, must be taken into consideration.
The integration of urban construction and environmental
governance must be realized through minimal resource
consumption, and social, economic, and environmental

harmony must be promoted through sustainable develop-
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ment. (3) Sustainability level: The sustainability of the envi-
ronment is the basis of economic development and social
progress. According to the study results, the sustainable
urbanization levels of the areas studied rose annually, but
there were clear differences among the areas in the growth
rate. Consequently, resource advantages must be amply
used per area, and development policies for urban sustain-
ability appropriate for each area must be legislated. In addi-
tion, it is necessary to raise efﬁciency in resource use, to
strengthen the development and use of new energy, to
improve energy efficiency and low-carbon/environ-
ment-friendly technologies, to increase investments in
energy saving and environmental governance, and to estab-
lish and to supplement urban environment policies and

ecological management systems.

Note 1. Announced in 2021, the WHO's “The Air Quality Guidelines”
constituted the first update after the announcement of
guidelines in 2005. These new air quality guidelines adjusted
the guidelines for PM, s from 10 ug/m? per year and 25 ug/m? per
24 hours (as of 2005-2020) to 5 ug/m? per year and 15 ug/m? per
24 hours (as of September 2021), respectively. The guidelines
for PM,, were adjusted from 20 ug/m? per year and 50 ug/m? (as
of 2005-2020) per 24 hours to 15 ug/m? per year and 45 ug/m?
per 24 hours (as of September 2021), respectively (WHO, 2021).
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Appendix
Appendix 1. Entropy weight of indicators used to evaluate the urban sustainable development level
Indicator Wight Primary indicator Wight

Urbanization Efficiency Indices (U)

X1: GDP per capita 0.1350
Economic quality 02930 X2: Percentage of the secondary and tertiary industry 0.0541
un X3: Energy consumption per unit of GDP 0.0203
X4: Water consumption per unit of GDP 0.0138
X5: Citizen Engel's Coefficient 0.0555
X6: Urban per capita living space 0.0448
X7:Urban unemployment rate 0.0389
(SL(J);)iaI quality 0.9631 X8: Number of college students per 10000 population 0.2453
X9: Number of doctors per 10000 population 0.1412
X10: Number of buses per 10000 population 0.3645
X11: Road areas per capita 0.0730
X12: Discharged of waste water per unit of GDP 0.0069
Environment quality (U3)  0.0345 X13: Green covered area as % of completed 0.0060
X14: Proportion of air quality equal to and better than level Il 0.0215

Coordination Degree Indices (C)

Coordination Degree X15: Financial expenditure for a social safety net in general public expenditure rate 0.0026

Economic and Social 0.0930 X16: Financial expenditure for education as a percent of GDP 0.0304
1) X17: Real average wage 0.0599
X18: Financial expenditure for municipal infrastructure as a percent of GDP 0.2428
Coordination Degree , , , ,
Economic and 08433 X19 Total investment in the treatment of environmental pollution as a percent of GDP  0.1254
(ECn%/)ironment ' X20: Sewage treatment plants per 10000 people 0.2762
X21: Garbage disposal plants per 10000 people 0.1990
Coordination Degree X22: Park green areas per capita 0.0545
Social and Environment ~ 0.0637 )
(C3) X23: Life waste harmless treatment rate 0.0092
Sustainable Urbanization Indices (S)
X24: Sustained economic growth 0.0162
(Esc%nomy 0.5251 X25: The share of the Added-value of the tertiary industry in GDP 0.1024
X26: Expenditure for science and technology as a percent of GDP 0.4064
X27: Percentage of urban residents with basic medical insurance 0.1270
(SS<)2(:)|ety 0.2018 X28: Social burden coefficient 0.0494
X29: Average per capita income elasticity 0.0253
X30: Industrial waste material recycle rate 0.0210
Environment 02732 X31: Treatment rate of industrial effluents 0.0130
(S3) '

X32: Financial expenditures on energy conservation and environmental protection in

general public expenditure rate 0.2393

160 "=EAE, M7 Mo (2022)
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Appendix 2. Spatial analysis
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