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Abstract: This study constructs a quasi-natural experiment based on the expansion of the Yangtze River Delta urban agglomeration
(YRDUA) of China in 2010 to investigate the impact and inner mechanism of urban agglomeration expansion on fine particulate matter
(PM, 5) concentrations through propensity scores in difference-in-differences models (PSM-DID) using panel data from 286 prefecture-
level cities in China from 2003 to 2016. The results show that 1) urban agglomeration expansion contributes to an overall decrease in
PM, 5 concentration, which is mainly achieved from the original cities. For the new cities, on the other hand, the expansion significantly
increases the local PM, 5 concentration. 2) In the long term, the significant influence of urban agglomeration expansion on PM, 5 con-
centration lasts for three years and gradually decreases. A series of robustness tests confirm the applicability of the PSM-DID model.
3) Cities with weaker government regulation, a better educated population and higher per capita income present stronger PM, 5 reduc-
tion effects. 4) Urban agglomeration expansion affects the PM, 5 concentration mainly through industrial transfer and population migra-
tion, which cause a decrease in the PM, 5 concentration in the original cities and an increase in the PM, 5 concentration in the new cities.
Corresponding policy suggestions are proposed based on the conclusions.
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1 Introduction Statistics of China, 2020). Urbanization has aided

China’s social and economic growth, but it has also

During the past few decades, urbanization has become
an irreversible trend that underlies the evolution of hu-
man society (Li et al., 2018; Lawrence, 2019; Onye-
bueke et al., 2020). China, the world’s largest develop-
ing country and an emerging economy with rich growth
potential, has been experiencing a rapid process of urb-
anization ever since its reform and opening up (Wu et
al., 2014), with its urbanization rate increasing from
17.92% in 1978 to 60.60% in 2019 (National Bureau of
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hastened the exploitation of scarce resources, resulting
in many environmental problems (Liang et al., 2019),
such as natural habitat loss (He et al., 2014), water con-
tamination (Chen et al., 2011) and air pollution (Eben-
stein et al., 2017; Ulpiani, 2021). The Chinese govern-
ment has launched numerous major projects to prevent
further atmospheric deterioration. As a result, pollutants
such as SO, and CO, have greatly decreased (Zhou and
Li, 2021). PM, s, a fine particulate matter characterized
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by small particles with a strong active state and wide
diffusion, still remains a key concern that brings envir-
onmental and socioeconomic issues (Maji et al., 2020).
The harm of PM, s concentrations is self-explanatory.
PM, 5 can easily absorb hazardous chemicals, such as
PAHs and Hg, which not only reduces atmospheric vis-
ibility and affects public activities (Cao et al., 2015) but
also poses a serious threat to human health and daily life
(Schulze et al., 2017; Fulgar et al., 2018), causing
massive amounts of economic damage and death (Song
et al., 2017; Yang et al., 2022). According to Han and
Qian (2021), every 10 g/m3 increase in PM, 5 concentra-
tion raises the mortality rate by approximately 3.8%
yearly in China.

Recently, an increasing number of academics have
focused on socioeconomic contributors (Feng et al.,
2022) and considered urbanization to be one of the most
important indicators affecting PM, s pollution (Sid-
dique and Kiani, 2020), thereby providing a solid found-
ation for our study. The relevant conclusions can be di-
vided into three groups based on the literature. That is,
urbanization can increase PM, s concentrations, allevi-
ate PM, 5 concentrations or have nonlinear effects on
PM, 5 concentrations. According to the first perspective,
the process of urbanization involves various socioeco-
nomic factors that directly generate severe urban dis-
eases, such as heavy traffic, residential emissions, and
resource consumption (Mccarty and Kaza, 2015), which
inevitably increase the PM, 5 concentrations (Zhang et
al., 2019). Li et al. (2016) and Shi et al. (2020) empiric-
ally verified this viewpoint through China-based cases.
The second viewpoint is that urbanization helps reduce
PM, 5. Urbanization provides a unified market environ-
ment for cities to share production factors and resources,
helps in reducing PM, 5 pollution through the central-
ized treatment of pollutants and the promotion of green
technologies (Feldman, 1999). Moreover, urbanization
can promote local government’s environmental regula-
tion through residents’ consumption, habit preferences
and public opinion pressure (Luo et al., 2018), which
are effective in alleviating PM, s (Li et al., 2019). The
third perspective posits that the correlation between urb-
anization and PM, 5 is nonlinear and complex (Ji et al.,
2018; Zeduo et al., 2022). This opinion is mainly based
on the classical theory of the environmental Kuznets
curve (EKC), which states that urbanization has struc-
tural effects, scale effects, and technical effects on en-

vironmental pollution, and the ultimate result is determ-
ined by the interaction of various forces. EKC theory
has been empirically confirmed by research on PM, s
concentrations in developing countries (Ding et al.,
2019). Wu et al., (2018) found that the relationship
between urbanization and PM, 5 concentration in China
has an inverted U-shape.

However, the existing literature mainly conducted
analyses at the regional or city level, with few studies
explicitly investigated the effect and mechanisms of
urbanization from the perspective of urban agglomera-
tions. Urban agglomeration is a collection of multiple
cities radiating from the core circle to the periphery (Fan
et al., 2017), with the links among previously separated
cities becoming increasingly complex (Brezzi and Ven-
eri, 2015). Compared with city areas, urban agglomera-
tions are facing a more severe problem of PM, 5 concen-
tration but have received less attention overall (Du et al.,
2018). The Chinese government has proposed several
policy documents and planning outlines for promoting
urban agglomeration expansion in recent decades (Liu
and Leng, 2020), which has been considered a vital
practice of urbanization in China (Liang and Cong,
2020; Huan et al., 2022). Given these factors, an in-
depth investigation of the relationships between urban
agglomeration expansion and PM, s concentration must
be conducted. Moreover, urban agglomeration expan-
sion is the prominent policy tool used by the govern-
ment to attain certain economic aspirations (You and
Chen, 2019). The available studies mostly used the ag-
gregate index (Liu et al., 2016) or commodity relative
price information (Zhang et al., 2020) to represent the
level of urbanization or urban agglomeration expansion,
and described its effects through classical ordinary least
squares, geographic detector models, spatial models and
so on (Lin et al., 2014; Du et al., 2019), which may not
only bring statistically significant biases caused by dif-
ferences in quantization, time and numbers of observa-
tions (Wang et al., 2012), but also ignored the adminis-
trative significance of urban agglomeration expansion
(Liu and Wu, 2017). Last but not least, relevant studies
have neglected the heterogeneities between original cit-
ies (the cities that form the basis of the urban agglomer-
ation, including the core cities) and new cities (the cit-
ies generally spatially surround the original cities) ac-
cording to their chronological order of joining urban ag-
glomerations (Shen et al., 2019). New cities have lower
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engagement in the development of urban agglomera-
tions and tend to receive less public, policy and schol-
arly attention than the original cities that form the basis
of a cluster. Therefore, distinguishing the effects betw-
een original cities and new cities is helpful for obtain-
ing differential interpretations of the causal relationship.

This paper attempted to fill these gaps by investigat-
ing the influential effect and mechanisms of urban ag-
glomeration expansion and PM, 5 concentration through
propensity score matching with difference in differ-
ences (PSM-DID), which can fully consider the policy
implications of urban agglomeration expansion in
China, and effectively prevent errors caused by the
measurement and the endogeneity of parameter estima-
tion (Zhang et al., 2022). The robustness of influential
effect and mechanisms results was further verified by
serious tests, such as the placebo test and the synthetic
control method (SCM). In addition, this paper distin-
guished the heterogeneous impacts of urban agglomera-
tion expansion on PM, 5 concentrations between origin-
al cities and new cities, which helps in proposing tar-
geted solutions for local governments to promote green
and sustainable development in urban agglomeration
areas. This paper takes the expansion of Yangtze River
Delta Urban Agglomeration (YRDUA) of China as the
ideal quasi-natural experimental platform for the follow-
ing reasons. First, the expansion policy of the YRDUA
has strong exogeneity, which makes predicting exactly
when the expansion will occur difficult for local govern-
ments, and neither can regional industries respond ac-
cordingly. Second, different cities join the YRDUA at
different times, which is conducive to eliminating the
interference of other factors and reducing the endogen-
eity of parametric estimation overall. Based on the
above discussion, this study considers the quasi-natural
experiment of YRDUA expansion in 2010 to explore
the effect and inner mechanism of urban agglomeration
expansion on PM, 5 concentration, based on an initial
sample of 286 prefecture-level cities in China between
2003 and 2016.

The corresponding findings and conclusions can
provide a scientifically sound basis and enlightenment
for the high-quality and sustainable development of urb-
an agglomerations in China and other countries. This
paper provides a new insight for PM, s reduction from
the policy measure of urban agglomeration expansion,

along with its influential mechanisms from both theoret-
ical and empirical perspectives. In addition, the hetero-
geneous effect of urban agglomeration expansion on
PM, 5 between original cities and new cities will shed
light on the targeted solutions of PM, 5 control for dif-
ferent participants in the expansion progress of urban
agglomeration.

2 Materials and Methods

2.1 Study area

The Yangtze River Delta (YRD) is an important part of
the plain in the middle and lower reaches of the Yangtze
River located in eastern China (Fig.1a). This region geo-
graphically comprises Jiangsu, Zhejiang, and Anhui
provinces and Shanghai municipality. Fourteen cities in
Jiangsu and Zhejiang provinces established the ‘Joint
Directors of Economic Coordination’ in 1992 to strengt-
hen economic cooperation and promote sustainable de-
velopment in the YRD. In 1997, the local governments
of the 14 cities above and Taizhou, a city that had just
been promoted to the prefecture level in Jiangsu
Province, voluntarily formed an emerging cross-region-
al organization, the City Economic Coordination Asso-
ciation (CECA), which is fully responsible for coordin-
ated economic development in the YRD. Cities submit
their application to join the urban agglomeration and
wait for the approval of the CECA. After Taizhou in
Zhejiang Province was admitted as a full member in
2003, the CECA of 16 cities officially formed the urban
agglomeration of the YRD, or the YRDUA (Regional
Economic Plan of the YRD, National Development and
Reform Commission, 2005 and 2010 editions). In 2010,
six pilot cities formally joined the YRDUA. Since then,
the process of a steady expansion in the YRDUA has
continued, with eight additional pilot cities participat-
ing in YRDUA expansion after being certified by the
CECA in 2013, followed by four cities in 2018 and sev-
en cities in 2019.

This paper selects the YRDUA expansion in 2010 to
construct the quasi-natural experimental for the follow-
ing reasons: first, this expansion extends to the adminis-
trative division of Anhui Province for the first time,
making a breakthrough in the administrative relation-
ship of the YRDUA from ‘two provinces and one city’
to ‘three provinces and one city’. In addition, the six
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Fig. 1 Location and administrative division of the Yangtze River Delta Urban Agglomeration (YRDUA), China (a) and the distinction

between original cities and new cities in 2010 (b)

new cities evenly cover Jiangsu, Zhejiang and Anhui
provinces, which is helpful for comprehensively invest-
igating the impact of urban agglomeration expansion.
Second, six years passed between the first and the last
year of the study period, such that sufficient time of ob-
servational data could be obtained. Third, the Develop-
ment Plan of the YRDUA issued by the National Devel-
opment and Reform Commission (NDRC) of China in
2016 involved few of the cities designated by the CECA
in 2013, but it involved most of the cities designated by
the CECA in 2010. The development plan issued by the
NDRC represents the volition of the central govern-
ment, while the CECA reflects the local government’s
strategic appeal to joining the YRDUA (Liu and Wu,
2017). The apparent decoupling of plans between cent-
ral and local governments may lead to bias in the regres-
sion results, and the expansion in 2010 best reflected the
unified development plan of the local and central gov-
ernments for the YRDUA. Thus, this paper selects 22
cities participating in the YRDUA expansion in 2010 as
the research samples for the quasi-natural experiment.
Among them, 16 cities that formed the core area of the
YRDUA represent the original cities, the six cities that
joined the YRDUA in 2010 represent new cities, and the
original and new cities are collectively referred to as all
cities (Fig. 1b).

2.2 Methods and variables

2.2.1 CQuasi-experimental analysis with PSM-DID
The difference-in-differences (DID) method is usually
regarded as the most effective approach for studying
quasi-natural experiments or evaluating the effects of
exogenous shocks, such as economic crises, political in-
stability, or policy implementation (Li et al., 2018). The
completely randomized assignment of group status is
one of the most important assumptions of DID, other-
wise, the outcome can be seriously biased. However, pi-
lot cities are chosen for certain reasons, such as geo-
graphical location and economic level, and are not ran-
domly selected. In order to alleviate the endogeneity is-
sues caused by selection bias, this paper chooses the
method of propensity score matching (PSM) and adds
enhancements to the DID method to eliminate selection
bias and accurately estimate the effect of urban agglom-
eration expansion on PM, 5. Although the PSM method
can settle the problem of selection bias, it can not ad-
dress the endogeneity problem caused by the omission
of dependent variables (Tucker, 2010). On the other
hand, the DID method can handle the problem of endo-
geneity, but it can not solve the bias problem. Therefore,
this paper combines the above two methods as PSM-
DID. The relevant regression is constructed as Eq. (1).



254 Chinese Geographical Science 2023 Vol. 33 No. 2

N
=ag+ajTreaty X Time;; + Z X+ Ai+A+¢&;;

i=1

Inhp; M
(M
where i (i = 1, 2,..., N) represents cities; ¢ denotes years;
hp represents the PM, 5 concentration; Treat represents
a dummy variable reflecting whether the 286 prefecture-
level cities in China participated in the YRDUA expan-
sion 2010; the value of Treat is a dummy variable sets
as 1 for cities that participated in the expansion and 0
otherwise; Time represents a year dummy variable in-
dicating the expansion of the YRDUA in 2010, where
2010 and the following years receive the value 1 and
years before 2010 receive the value 0. Treat x Time is
the intersection of dummy variables. ¢, is the constant
term; a; reflects the influence of urban agglomeration
expansion on the PM, s concentration; X, represents the
control variables; 4; and 4, are city-fixed effects and time-
fixed effects, respectively; and ¢;, denotes the stochastic
disturbance term. To eliminate the effect of heterosce-
dasticity, the natural logarithm of Ap was calculated.
This paper also controls some other urban characteristic
variables and meteorological elements that could influ-
ence PM, 5 concentration, aiming to obtain the unbiased
estimator o, ensure the robustness of the results, and
eventually form the set of control variables X, along
with the covariates, which will be further defined below.
2.2.2 Mechanism analysis model
This paper adopted mechanism analysis to recognize the
conduction pathway of urban agglomeration expansion
on PM, s concentration to obtain more in-depth results
than the baseline regression results. The logic of mech-
anism analysis is divided into the following three steps
(Baron and Kenny, 1986):

N
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N
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where M, is the mechanism variable (i.e., the mediation
variable), 8, denotes the impact of urban agglomeration
expansion on M,, B, represents the total effects of urb-
an agglomeration expansion on PM, 5 concentration, y,

represents the direct effect of urban agglomeration ex-
pansion on PM, 5 concentration, y, indicates the impact
of M;, on PM, 5 concentration when urban agglomera-
tion expansion is controlled. 8, S, and y, are the con-
stant terms. ¢; and X, represent the regression residual
and control variables, respectively. Only when the coef-
ficients of a;, f; and p, are significant and y, becomes
nonsignificant or less significant can it be proven that
urban agglomeration expansion affects PM, 5 concentra-
tion through M;,. A mechanistic analysis will be conduc-
ted based on PSM matching in the empirical part; in that
case, the coefficients of Eq. (3) will be the same as those
of Eq. (1).

2.3 Variables and data description

(1) Explanatory variables. The interaction term Treat x
Time indicates whether the city belongs to treatment
group that participate in the expansion and whether the
year was before or after the expansion. According to the
research of Baycan (2013) and Liu and Wu. (2017), the
treatment group can be further divided into three groups,
new cities, original cities and all cities. Specifically, the
group of original cities refers to the 16 cities composing
the CECA of the YRD before 2010, the group of new
cities refers to the six surrounding cities that officially
joined the YRDUA in 2010, and the group of all cities
includes both groups.

(2) Explained variable. The fixed-site monitoring
used to acquire the official data of PM, 5 concentrations
in China can hardly capture the spatial changes of PM, 5
concentration (Zhong et al., 2013). More importantly,
the countrywide fixed-site monitoring of PM, 5 concen-
trations did not exist in China until 2013 (Lin et al.,
2018) and thus can not be used to detect the influence of
urban agglomeration expansion that occurred in 2010.
Therefore, this paper adopted the data provided by Pro-
fessor Aaron Van Donkelaar of Dalhousie University as
the raw data (http://fizz.phys.dal.ca/~atmos/martin/?pa-
ge 1d=140), and they provide the yearly average PM, 5
concentrations from 1998 to 2016. The remote sensing
data were obtained by integrating ground observations
with the aerosol optical depth (AOD) collected from
various satellite products, which has been proven to be
an accurate model for large-scale PM, s globally (Van
Donkelaar et al., 2016). Additionally, the zonal statist-
ics tool in ArcGIS 10.3 software was adopted to derive
data on the annual average PM, 5 concentrations of 286
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prefecture-level cities in China between 2003 and 2016
based on vector maps.

(3) Control variables. Based on the relevant literature
on PM, 5 concentration and data availability, this paper
controls for the following variables: 1) urbanization
(urb). The level of urbanization was denoted by the pro-
portion of the nonagricultural population in the total
population (Panayotou, 1997).2) Economic develop-
ment (Ingdp). To assess regional economic progress, the
natural logarithm of GDP per capita was utilized and de-
flated at the constant price of 2003, the start year of the
study period. 3) Research investment (Ininno). This
study adopted the natural logarithm of the fraction of
local governments’ fiscal expenditure spent on scientif-
ic research to measure the variation in research invest-
ment across cities. 4) Trade openness (open). The ratio
of the total amount of foreign capital actually used to re-
gional GDP was used to express the level of trade open-
ness, and foreign capital actually used was calculated in
RMB by the real exchange rate of the RMB against the
USD. 5) Green space per capita (Ingreen). It was calcu-
lated by the natural logarithm of green space area per
person in each city. 6) Industrial structure (Inind). As
secondary industries consume more energy than the ag-
ricultural and service sectors, strongly affecting the
PM, 5 concentration (Jiang et al., 2017), the industrial
structure is represented by the logarithm of the second-
ary industrial production value in GDP. 7) Natural
factors. In addition to the socioeconomic factors men-
tioned below, natural factors can impact the air flow and
dynamic circumstances of particulate matter propaga-
tion, which indirectly affect the PM, 5 concentration (Li
et al., 2015). For example, temperature can influence the
transformation of PM, s-related secondary pollutants
(Megaritis, 2014). Therefore, to reduce omitted variable
bias, natural indicators were also considered as control
variables in this paper, including elevation (Inele), met-
eorological indicators such as horizontal wind speed of
10 m (ws), specific humidity (Insum) and annual aver-
age temperature (temp). The data of social-economic
variables mainly comes from China City Statistical
Yearbook (National Bureau of Statistics of China,
2004-2017), the data of environmental variables mainly
comes from Geospatial Data Cloud, China (http://www.
gscloud.cn), which is obtained from the meteorological
monitoring stations in each city.

(4) Mechanism variables. In this paper, industrial

transfer and population migration are selected as the
mechanism variables. 1) Industrial transfer (indtr) is an
economic process that involves the partial or complete
transfer of specific industries and production share from
one area to another from the perspective of location
(Wang et al., 2021). Considering that the important
sources of PM, s, such as fossil fuel burning and build-
ing dust, mainly originate from secondary industry (Ji-
ang et al., 2018), this paper chooses secondary industry
as the measurement sample. Due to the lack of com-
plete data on location changing information of enter-
prises in China, industrial transfer is generally defined
as the change in industry share or employment share.
Therefore, referring to the practice of Liu and Zeng
(2018), the ratio of the secondary industrial output value
of a city to the average output value of all the sample
cities was adopted to represent the industrial transfer in-
dex in this paper. 2) The essence of population migra-
tion (pden) is that a certain portion of the people moves
from one region to another (Han and Qian, 2021), which
can cause an increasing concentration of the population
in the inflow region. Because of the limitations of popu-
lation data at the prefecture level in China and with ref-
erence to relevant literature, population concentration
was selected to represent the direction and level of pop-
ulation migration in this study. The ratio of annual total
population to built-up area was adopted to estimate pop-
ulation concentration (pden) (He, 2019). The relevant
data are from the China City Statistical Yearbook (Na-
tional Bureau of Statistics of China, 2004-2017).

Finally, based on balanced panel data from 2003 to
2016, 286 prefecture-level cities of China were chosen
as the samples after excluding cities with a serious lack
of data such as those in Tibet, Hong Kong, Macao and
Taiwan, accounting for 4004 city-year observations.
The observation time started in 2003 mainly because
Taizhou (Jiangsu Province) joined the CECA of the
YRD in that year and formed part of the earliest ‘16
central cities’ of the YRDUA. Except for the mechan-
ism variables and indices that contain values less than 1
(urb, open, temp, ws), the other variables were all sub-
jected to natural logarithm transformation to prevent the
effects of heteroscedasticity and nonstationarity. Mul-
tiple interpolation was used to fill in the missing values.
Table 1 contains the statistical description of the indicat-
ors.
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Table 1 Variable description
Classification Variable Mean Max Min S.D. Obs.
Dependent variable PM, 5 concentration (In/p) 3.675 4.702 1.141 0.514 4004
Control variable Economic development (Ingdp) 3.674 4.701 1.141 0.514 4004
Degree of urbanization (urb) 0.508 1.000 0.001 0.331 4004
Research investment (Ininno) 2.753 3.901 0.039 0.573 4004
Industrial structure (Inind) 3.875 4.511 2.086 0.286 4004
Trade openness (open) 2.078 21.579 0.001 2.344 4004
Green space per capita (Ingreen) 3.284 7.314 0.086 0.744 4004
Elevation (Inele) 6.099 7.048 0.693 0.999 4004
Wind speed (ws) 4.198 4.534 3.386 0.167 4004
Specific humidity (InAum) 4.198 4.534 3.386 0.167 4004
Average annual temperature (femp) 14.805 27.000 —0.540 5215 4004
Mechanism variable Industrial transfer (indtr) 2.579 15.650 0.028 1.358 4004
Population migration (pden) 5.365 9.907 1.016 0.512 4004

3 Results

3.1 Baseline regression

3.1.1 Propensity score matching

The main purpose of this study was to establish a
strictly exogenous policy variable based on the YR-
DUA expansion in 2010 and analyze its effect on the
PM, 5 concentration of the three treatment groups. To
minimize the interference from selection bias and to
verify the correctness of the regression, this paper first
conducted PSM on 286 city samples, including 22 cit-
ies in the treatment group and 264 cities in the control
group. The matching factors were those affecting the
likelihood of a city being chosen to participate in the
YRDUA expansion in 2010. This study contained five
matching variables. The process of index selection and
data processing was described above.

The nearest neighbor matching method was adopted
to compare the kernel density of propensity scores
between the treatment group and the control group be-
fore and after matching and is represented in Fig. 2a and
Fig. 2b, respectively. The kernel density curves of the
treatment group and control group clearly show a great
difference before matching, which means that some of
the cities in the control group have an extremely high or
low likelihood of being chosen as pilot cities. After
matching and removing the samples that failed to meet
the common support assumption, the two kernel density
curves closely overlapped, indicating that the cities in
the treatment group and control group are relatively

close in terms of the matching variables, and the neigh-
bor-matching method gained high accuracy in identify-
ing the suitable cities for the control group.

The balance test of matching variables was further
conducted to reveal the changes in matching variables
before and after PSM (Table S1, http://egeoscien.neigae.
ac.cn/article/2023/2). The results show that the estim-
ated bias of all variables significantly decreased to with-
in 15%. Furthermore, the P values of the matching vari-
ables were all greater than 5% after matching, suggest-
ing that no considerable difference exists between the
treatment and control groups. Therefore, the matching
approach selected in this study is reasonable, and the re-
maining samples are suitable for further investigation
based on the DID method.

3.1.2 Parallel trend test

As another important hypotheses of DID, parallel trend
requires treatment group and control group exhibit sim-
ilar fluctuation patterns before the implication of the
policy, so as to ensure the effectiveness of the regres-
sion (Christodoulakis et al., 2000). Fig. 3 displays the
average trends of the PM, 5 concentration of the treat-
ment group (black line) and control group from 2003 to
2016. The level of PM, 5 concentration in the treatment
group is obviously greater than that in the control group,
as the black line is higher than the gray dotted line,
which indicates that the level of PM, 5 concentration in
the YRDUA was worse than the average concentration
in the other areas in China. As for the trend lines, the
treatment group and control group basically had a simil-
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Fig. 3 Parallel trend of PM, 5 concentration between the treat-
ment group and the control group of China from 2003-2016

ar variation trend before 2010, manifesting as the two
lines being nearly parallel, which lends credence to the
assumption of a common trend. However, after the YR-
DUA expansion in 2010, the PM, 5 concentration of the
treatment group sharply decreased, in contrast with the
continuous rising trend presented by the control group
after 2010. Moreover, the gap between the two groups
narrowed, indicating that the PM, 5 concentration of the
treatment group was suppressed after 2010, which gen-
erates a preliminary finding that urban agglomeration
expansion may reduce the PM,s concentration. This
finding will be further verified through the following
empirical analysis.

3.1.3 Results of baseline regression

Table 2 shows the results of the three treatment groups
based on Eq. (1). The coefficient of Treat x Time in

column (1) is significantly negative with a coefficient of
—0.045, which means that urban agglomeration expan-
sion reduced the PM, 5 concentration by 4.5% overall.
The coefficient of Treat x Time in column (3) is signi-
ficantly negative with a value of —0.051, indicating that
urban agglomeration expansion reduced the PM, 5 con-
centration by 5.1% in the original cities. The coefficient
of Treat x Time in column (5) is significantly positive
with a value of 0.020, which means that urban agglom-
eration expansion increased the PM, s concentration by
2% in the new cities. After introducing the control vari-
ables, the coefficients of Treat x Time in columns (2),
(4) and (6) decrease to a certain extent, but their direc-
tion and significance remain unchanged. In addition, the
coefficient of original cities has a higher absolute value
than the coefficient of all cities, regardless of whether
the control variables are considered. The above result
shows that urban agglomeration expansion has signific-
antly reduced the PM,s concentration of the whole
cluster, and the inhibition effect mainly comes from the
decrease in the PM, 5 concentration in the original cities,
while the PM, 5 concentration of the new cities has in-
creased since the cities joined the urban cluster.

Except for wind speed (ws), the other control vari-
ables have statistically significant effects on PM, 5 con-
centration. In general, an increasing wind velocity helps
decrease the local PM, 5 concentration by accelerating
the diffusion of air pollutants (Li et al., 2019); however,
as it may also cause an increase in the PM, 5 concentra-
tion in surrounding areas, the total effect is nonsignific-
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Table 2 Estimation results (coefficient) of urban agglomeration expansion influencing PM, 5 concentration in the Yangtze River Delta

Urban Agglomeration, China

All cities Original cities New cities
Variable

@) ()] 3) 4 ) (6)
Treat x Time —0.045"7(-3.16) —0.0277(-2.24) —0.0517"(-3.23) —0.0407°(-2.62) 0.0207(2.23) 0.016"(1.75)
Ingdp 0.064""(4.81) 0.059"""(4.86) 0.067""(4.20)
wrb 0.008""(2.08) 0.0047(2.19) 0.006™(2.01)
Inind 0.096""(2.98) 0.095"°(2.94) 0.095"(2.99)
open 0.008"(4.95) 0.007"(4.91) 0.008"(5.35)
Ininno —0.014"(-1.78) —0.014"(-1.75) -0.014°(-1.72)
Ingreen —0.0127(-2.15) -0.0117°(-1.97) —0.0117(~1.99)
temp 0.025""(3.95) 0.024"(3.92) 0.025""(3.97)
Inele —0.004"(—1.89) —0.004"(=2.01) —0.002"(—1.68)
ws —0.001(-0.37) —0.003(—0.28) —0.001(—0.23)
Inhum —0.020""(-3.95) —0.022""(=3.94) —0.018"""(=3.07)
Constant 3.608"7(20.35) 3.369"7(8.20) 3.608"7(20.17) 3.364"7(8.18) 3.6087(19.73) 3.348"(8.14)
Control variables N Y N Y N Y
City-fixed effect Y Y Y Y Y Y
Year-fixed effect Y Y Y Y Y Y
Obs. 2970 2970 2970 2970 2970 2970

Notes: ™ P<0.01, ™ P<0.05, " P<0.1. Standard errors are in parentheses. Columns (1), (3) and (5) are the regression results of urban agglomeration expansion,

while the regression results of further resetting the control variables are shown in columns (2), (4) and (6). Y is the abbreviation for yes, N is the abbreviation for

no; Variables explanation are shown in Table 1

ant. Research investment, economic development, green
space per capita, regional altitude and humidity are con-
ducive to reducing PM, 5 concentrations during urban
agglomeration expansion. Moreover, a higher level of
urbanization, secondary industry proportion, trade open-
ness and temperature can increase the concentration of
PM, 5. That is, developed cities with capital-intensive
sectors, higher technical innovation performance and
better greening projects can be more effective at redu-
cing the PM, s concentration.

3.1.4 Time trend test

Fig. 3 reveals that the variation tendency of PM, 5 con-
centration between the treatment and control groups is
reasonable for the parallel trend assumption, but a more
rigorous empirical approach is still required to prove it
statistically. Moreover, the results of the baseline regres-
sion can only show the average influence of urban ag-
glomeration expansion on the PM, 5 concentration dur-
ing the period of investigation but can not reflect the
difference in the influence over time. Based on the event
study approach (Jacobson et al., 1993), this paper tests
the time trend effect of urban agglomeration expansion

and constructs the following model:

3 N
Inhp; = ap+ Z asTreatis x Timejs + Z Xit + i+ A+ &t
s=-3 i=1

®)
where Treat,, X Time;, indicates a dummy variable for
the year when YRDUA expansion was implemented,
which is 2010 in this paper. When s is negative, it refers
to s years before 2010; when s is positive, it refers to s
years after 2010. a; is the constant term; a, represents
the influence coefficient of urban agglomeration expan-
sion on PM, 5 concentration.

The results of the time trend test on urban agglomera-
tion expansion in the three treatment groups of all cities,
original cities and new cities are shown in Fig. 4. The X
axis represents the time series, current represents the
year 2010 when YRDUA expansion was implemented,
pre—prez represents 1-3 yr before 2010, and post,—
post; represents 1-3 yr after 2010. It can be seen that all
of the a, before 2010 in the three treatment groups are
nonsignificant, which means that no discernible change
in PM, 5 concentration exists between cities in the treat-
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ment group and the control group and that the change in
PM, 5 concentration of the treatment group was indeed
caused by the YRDUA expansion rather than other un-
observable factors. The parallel trend assumption holds.
After 2010, the o, of post,—post; was significantly less
than zero in the treatment groups of all cities (Fig. 4a)
and original cities (Fig. 4b), with slope of the connec-
tion line of post;, post,, and post; for the original cities
larger than the corresponding slope for all cities.
Moreover, in the treatment group of new cities, o is sig-
nificantly greater than zero (Fig. 4c). The above result
first reveals that the PM, 5 concentration in all cities and
the original cities has significantly decreased, while the
PM, 5 concentration of the new cities has significantly
increased since the urban agglomeration expansion in
2010. Second, the overall PM, s concentration reduc-
tion effect of urban agglomeration expansion mainly
comes from the original cities, which verifies the con-
clusion of the baseline regression. Third, the effect of
urban agglomeration expansion on PM, s concentration
remains significant for three years and gradually de-
creases over time.

3.2 Robustness tests

Several experiments were conducted to test the robust-
ness of the baseline regression, which includes chan-
ging the PSM matching method, conducting a placebo
test and changing the time window.

(1) Changing the matching method. In this paper, ker-
nel matching and radius matching are used to identify
suitable cities for the control group, and then the
baseline regression is re-run. In theory, the estimated
results would be similar to those in the baseline regres-
sion regardless of which matching method is employed
(Vandenberghe and Robin, 2004). The corresponding

regression results (Table S2, http://egeoscien.neigae.
ac.cn/article/2023/2) show that the coefficient of Treat x
Time based on two matching methods is significantly
negative for both groups of all cities and original cities,
indicating that urban agglomeration expansion has an
obvious reduction effect on PM, 5 concentration in all
cities and the original cities. The results of both match-
ing methods are significantly positive in regard to the
new cities, indicating that urban agglomeration expan-
sion has significantly increased the PM, 5 concentration
in the new cities. This finding is consistent with the res-
ults in benchmark regression, which verifies the correct-
ness of the main results.

(2) Placebo Test. This paper further conducts a
placebo test to examine whether the results are signific-
antly influenced by unobservable factors at the city-year
level, referring to the research of Cai et al., (2016). The
prior arguments will be questioned or even rejected if
the answer is yes. Specifically, this paper randomly se-
lects 22 of the 286 cities as the new treatment group and
assumes that these 22 cities participated in YRDUA ex-
pansion in 2010, while the other cities serve as the cor-
responding control group. The results of random samp-
ling need to ensure that the interaction term Treat
Time has no effect on the PM, 5 concentration. Any sig-
nificant findings will indicate biased regression results
and suggest that the variation in PM, 5 concentration in
the treatment group was not caused by the YRDUA ex-
pansion. The stack sampling method was used to per-
form the regression (Table S1). Although the PSM-DID
model selects ‘counterfactual’ samples that have charac-
teristics as similar to those of the treatment group as
possible through the propensity score matching method.
However, it also results in the loss of a large number of
random samples, which could not meet the purpose of
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Fig. 4 Time trend analysis of urban agglomeration expansion influencing PM, 5 concentration in the treatment groups of all cities (a),
original cities (b) and new cities (c) in the Yangtze River Delta Urban Agglomeration, China
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random sampling in the placebo test. Therefore, a com-
mon DID model was used for the placebo test.

The average value and P value of the coefficients
through 500 random samplings are shown in Fig. 5. The
coefficients of Treat x Time are mostly distributed near
the value of 0, and most of their P values are larger than
0.1, indicating that they are not significant. Moreover,
the real estimated value of the regression (red dotted
line) was an evident outlier in the placebo test. The
above results reveal that the change in PM, 5 concentra-
tion in the treatment group was unlikely to be driven by
unobservable factors at the city-year level; therefore, the
regression results are robust.

(3) Changing the width of the time window. This
method was adopted to increase the window width from
1 to 4 years before and after 2010 and then conduct a
PSM-DID test based on Eq. (1), to observe whether any
difference exists in the influence of urban agglomera-
tion expansion on the PM, 5 concentration in the three

15 F 3 o Coefficient of estimation
! P value

10

P value

-0.10 -0.05 0 0.05 0.10
Coefficient

Fig. 5 Placebo Test of urban agglomeration expansion influen-

cing PM, 5 concentration in the Yangtze River Delta Urban Ag-

glomeration, China

treatment groups compared with the results of the
baseline regression. Table 3 exhibits the relevant results.
Changing the time window width does not change the
direction of the effect of urban agglomeration expan-
sion in the three treatment groups, which verifies that
the results of the baseline regression are reliable and
stable. When the window width is 1-3 years before and
after urban agglomeration expansion, as shown in
columns (1)—(3), the coefficients of Treat X Time in the
three treatment groups are significant; when the win-
dow width is the fourth year before and after the expan-
sion, as shown in column (4), the coefficients of Treat x
Time in the three treatment groups become negative and
nonsignificant, suggesting that the significant effect of
urban agglomeration expansion on the PM, s concentra-
tion could last for three years. For the changing trend of
the values of Treat x Time, the absolute values of all cit-
ies and the original cities continue decreasing, with the
absolute value of the original city greater than that of all
cities. For new cities, the coefficients also show a posit-
ive decreasing value. This finding verifies the robust-
ness of the baseline results and time trend analysis res-
ults.

3.3 Heterogeneity analysis
Each city has its own distinct form of transformation
and growth priorities. Given the diverse growth modes
and levels in China, heterogeneity exists in regard to the
influence of urban agglomerations on PM, 5 concentra-
tions. Therefore, for cities with different characteristics,
how will urban agglomeration expansion affect PM, s
concentrations?

The specific urban characteristics and index construc-

Table 3 Estimation result (coefficient) of urban agglomeration expansion influencing PM, 5 concentration in the Yangtze River Delta

Urban Agglomeration, China after changing the width of the time window

Treatment groups 2009-2011 2008-2012 2007-2013 2006-2014
(O] (2) (3) “)

All cities -0.1217(-4.83) —0.073""(-3.79) -0.065""(~4.03) -0.017(-1.13)

Original cities —0.144"""(-4.47) —0.104"(-3.56) -0.080"""(-3.59) ~0.036(—1.46)

New cities 0.031°(1.77) 0.027"(1.90) 0.0217(2.12) ~0.001(—0.32)

Control variables Y Y Y Y

City-fixed effect Y Y Y Y

Year-fixed effect Y Y Y Y

Obs. 2002 1400 2574 1847

Notes: ™" P<0.01,”" P<0.05," P<0.1. Standard errors are in parentheses. Y is the abbreviation for yes
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tion are as follows: 1) Government regulation. Under
the theoretical hypothesis of the ‘promotion tournament’,
local governments are motivated to adopt a series of
regulatory measures, such as financial subsidies and
household registration systems, to promote local eco-
nomic development and restrict the transfer of factors
and industries to places with higher efficiency (Zhao
and Wet, 2015). Thus, the influence of urban agglomer-
ation expansion on PM, s concentration is affected by
the degree of local government regulation. The variable
is represented by the proportion of government budget
spending in the gross regional product. 2) Education
level of residents. In this paper, the popular rate of high-
er education was used to represent education level. Edu-
cation and access to clean domestic fuels are well recog-
nized to be related (O’Neill et al., 2012). Compared
with the average population, residents with a higher
level of education have a stronger consciousness of en-
vironmental protection, and their demand preferences
for fuel shift toward cleaner fuels, which helps reduce
the PM, 5 concentration during urban agglomeration ex-
pansion. The ratio of college students per 10 000 people
was used to measure this variable. 3) Household con-
sumption level. The higher the consumption level is, the
more accepting of green products residents will be,
which is beneficial to environmental governance and in-
hibits the PM, 5 concentration. Per capita disposable in-
come was used to reflect the consumption level. The
data are from the China City Statistical Yearbook (Na-
tional Bureau of Statistics of China, 2004-2017). The
indicators were divided into high-level and low-level
groups, and then group regression was performed based

on Eq. (1).

The test results shown in columns (1)—(6) of Table 4
reveal that, urban agglomeration expansion can de-
crease the PM, 5 concentration more effectively in ori-
ginal cities with a low level of government regulation, a
high level of population education and high per capita
consumption. Meanwhile, a high level of government
regulation, a low level of population education and low
per capita consumption aggravate the deteriorating im-
pact of urban agglomeration expansion on the PM, s
concentration in new cities according to the results in
columns (7)—(12).

3.4 Mechanism analysis

PM, 5 is composed of primary emissions and secondary
formation (Hao et al., 2019). The former refers to atmo-
spheric particulate matter that is directly released by
pollution sources, such as incomplete combustion of
fossil fuel, biomass burning, ground dust and petroleum
residues, which are mainly affected by population activ-
ities (Zhao et al., 2016). The latter refers to the second-
ary sources of particulate matter, such as sulfate, am-
monium salt and secondary organic aerosol (SOA),
which is generated by the oxidation of gaseous contam-
inants (such as NOx, SO,, O3, NH;, and VOCs ) mainly
from industrial activities (Kanakidou et al., 2005).
Based on the research of developed cities in China, Liu
et al. (2020) revealed that the industrial and residential
sectors were the top two sources of PM, s concentra-
tions, especially for the YRDUA, which is economic-
ally developed and has intensive industries in China.
Based on the above analysis, the main mechanisms from

Table 4 Heterogeneity analysis of different city characteristics in the the Yangtze River Delta Urban Agglomeration, China

Government regulation
Variable

Education level Consumption level

Treatment group

High level (1) Low level (2) High level (3) Low level (4) High level (5) Low level (6)
Original cities Treat x Time -0.090°(-1.79)  —0.012"(-2.08)  -0.055"7(-5.39) -0.015(-1.39)  —0.086"(-5.99)  0.013(0.55)
Control variables Y Y Y Y Y Y
Obs. 55 2926 124 420 166 2857
Government regulation Education level Consumption level
Variables
High level (7) Low level (8) High level (9) Low level (10) High level (11) Low level (12)
New cities Treat % Time 0.027°(2.13)  ~0.008(-024)  —0.004(-0.90)  0.025°Q257)  -0.019(-0.83)  0.056 (8.37)
Control variables Y Y Y Y Y Y
Obs. 42 2928 42 2928 42 2928

Notes: ™" P<0.01,”" P<0.05," P<0.1. Standard errors are in parentheses. Y is the abbreviation for yes
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urban agglomeration expansion that affect PM, s con-
centration can be narrowed down to the following two
channels: industrial transfer and population migration.
3.4.1 Industrial transfer

The results of the mechanism analysis are shown in
Table 5. Columns(1)—(3), (4)-(6) and (7)—(9) indicate
the coefficients corresponding to Eq. (2)—(4) of all cit-
ies, original cities and new cities, respectively. The
coefficients of Treat x Time in columns (1), (4) and (7)
are significantly negative, negative and positive, re-
spectively. For the absolute value of the coefficients, the
value of the original cities is larger than that of all cities,
while the new cities have the smallest value. The coeffi-
cients of Treat x Time in columns (2), (5), and (8) are
the same as the results in columns (2), (4) and (6) of the
baseline regression. Moreover, the significantly posit-
ive coefficients of indtr in columns (3), (6) and (9) sig-
nal the impact of industrial transfer on PM, 5 concentra-
tion when urban agglomeration expansion is controlled,
while the coefficient of Treat x Time represents the dir-
ect effect of urban agglomeration expansion on PM, s
concentration (y,), with their absolute value and signi-
ficance level decreasing compared with the coefficients
in columns (2), (5) and (8).

These results verify that indtr is the mediating vari-
able with positive effect. Secondary industries include
mostly pollution-intensive industries, and with their
transfer and aggregation in a certain area, the resulting
energy consumption, industrial emissions and over-
crowding exacerbate regional haze pollution (Luo et al.,
2018). Urban agglomeration expansion can signific-
antly promote the transfer trend of secondary industry
mainly from original cities to new cities and even re-

gions farther outside the urban cluster, as the increasing
rate of industrial transfer in new cities is less than the
decreasing rate in original cities, which causes an over-
all decline in indtr for the whole urban cluster. There-
fore, PM, 5 concentration can be dispersed or transmit-
ted from original cities to neighboring areas, including
new cities, through the mechanism of industrial transfer
during urban agglomeration expansion, which causes a
decrease in the PM, 5 concentration in original cities and
an increase in the PM, 5 concentration in new cities.

The synthetic control method (SCM) was further se-
lected to intuitively examine the long-term impact of
urban agglomeration expansion on mechanism vari-
ables to provide more detailed evidence. The SCM can
construct a ‘counterfactual’ synthetic group with roughly
similar characteristics to the treatment group through a
weighted average of multiple control units to simulate
the mechanism variables of the pilot cities in the treat-
ment group without considering the urban agglomera-
tion expansion (Abadie et al., 2010).

Fig. 6 displays indtr and its synthetic counterpart for
all cities (Fig. 6a), original cities (Fig. 6b) and new cit-
ies (Fig. 6¢), respectively. The vertical dotted line rep-
resents the starting year of urban agglomeration expan-
sion, which was 2010. The path of indtr in the synthetic
unit very closely tracks the trajectory of this variable in
the treated unit before 2010, which suggests that the
synthetic unit performs a reasonable approximation of
the degree of indtr that would have happened in the
treated unit in the absence of urban agglomeration ex-
pansion. The difference between the path in the treated
unit and in its synthetic version after 2010 represents the
effect of urban agglomeration expansion on indfr. In

Table 5 Mechanism analysis (coefficient) of urban agglomeration expansion influencing PM, 5 concentration in the Yangtze River

Delta Urban Agglomeration, China: Industrial transfer

All cities Original cities New cities
Variable
1 (2 (3) (%) (6) (7) ®) ©)
Treat x Time -0.061"" -0.027" -0.023" -0.118"™" —0.040" -0.026" 0.044" 0.016" 0.013"
(-7.85) (-2.24) (-2.10) (-8.41) (-2.62) (-3.08) (3.07) (1.75) (2.24)
indtr 0.028""" 0.024"™" 0.031""
(3.93) (3.52) (4.57)
City-fixed effect Y Y Y Y Y Y Y Y
Year-fixed effect Y Y Y Y Y Y Y Y
Obs. 2569 2569 2569 2569 2569 2569 2569 2569 2569

Notes: ™" P<0.01,”" P<0.05," P<0.1. Standard errors are in parentheses. Y is the abbreviation for yes; indir,industrial transfer
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Fig. 6a and 6b, the two lines begin to diverge notice-
ably to the right of the dotted line. Although both the ac-
tual and synthetic lines show an upward trend, the actu-
al path of indtr is located below its synthetic path, and
the difference between the two lines for original cities is
larger than that for all cities. In Fig. 6¢c, indtr in the syn-
thetic unit continues to exhibit a moderate trend, and the
real unit of the new cities experiences an uptrend. In ad-
dition, the rising trajectory of indtr in the new cities
peaks in 2014 and starts to decrease, indicating that the
trend of secondary industries being undertaken by the
new cities is gradually decreasing. The above results
verify the results shown in Table 5. Notably, the influ-
ence of urban agglomeration expansion on indtr in all
cities and original cities has an ‘expectation effect’, with
its negative impact on industry transfer beginning to
emerge before the starting year of the expansion. This is
mainly caused by the advance planning made by local
governments before the expansion of the urban agglom-
eration (Lin et al., 2018). While industrial transfer usu-
ally takes a certain amount of time, no ‘expectation ef-

fect’ occurs regarding new cities.

3.4.2 Population migration

Table 6 exhibits the regression results of population mi-
gration as the mechanism variable in the three treatment
groups. The coefficients of Treat x Time in columns (1)
and (4) and (7) show that urban agglomeration expan-
sion promotes the level of population concentration in
the whole cluster, especially in original cities, and
causes a decrease in new cities. The coefficients of pden
in columns (3) and (6) are significantly negative, which
indicates that the increase of population concentration
helps reduce the PM, 5 concentration in the groups of
the original cities and all cities. The coefficient of pden
in column (9) is negative but not significant, which
means that the increase in population concentration in
new cities has no considerable impact on the local
PM, 5. This may be because population concentration
has a threshold effect on PM, s concentration, and only
a certain scale of population concentration can exert its
agglomeration effect and scale effect to reduce the
PM, 5 concentration (Liu and Leng, 2020). As the popu-
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Fig. 6 Trends of industrial transfer in all cities (a), original cities (b)
tion, China: treated unit vs. synthetic unit

and new cities (c) of the Yangtze River Delta Urban Agglomera-

Table 6 Mechanism analysis (coefficient) of urban agglomeration expansion influencing PM, 5 concentration in the Yangtze River

Delta Urban Agglomeration, China: Population migration

All cities Original cities New cities
Variables
()] ) 3) 4 (%) (6) (7 ®) ©
Treat x Time 0.015" -0.027" -0.026" 0.058™" -0.040" -0.029" -0.034" 0.016 0.014"
(2.18) (-2.24) (-2.61) (3.29) (-2.62) (-3.08) (-2.55) (1.75) 1.71)
pden -0.022" -0.020" -0.013
(-2.27) (-2.47) (-1.05)
Control variables Y Y Y Y Y Y Y Y Y
City-fixed effect Y Y Y Y Y Y Y Y Y
Year-fixed effect Y Y Y Y Y Y Y Y Y
Obs. 2569 2569 2569 2569 2569 2569 2569 2569 2569

Notes: ™" P<0.01," P<0.05," P<0.1.

Standard errors are in parentheses. Y is the abbreviation for yes; pden, population migration
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lation outflow area after the expansion of urban agglom-
eration, the level of population concentration in new cit-
ies does not reach this threshold.

Fig. 7 displays pden and its synthetic counterpart in
the groups of all cities (Fig. 7a), original cities (Fig. 7b)
and new cities (Fig. 7¢), respectively. Similarly, the syn-
thetic unit and treated unit noticeably begin to diverge
immediately after 2010 regarding all three treated units,
while pden in the synthetic units continues to fluctuate
moderately. The real treated unit of all cities and origin-
al cities experiences a rising trend, while the treated unit
of the new cities experiences a sharp decline. In particu-
lar, the synthetic pden of the original cities has a down-
ward trend, but urban agglomeration expansion pro-
motes an increase in its real path. The actual path of
pden in new cities gradually rebounds around 2012, and
the gap between the actual and synthetic paths tends to
narrow. The above results verify the results shown in
Table 6. Moreover, the net effect of urban agglomera-
tion expansion on the pden of new cities changes from
increasing over time to gradually decreasing.

4 Discussion

With the rapid development of urbanization in China,
the conflict between economic growth and environment-
al pollution in urban areas has become increasingly seri-
ous, with PM, 5 being one of the most prominent prob-
lems. Although numerous articles have examined the re-
lationship between urbanization and PM, s, few empiric-
al studies have been conducted from the policy-based
perspective, with urban agglomeration expansion being
the vital practice of urbanization in China (Zhang and
Wu, 2018). To address this drawback, this paper adop-
ted the PSM-DID method to conduct a series of empiric-
al tests to investigate the effect and inner mechanisms of

urban agglomeration expansion on PM,s concentra-
tions based on the quasi-natural experiment of YRDUA
expansion in 2010. The results of the parallel trend test
revealed that before the expansion of the YRDUA in
2010, a similar trend of PM,s concentration existed
between cities in the YRDUA and other regions, with
the level of PM, 5 concentration in the YRDUA being
considerably worse than that in the other areas. After
expansion, the PM, 5 concentration of cities in the YR-
DUA not only sharply decreased, the gap between the
two groups also narrowed, indicating that urban ag-
glomeration expansion may have a negative impact on
the PM, 5 concentration.

The results of the baseline regression verified the pre-
liminary finding of the parallel trend test that urban ag-
glomeration expansion helps to reduce the PM, 5 con-
centration of the whole city cluster. Urban agglomera-
tion expansion is manifested as the close interlinking of
economic development through eliminating trade and
administrative barriers, accelerating the intercity flow of
production factors to achieve a more efficient allocation
of resources, technology and capital (Liang and Cong,
2020). The intensive development model inevitably at-
tracts the concentration of population, industries, and
public services, stimulating infrastructure sharing and
maximizing the scale and agglomeration effects to pro-
mote pollution reduction and improve environmental
quality. In that case, urban agglomeration expansion is
conducive to PM, s reduction overall. However, not all
city residents of the urban agglomeration can enjoy the
dividends of the scale effect and agglomeration effect
from the expansion. The characteristics of the original
cities and new cities are clearly asymmetric, and the ef-
fects of urban agglomeration expansion on PM, 5 con-
centration may differ between original cities and new
cities. Baseline regression confirms that the inhibition
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effect mainly comes from original cities, while the
PM, 5 concentration of the new cities actually increased
after the expansion. In addition, the significant effect of
urban agglomeration expansion on the PM, s concentra-
tion could last for three years according to the time
trend test and robustness test, with the negative effect on
PM, s concentration in all cities and original cities
gradually decreasing, and the positive effect in new cit-
ies gradually declining after 2010.

Mechanism analysis offered possible reasons for the
above findings, that urban agglomeration inhibits PM, 5
concentrations especially in original cities through in-
dustrial transfer and population migration. First, urban
agglomeration expansion is conducive to the free flow
of commodities and factors in a larger market (Zhao et
al., 2021), which leads to the increase in production
costs, such as pollution control and land costs, and the
decrease of transfer and landing costs. The consequent
production substitution effect, competition effect and di-
vision effect polluting industries in original cities to take
the lead in transferring to peripheral new cities, which is
generally accompanied by severe pollution and extens-
ive energy consumption (Dong et al., 2020), that cause
more PM, 5 pollution to new cities. Some heavily pollut-
ing enterprises on the other hand, must be shut down,
eliminated or transferred outside the cluster because
their relocation and transfer costs are still too high after
the expansion (You and Chen, 2019). All of these
factors decrease the proportion of polluting industries
overall, thus reduces their contribution to the PM, s con-
centration in the urban agglomeration. As for popula-
tion migration, urban agglomeration expansion reduces
the cost of talent flow, intensifies the attractiveness of
original cities and draws a large, high-quality labor
force from new cities and the surrounding areas, seek-
ing for better development conditions, educational re-
sources and job opportunities (Wang et al., 2022). The
concentration of a high-quality population enhances the
productivity and innovation potential of the original cit-
ies, which helps lower the PM, 5 concentration (Hao and
Liu, 2016). What’s more, population migration to more
developed cities helps to reduce PM,s concentration
through a considerable increase in the use of clean
household fuels and a decrease in the access to the
prominent pollution sources of PM, s such as biomass
and coal overall (Zhong et al., 2021), which consider-
ably lessens regional PM, s emissions overall. In the

long term, urban agglomeration expansion stimulated
the economic development of the surrounding new cit-
ies (Niu et al., 2020). Economic development will at-
tract a concentration of the labor force and weaken pop-
ulation outward migration (Wang et al., 2022). Mean-
while, new cities have stricter standards for undertaking
secondary industries, especially those with heavy en-
ergy consumption and low efficiency, to form eco-in-
dustrial systems after joining urban agglomerations
(Shen et al., 2019). Therefore, the net effect of urban ag-
glomeration expansion on PM, 5 gradually declines.

Results of the heterogeneity analysis reveal that, urb-
an agglomeration expansion helps to inhibit PM, 5 con-
centration more effectively in cities with lower levels of
government regulation, higher levels of population edu-
cation and higher consumption per capita. Strong gov-
ernment intervention impedes the transfer of production
factors, such as labor and capital, to cities that are more
economically efficient. Moreover, cities with strong
government intervention tend to pursue short-term eco-
nomic benefits while ignoring the long-term goals of en-
vironmental protection and industrial upgrading and
transformation (Shi et al., 2018). Thus, a high level of
government intervention could hinder the effect of
PM, 5 concentration reduction during urban agglomera-
tion expansion. Personal income and education level
have been found to strongly influence the choice of
household energy (O’Neill et al., 2012). Education level
indicates the threshold for mastering and using green
technologies; only a highly educated labor force can ap-
ply these technologies to production activities. Cities
with higher per capita consumption are also more will-
ing to consume environmentally friendly but relatively
expensive products in pursuit of a better life. Therefore,
a high level of income and education can strengthen the
reduction effect of urban agglomeration expansion on
the PM, 5 concentration. Urban agglomeration expan-
sion also has a time-lag effect on the PM2.5 concentra-
tion.

In particular, urban agglomeration expansion weak-
ens the administrative boundary barriers among cities,
facilitates the flow of factors among regions and im-
proves the ability to allocate and integrate. As a result,
urban agglomeration expansion helps to reduce the
PM, 5 concentration in general through industrial trans-
fer and population migration, which indicates that un-
der the context of rapid urbanization and development
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pressure of both maintaining the economic growth rate
and environmental quality, in addition to industrial up-
grading, technological progress, etc., urban agglomera-
tion expansion provides an effective path to optimize
the reallocation of environmental factors among regions,
which helps to achieve green and high-quality econom-
ic development. Moreover, to avoid the environmental
burden brought by urban agglomeration expansion to
new cities and other relatively underdeveloped areas as
much as possible, local governments should strengthen
the joint prevention and control of PM, s, such as set-
ting unified standards for PM, 5 detection and penalty
systems of cities in urban agglomerations, building plat-
forms for sharing information related to haze pollution,
etc., to reduce the pollution pressure faced by new cit-
ies during the expansion process, and promote syner-
gistic PM, 5 reduction between the original cities and
new cities. In addition, the effective impact of urban ag-
glomeration expansion on PM, s concentration has a de-
creasing trend overall; therefore, the step-by-step expan-
sion of Chinese urban agglomeration should be actively
promoted to continuously strengthen the economic and
environmental effects of urban agglomeration expan-
sion.

5 Conclusions

The expansion of the YRDUA of China in 2010 was
used as a quasi-natural experiment in this study to ana-
lyze the effect of urban agglomeration expansion on
PM, 5 concentration, based on the panel data of 286 pre-
fecture-level cities in China from 2003 to 2016. In or-
der to overcome the endogenous problems, PSM-DID
method was used to analyze the effect of urban agglom-
eration expansion on PM, s concentration in the treat-
ment groups of all cities, original cities and new cities,
and go through a series of robustness tests. The hetero-
geneity tests and influential mechanism analyses of urb-
an agglomeration expansion were also conducted to ob-
tain more detailed findings. The most important conclu-
sions are as followed.

1) After controlling for economic and environmental
factors, the coefficient of urban agglomeration expan-
sion on PM, 5 concentration is —0.027 in the YRDUA,
China. This means a significant effect that one-unit in-
crease in urban agglomeration expansion can reduce
PM, s concentration by approximately 2.7% overall.

Furthermore, the impact of urban agglomeration expan-
sion on PM, s concentration is —0.040 in original cities
and 0.016 in new cities, indicating that the inhibition ef-
fect of urban agglomeration expansion on PM, ;s is
primarily manifested in original cities. Yet, a one-unit
increase in urban agglomeration expansion will exacer-
bate PM, 5 concentration in new cities by around 1.6%.
2) The effect of urban agglomeration expansion on
PM, 5 concentration remains significant for three years.
With the economic development and stricter standards
in new cities, the net effect of urban agglomeration ex-
pansion on PM, s gradually decreases over time. 3) Urb-
an agglomeration expansion has stronger inhibition on
the PM, 5 in cities with lower levels of government reg-
ulation, higher levels of population education and high-
er consumption per capita. 4) Urban agglomeration ex-
pansion can affect PM, 5 concentration by promoting the
transfer of heavy-polluting industries from original cit-
ies to new cities or areas outside the cluster, and stimu-
lating population migration from new cities to original
cities.

The following policy recommendations are made
based on the conclusions.

(1) Urban agglomeration expansion can inhibit the ef-
fect of administrative boundaries between internal cities,
improve the ability of cross-regional resource allocation,
and then affect haze pollution through the spatial redis-
tribution of industry and the labor force. This indicates
that under the current pressure for green development,
in addition to achieving eco-friendly development thr-
ough technological transformation of the industry itself,
expansion can be promoted to optimize resource redis-
tribution, improve the resource allocation efficiency of
industry and production factors, and thus suppress haze
pollution on the whole. In summary, urban agglome-
ration expansion provides a new development form for
China’s urban agglomerations to achieve an eco-friendly
and high-quality economy.

(2) Although new cities gain development dividends
by joining urban agglomerations, they also bear pollu-
tion emissions from industrial transfer and the loss of
high-quality populations, which can exacerbate haze
pollution. Therefore, local governments should streng-
then collaboration during the expansion process to pre-
vent homogeneous industrial competition and keep un-
developed cities from falling into the trap of the low-end
industrial chain to form a regional industrial coopera-
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tion system with complementary functions and a reason-
able spatial layout through intercity cooperation. More-
over, support for infrastructure development in under-
developed new cities should be taken seriously. The im-
provement in roads, electricity, water conservancy and
communications infrastructure needs to be accelerated
in new cities, with the aim of creating better production
and living conditions, reducing the impact of drivers
motivating the transfer of production factors to advanced
regions and preventing the siphon effect.

(3) Core cities in the urban cluster should strengthen
their main position in spreading spillover effects in or-
der to narrow the development gap and achieve green
coordinated development with undeveloped cities. Loc-
al governments in the urban agglomeration should es-
tablish the concept of a community with shared intere-
sts to accomplish the symbiotic and integrated growth of
the economy, society, and strengthen the cooperation in
environmental governance, especially the coordinated
control and prevention of air pollution between cities, to
prevent pollution transfer from threatening the environ-
mental quality in undeveloped cities during urban ag-
glomeration expansion as much as possible and jointly
create a remediation network to reduce PM, 5 pollution
within the city cluster. On this basis, the step-by-step
expansion of urban agglomeration should be actively
promoted to fully implement the strategies of New-Type
Urbanization and high-quality development of urban ag-
glomeration in China.
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