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Abstract
Based on panel data of 285 prefecture-level and above cities in China from 2003 to 2020, this study has explored the impacts 
of smart city policy (SCP) on environmental pollution by utilizing the difference-in-differences (DID) model and its derived 
models. The results indicate that SCP can significantly reduce environmental pollution, and this conclusion still holds after 
passing numerous robustness tests, such as the propensity-score-matching difference-in-differences (PSM-DID) test, the 
placebo test, all independent variables lagging one period test, the policy interference test, and the instrument variable (IV) 
test. Moreover, the heterogeneity analysis shows that the effect of reducing environmental pollution of SCP is heterogeneous. 
Furthermore, the results of the spatial difference-in-differences (SDID) model show that SCP has a “beggar-thy-neighbor” 
effect among the pilot cities, and there is no spillover effect of SCP on pollution reduction in neighboring non-pilot cities. 
Finally, the analysis of moderating effect reflects that the government intervention plays a negative inhibition role in the 
process of SCP affecting environmental pollution, while the market competition plays a positive catalytic role in the process 
of SCP reducing environmental pollution.

Keywords Smart city policy · Environmental pollution · Spatial difference-in-differences model · Quasi-natural 
experiment · Spatial heterogeneity

Introduction

Environmental pollution has become a global challenge, 
especially for developing countries like China, which are 
undergoing economic transition (Lin and Zhou 2022). Over 
the previous 43 years, China has witnessed rapid urbaniza-
tion with the rate increasing from 17.92% in 1978 to 64.72% 
in 2021. However, there are a number of “urban diseases” 
appearing with urbanization (Zhang et al. 2017), such as traf-
fic congestion, insufficient housing, and water supply, envi-
ronmental pollution and skyrocketing house prices, among 
which, the environmental pollution is the gravest problem. 
In addition, as measured by the Global Environmental Per-
formance Index Report 2021, China ranked 160th out of 180 
countries and regions that participated in the assessment of 

the ranking, which shows the seriousness of environmental 
pollution in China. Environmental pollution not only hinders 
China’s economic development but also seriously damages 
the health and welfare of the citizens (Liao et al. 2021). 
Obviously, the environmental pollution caused by tradi-
tional extensive urban governance and development model 
can no longer be ignored. Against this background, the Chi-
nese government is actively exploring more efficient and 
sustainable urban development models, of which the SCP 
is one such new urban development model. In this context, 
we attempt to answer the following questions: what is the 
effect of SCP on environmental pollution? Would it be able 
to be widely practiced as a new model of urban governance 
in China? Answering these questions is instructive for sus-
tainable urban development in China.

SCP was conducted by the Chinese government in 2012 
with the policy of applicability, economy, greenness, and 
esthetics, aiming to transform the crude management model 
and accelerate the construction of green cities. Currently, 
the effects of SCP have been empirically studied in a wide 
range of literature, including improving urban quality (Cara-
gliu and Del Bo 2018; Meijer and Thaens 2018; Yigitcanlar 
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and Kamruzzaman 2018), promoting the upgrading of 
urban industrial structure (Cui et al. 2008; Zhao and Zhang 
2020), and improving urban environmental pollution (Song 
et al. 2022). Regarding the effects of SCP on environmen-
tal pollution, part of the literature suggests that SCP can 
improve the efficiency of urban resources and it is benefi-
cial to urban environment (Gao and Yuan 2022; Wang et al. 
2022a), whereas some literature finds that the environmental 
effects of SCP are skeptical (Shelton et al. 2015; Huovila 
et al. 2019). Apparently, there is no consistent conclusion 
on the pollution reduction effect of SCP in the existing lit-
erature. Therefore, it is worth exploring how the effects of 
SCP on environmental pollution in China. Moreover, there 
are several shortages in current studies on the environmental 
impacts of SCP in China: first, most of the existing studies 
adopted the DID method to simply identify the policy effects 
of SCP, which ignored the spatial spillover effects. Second, 
studies on the environmental impacts of SCP have focused 
on the analysis of air pollution, and heterogeneity analysis is 
relatively homogeneous. Therefore, it is necessary to adopt 
more appropriate environmental pollution indicators to con-
duct more comprehensive heterogeneity analysis. In addi-
tion, the existing literature neglects the endogeneity problem 
brought by the self-selection in the evaluation of SCP, which 
can lead to biased estimation results. Last but not least, the 
construction of smart cities needs to define the relationship 
between the government and the market, however, the exist-
ing literature lack to explore the role of government and the 
market in SCP effects, so the moderating effects need to be 
explored in this study.

In this paper, industrial  SO2 and industrial wastewater 
are regarded as the proxies for environmental pollution to 
measure the effect of SCP on environmental pollution. Air 
pollution and water pollution are the most serious environ-
mental pollutants in China, among which  SO2 is the main 
pollutant in air pollution and industrial wastewater is the 
most serious in wastewater pollution according to the Min-
istry of Ecology and Environment of China; therefore,  SO2 
and wastewater are more representative than other pollut-
ants. Moreover, China is a vast country and there are great 
differences in geographic location, resource endowment, city 
size, and administrative system in each region; thus, the het-
erogeneity of policy effects in different cities needs to be 
explored. In addition, the spatial spillover effect of SCP on 
surrounding cities is of great reference value, especially in 
policy evaluation, but it is mostly neglected in the existing 
literature. Furthermore, SCP is a platform that requires the 
participation of government and market; hence, investigat-
ing the mechanism and interaction between government and 
market can provide theoretical reference for the development 
of high-level smart cities.

Considering the above analysis, we explore the effect 
of SCP on environmental pollution by treating the SCP in 

China as a quasi-natural experiment. Specifically, this study 
first used a multi-period DID model based on panel data 
of 285 Chinese cities from 2003 to 2020 to measure the 
net effect of SCP on industrial  SO2 and wastewater emis-
sions. Besides, the robustness of the empirical findings is 
tested by parallel trend test, PSM-DID model, placebo test, 
one-period lags of all independent variables test, policy 
interference test, and IV method. Secondly, a multidimen-
sional heterogeneity analysis of cities with different regions, 
sizes, and resource endowments is conducted to explore the 
heterogeneous effects of SCP on environmental pollution, 
so as to draw more targeted conclusions and recommenda-
tions. Thirdly, the SDID model was employed to investigate 
the spatial spillover effects of SCP on the environmental 
pollution of neighboring non-pilot cities and pilot cities. 
Finally, inspired by Zhang and Huang (2022), this study also 
investigated the moderating role of government and market 
about SCP’s impact on environmental pollution through a 
moderating effect model, so as to provide valuable sugges-
tions on how the market and the government cooperate more 
effectively in the process of SCP implementation. To better 
understand the structure of this study, the detailed frame-
work is illustrated in Fig. 1.

Given the limitations of existing studies, several potential 
contributions are presented as follows. Regarding the meth-
odology, DID method, PSM-DID model, SDID method, and 
moderating effect model are adopted to explore the impacts 
of SCP on environmental pollution in a comprehensive man-
ner, which is different from the single research method in 
the existing literature. Besides, the interaction term between 
the number of stagecoaches in the Ming Dynasty and the 
number of cabs is exploratively selected as an instrumental 
variable of the pilot smart city to mitigate the interference 
of endogeneity problems. Concerning the content, this study 
comprehensively explores the heterogeneity of SCP effects 
in terms of administrative level, regional location, resource 
endowment, and city scale based on the national city level. 
In addition, the existing literature lacks an analysis of the 
spatial and moderating effects of SCP, so we further dis-
cussed these two crucial effects that can provide more solid 
empirical support for joint regional environmental govern-
ance. For the practical sense, exploring the impacts of SCP 
on environmental pollution in China can provide valuable 
insights into the sustainable economic development of devel-
oping economies.

The rest of the paper is organized as follows. “Literature 
review” reviews the relevant literature. “Empirical strategy” 
outlines the empirical model and data. The main empiri-
cal outcomes and a series of robustness tests are reported 
in “Empirical analysis.” “Further analysis” explores spatial 
heterogeneity and analyzes spatial spillover effects. Finally, 
the conclusions and policy implications are summarized in 
“Conclusions, policy implications, and research prospects.”
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Fig. 1  Flowchart of the research progress
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Literature review

Environmental pollution in China

The extensive urbanization in China has caused serious 
ecological pollution (Lin and Liu 2015, Liu et al. 2021; 
Lu et al. 2021; Wang et al. 2021). Currently, China has 
become one of the most polluted countries in the world (Jo 
et al. 2022). Industrial pollution from urban accounts for 
70% of the total pollution in China (Kendy et al. 2004). Liu 
et al. (2022a) stated that air pollution is the greatest con-
cern among environmental pollution in China, which was 
followed by water pollution and soil pollution. Besides, 
Liu et al. (2022b) proposed that serious air pollution has 
been brought about by massive energy consumption and 
 CO2 emissions, meanwhile China’s  SO2 emissions already 
far exceed most countries, especially industrial  SO2 emis-
sions (Chen and Lee 2020; Hao et al. 2020; Chen et al. 
2021b). Wang et al. (2022b) pointed out that industrial 
 SO2 and wastewater emissions in Chinese cities accounted 
for 27.1% and 83.7%, respectively. Given the seriousness 
of industrial  SO2 and wastewater pollution, a large body 
of literature has selected industrial  SO2 and wastewater 
as proxies for environmental pollution (Jiang et al. 2014, 
2021b; Chen et al. 2021a). Moreover, several literature 
also pointed out that environmental pollution caused by 
urbanization has seriously damaged the health of the resi-
dents (Huang et al. 2018; Guo et al. 2022a), the welfare of 
the residents and the social stability were also influenced 
(Chen and You 2021; Wu et al. 2021), which hinders Chi-
na’s economic development.

Undoubtedly, environmental pollution has emerged as 
an important barrier to sustainable and high-quality eco-
nomic growth in China; therefore, the Chinese government 
has formulated many policies to address environmental 
pollution, but how effective are these policies? Lin and 
Xu (2022) empirically investigated that environmental 
decentralization in China can significantly exacerbate the 
corporations’ pollution emissions based on the panel data 
from 2000 to 2012. Fan et al. (2021) pointed out that the 
environmental tax policy facilitates enterprises to invest 
more in pollution prevention, and its combination with the 
pollution control subsidy policy can further achieve a vir-
tuous cycle of corporate governance, so as to accomplish 
the effect of pollution reduction and economic growth. 
Besides, Yuan et al. (2022) noted that a centralized envi-
ronmental monitoring mechanism can significantly reduce 
the AQI based on a practical research design. Gao and 
Yuan (2022) confirmed that the national innovative city 
policy has the pollution emissions reduction effect and it is 
mainly accomplished by enhancing both the concentration 
of industrial elements and urban innovation levels.

The smart city policy

The first smart city originated from the “Smart Island” 
project in Singapore in 1992 (Yuen 2018), and in 2010, 
the idea of “smart city” was formally proposed subse-
quently. At the beginning of the twenty-first century, the 
boom of the building smart city has become a common 
phenomenon throughout the world. Smart city is com-
mitted to promoting the integration of urbanization and 
information technology by using the web of things and 
cloud computation, which can enhance the efficiency and 
quality of urban management (Duygan et al. 2022). The 
smart city is an urban development strategy that incor-
porates user, open and collaborative innovation which 
is more sustainable (Wang and Deng 2022). Therefore, 
sustainable development is a critical connotation of the 
smart city (Caragliu et al. 2011). In 2012, the construc-
tion of 90 smart cities was launched after the “Notice 
on National Smart City Pilot Work” was published by 
China’s Ministry of Housing and Urban–Rural Devel-
opment, then the scale gradually expanded to 386 cit-
ies nationwide in 2013 and 2014, 100% of the cities at 
provincial-level, 74% of the cities at prefecture-level, 
and 32% of cities at county-level were covered (Yu and 
Zhang 2019). Figure 2 illustrates the pilot smart cities in 
China. The Deloitte statistics show that the market size 
of the smart city in China has maintained more than 30% 
growth in recent years and is expected to reach 25 trillion 
yuan by 2022.

The smart city is a comprehensive upgrade of urban 
systems, which involves the intelligence of various 
aspects, such as urban management, education, health-
care, real estate, transportation, utilities and public safety. 
China has also adopted a series of macro urban policies 
in the process of improving the environment, including 
low-carbon city pilot policies and innovation city pilot 
policies. However, scholars have pointed out that the 
spillover effects of SCP are more efficient than those 
of other policies (Guo et al. 2019), and smart cities can 
not only improve urban technology but also provide an 
impetus for the green development of cities (Zhang and 
Fan 2023). Smart cities have a huge positive impact on 
industrial development, resource allocation, and tech-
nological innovation (Zhang and Fan 2023), which is a 
feature that other policies do not have. The connotation 
of SCP in China already includes the concepts of intensi-
fication, low carbon, ecology, wisdom, and innovation. In 
consequence, the effect of smart cities on environmental 
pollution is more effective compared to other policies. 
Therefore, it has more practical significance to study the 
impact of SCP on environmental pollution, especially for 
economies in transition.
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Effect of SCP on environmental pollution

With the development of smart cities around the world, 
a series of issues about smart city have attracted increas-
ing academic attention. Currently, there are three sorts 
of research on smart city approximately: the first cat-
egory focuses on discussing the definition of smart city 
(Liu et al. 2019; Kirimtat et al. 2021), the second part 
concentrates on how to construct evaluation systems for 
smart city (Papastamatiou et al. 2017; Li et al. 2019), 
and the third type concentrates on analyzing the impacts 
of smart city on the environment and efficiency.

To search for solutions to environmental pollution, SCP 
has been introduced as a new pattern of urban development 
(Shen et al. 2018). Li et al. (2020) demonstrated that SCP 
can significantly reduce air pollution and this reduction 
effect also has impacts on air quality around pilot cities. 
Feng and Hu (2022) concluded that the haze pollution in 
pilot cities was reduced by SCP and the spatial heterogene-
ity is distinct among cities at different administrative levels. 
Caragliu and Del Bo (2018) pointed out that technological 

innovations generated by smart cities can promote the appli-
cation of clean energy and clean technologies in produc-
tion activities, which can further change the structure of 
energy use, and reduce energy consumption and pollution 
emissions. Moreover, Yao et al. (2020) proposed that smart 
monitoring systems in smart cities can enhance the real-time 
monitoring of polluting enterprises and thus enable more 
effective treatment of pollution sources. Guo et al. (2022b) 
showed that the per capita  CO2 emissions were significantly 
reduced by about 18.42 log percentage points with the smart 
city construction. By contrast, some scholars may hold 
opposite opinions on the effects of SCP. For instance, Shen 
et al. (2018) indicated that SCP has little impact on the envi-
ronment. Liu and Peng (2014) argued that people, govern-
ment, infrastructure, and economy were mainly emphasized 
when developing smart cities, while the smart environment 
is rarely mentioned. Besides, Haarstad and Wathne (2019) 
concluded that the sustainable development impact of SCP 
on cities is highly contingent and largely depends on the 
implementation of the smart city by local policymakers. 
Thus, it can be seen that there is currently a controversy in 

Fig. 2  Geographical distribution 
of pilot cities
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the literature regarding exploration of the SCP effect on the 
environment.

Additionally, many pieces of literature have conducted 
heterogeneity analysis when investigating the impact of SCP 
on environmental pollution (Yu and Zhang 2019), nonethe-
less, their heterogeneity analysis is only limited to city size 
or resource endowment that cannot provide more valuable 
references. There is much previous literature adopted the 
DID model to evaluate the environmental pollution reduc-
tion effect of SCP (Chu et al. 2021; Jiang et al. 2021a), but 
most of them do not consider the spatial spillover effect of 
SCP that may lead to biased estimations (Chen et al. 2021b). 
Meanwhile, the significance of the spatial spillover effect 
for effective decision-making is also emphasized (Wang 
et al. 2022a). Moreover, numerous scholars have explored 
the moderating effects of government and market in high-
quality economic development (Li 2003); nevertheless, there 
is still a lack of literature on the analysis of their moderating 
effects in the process of SCP affecting environmental quality.

Empirical strategy

Empirical framework

The concept of the smart city was first proposed by IBM 
(International Business Machine Corporation) in 2010, and 
then China began piloting SCP between 2012 and 2014 among 
160 cities gradually. To measure the impact of SCP on pollu-
tion reduction, the policy is regarded as a set of quasi-natural 
experiments and the DID model was used to estimate. In this 
paper, the control group is the non-pilot cities and the pilot 
cities are designated as the test group. The multi-period DID 
model was used since the pilot was conducted in different three 
years. The multi-period DID model is formulated as Eq. (1).

Besides, since the DID model cannot solve the problem of 
sample-selection bias, we structured a PSM-DID model for 
robustness testing which can eliminate the sample-selection 
bias problem. The specific model is constructed as Eq. (2).

where city and year are indicated by the subscripts i and t. 
pollution is the level of pollution in each city. DID stands 
for dummy variable for the status of the policy piloting. X is 
a series of control variables. �i denotes the year-fixed effect. 
�t denotes the time-fixed effect. �1 is the policy factor, dem-
onstrating the net effect of the pollution reduction effect of 
SCP. � refer to the coefficients of control variables. � is the 
random disturbance term. �0 is the constant term.

(1)pollutionit = �0 + �1DIDit + �Xit + �i + �t + �it

(2)pollutionPSM
it

= �0 + �1DIDit + �Xit + �i + �t + �it

This paper considers the correlation of regions while 
measuring the environmental impact of SCP. Chagas 
et al. (2016) pointed out that the spatial spillover effects 
of pilot cities affect both pilot and non-pilot cities, while 
the effects on non-pilot regions adjacent to pilot regions 
are often neglected in previous spatial studies. There-
fore, we consider the influence of pilot cities on adjacent 
non-pilot cities when conducting the spatial spillover 
effect analysis. To further investigate the SCP’s spatial 
spillover effects, the SDID model was also employed 
in this study, which is a spatially extended form of the 
DID model based on Eq. (1), and the model is shown as 
follows:

 
where W is the spatial weight matrix, including the first-
order adjacency weight matrix and the spatial squared 
inverse distance weight matrix. WT,TDit indicates the spatial 
spillover effects in pilot cities. WNT,TDit indicates the spatial 
spillover effect of pilot cities on non-pilot cities which neigh-
boring polit cities. W × Xit is the spillover effects of control 
variables, �1 , �2 , �3 are the spatial coefficient of WT,TDit , 
WNT,TDit , and W × Xit , respectively.

Considering the moderating roles of government and 
market in the way of SCP affecting environmental pol-
lution, government intervention and market competition 
are introduced as moderating variables based on Eq. (1), 
respectively. Moreover, the interaction terms of govern-
ment intervention and DID and the interaction terms of 
market competition and DID are also incorporated. Spe-
cifically, the Official Fan Gang market index measures 
market competitiveness, whereas the ratio of local fiscal 
expenditure to local GDP measures government inter-
vention. The moderation effect models are constructed 
as follows:

 
where Governit represents the level of government inter-
vention. Governit * DID represents the interaction term for 
government intervention and DID. Marketit stands for the 
degree of market competition. Marketit * DID is the inter-
action term of market competition and DID. �2 �3 �4 �5 are 
the coefficients of Governit, Governit * DID, Marketit, and 
Marketit * DID, correspondingly.

(3)

pollutionit = �0 + �1DIDit + �Xit + �1 ×WT ,TDit + �2 ×WNT ,TDit

+�3 ×W × Xit + �i + �t + �it

(4)
pollutionit =�0 + �

1
DIDit + �

2
Governit

+ �
3
Governit ∗ DID + �Xit + �i + �t + �it

(5)
pollutionit =�0 + �

1
DIDit + �

4
Marketit

+ �
5
Marketit ∗ DID + �Xit + �i + �t + �it
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Data and variables

The sample data is a panel dataset from 2003 to 2020 that 
includes 285 cities in China at the prefecture level and 
above which is based on the China City Statistical Year-
book (2003–2020). And through the interpolation method, 
the missing city data were completed. Moreover, accord-
ing to the China Urban Statistical Yearbook (2003–2020), 
we collect the data of the core explanatory variables and 
control variables. In addition, the pilot list of smart cit-
ies was collected from the Notice on the Annual Declara-
tion of National Smart Cities published by the Ministry of 
Housing and Urban–Rural Development of China for each 
year from 2012–2014.

Dependent variable

The level of environmental pollution is the dependent vari-
able. Drawing on existing literature, environmental pollution 
is weighed by “three industrial wastes,” i.e., industrial  SO2 
(SO2) emission, industrial wastewater (wastewater) emission, 
and industrial solid waste emission indexes. Since the indus-
trial solid waste emissions are not counted in the dataset used 
in this paper,  SO2 and wastewater emissions are adopted to 
measure the level of environmental pollution in each city.

Key independent variable

The key explanatory variable is the DID in the study, a proxy 
variable of the status of the pilot smart city. The first batch 
of 90 national smart cities was piloted in 2012 in China and 
based on the 2012 pilots, the second and third batches of 
smart city pilots were launched in 2013 and 2014, respec-
tively. In this paper, the year in which the pilot cities were 
piloted and all subsequent years are set to 1, and 0 otherwise.

Control variables

Based on the reference to existing literature, variables that 
may be relevant to the level of city pollution are controlled 
to avoid omitting variables. The main control variables are 
summarized as follows: (1) GDP per capita (PGDP) is eval-
uated by the logarithm of GDP per capita; (2) population 
density (DENSITY) is weighed by the logarithm of the ratio 
of the total population to the administrative area of the city; 
(3) financial decentralization (FD) is the proportion of finan-
cial expenditure to financial revenue; (4) industry upgrade 
(IU) is the proportion of secondary industrial output to GDP 
and tertiary industrial output to GDP; (5) urban ratio (UR) 
is weighed by the ratio of the urban population in a general 
population of the city; (6) foreign direct investment (FDI) is 
the proportion of foreign direct investment to GDP. Table 1 
shows the descriptive statistics for each variable.

Empirical analysis

The validity of parallel trend assumption

The parallel trend test needs to be satisfied when using 
the DID model, i.e., that urban pollution levels in pilot 
and non-pilot cities do not differ systematically over time. 
Referring to Bertrand et al. (2004), we employ a time-
analytic research framework to examine the dynamic pol-
lution reduction effects of SCP by constructing a series of 
temporal dummy variables. The coefficients of DID are 
statistically insignificant if the temporal trends of the pilot 
and non-pilot cities are similar before 2012. This paper 
constructed the following model:

where D is a dummy variable for several years before and 
after the implementation of SCP. D0 represents a dummy 
variable for the year when the smart city started to be 
launched, and due to SCP was piloted in three batches, D0 
indicates different initial years for different cities. D−t is a 
dummy variable for t years before the SCP’s implementa-
tion; Dt is a dummy variable for t years after the implemen-
tation of SCP; other variables are set the same as Eq. (1). 
Referring to Kunrong and Gang (2020), more than four years 
before the implementation are omitted and take four years 
before the policy implementation as the benchmark in this 
paper.

Figure 3 reports the estimated parameters of SO2 and 
wastewater and their corresponding 95% confidence inter-
vals, respectively. Besides, the horizontal axis indicates the 
years before and after the implementation of SCP and the 
vertical axis indicates the parameter �t . The subgraph (a) 
of Fig. 3 shows that the coefficients of DID are not sig-
nificantly different from zero in the years before the smart 
city pilot, which indicates that there are at least five years 
that the time trends are similar between pilot and non-pilot 

(6)pollutionit = �0 +

8
∑

t=−5

�tDt + �Xit + �i + �t + �it

Table 1  Descriptive statistics of key variables

Variables Observations Mean S.D Min Max

SO2 5130 4.899 5.831 0.004 113.069
Wastewater 5130 0.692 0.969 0.000 15.118
DID 5130 0.255 0.436 0.000 1.000
lnPGDP 5130 10.251 0.837 7.545 13.056
lnDENSITY 5130 5.726 0.917 1.548 7.923
FD 5130 2.814 1.869 0.649 18.399
IU 5130 0.933 0.512 0.094 5.348
UR 5130 0.495 0.174 0.078 1.000
FDI 5130 0.022 0.025 0.000 0.376
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cities, proving that the study passes the parallel trend test. 
The estimated coefficients of DID are significantly negative 
three years after the implementation of smart city, indicating 
that there may be a lagged effect of SCP implementation, 
but the unchanging thing is that it reduces environmental 
pollution. Moreover, the results of subgraph (b) also reveal 
the same trend, which is also consistent with the parallel 
trend test. Hence, the parallel trend assumption is satisfied.

Baseline results

Based on Eq. (1), the effect of SCP on reducing environ-
mental pollution is estimated by DID model. Table 2 shows 
the baseline regression results. Columns 1 and 2 show the 
effects of SCP on  SO2 emissions and wastewater emis-
sions, respectively. The coefficient of DID is significantly 
negative which indicates that SCP can reduce environmental 

Fig. 3  Parallel trend test

(a) SO2 (b) Wastewater

Table 2  The baseline results 
based on the DID model

Robust standard errors in parentheses, ***, **, and * indicate significance at the 1%, 5%, and 10% levels, 
respectively

Variables All cities Excluding municipalities Prefecture-level cities

SO2 Wastewater SO2 Wastewater SO2 Wastewater

(1) (2) (3) (4) (5) (6)

DID  − 0.982***  − 0.099*  − 1.028***  − 0.100*  − 0.839**  − 0.047
(0.330) (0.052) (0.330) (0.053) (0.358) (0.043)

lnPGDP 3.364*** 0.151** 3.475*** 0.146* 3.523*** 0.160**
(0.533) (0.077) (0.530) (0.077) (0.543) (0.073)

lnDENSITY  − 1.616  − 0.228  − 1.464  − 0.232  − 1.849  − 0.372*
(1.421) (0.290) (1.420) (0.291) (1.864) (0.221)

FD 0.040  − 0.008 0.044  − 0.009 0.010  − 0.014*
(0.059) (0.008) (0.058) (0.008) (0.058) (0.008)

IU  − 0.117  − 0.054  − 0.083  − 0.055 0.398 0.010
(0.409) (0.061) (0.411) (0.062) (0.419) (0.038)

UR 0.527 0.183 0.314 0.199 0.380 0.110
(1.261) (0.164) (1.254) (0.165) (1.256) (0.142)

FDI 0.861  − 1.447**  − 0.930  − 1.336**  − 2.264  − 0.967*
(3.769) (0.616) (3.521) (0.601) (3.814) (0.544)

Constant  − 20.371** 0.483  − 22.482** 0.520  − 21.223* 1.090
(9.286) (1.571) (9.221) (1.573) (10.849) (1.202)

Observations 5,130 5,130 5,058 5,058 4,500 4,500
R-squared 0.755 0.756 0.674 0.719 0.667 0.693
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pollution and this result remains significantly negative with-
out controlling for control variables. The possible reason is 
that the smart city can optimize the energy structure through 
scientific city governance and improve the operational effi-
ciency of various resources; thus, it is conducive to reducing 
pollution emissions.

For control variables, it is clear that the coefficient of 
lnPGDP is significantly positive, it demonstrates that eco-
nomic development leads to further environmental pollu-
tion. Economic development on the one hand will improve 
the technology of optimizing the environment, but on the 
other hand, will increase energy consumption and con-
sequently lead to environmental pollution. Besides, the 
coefficient of lnDENSITY is negative and non-significant, 
which reveals that an increase in population does not nec-
essarily bring environmental pollution, the process of 
population increase is also the process of service indus-
try development and continuous technological innovation, 
which are conducive to the reduction of urban pollution. 
Moreover, the coefficient of FD about SO2 is positive, but 
the coefficient about wastewater is negative, demonstrating 
that the effect of FD on environment pollution is unstable. 
The negative but non-significant coefficient of IU reflects 
that industrial upgrading can reduce pollution emissions 
but the effect is not significant. Furthermore, the positive 
but non-significant coefficient of UR indicates that urbani-
zation increases environmental pollution in cities. It can 
be explained by the fact that urbanization leads to more 
exploitation of urban resources and energy, a dramatic 
increase of transportation, and large agglomeration of 
industries thus leading to increased emissions of waste-
water and  SO2.

Referring to the existing literature, the sensitivity analysis 
was also conducted in the baseline regression. Consider-
ing that the administrative level of municipalities is more 
complex than prefecture-level cities, four municipalities in 
China (namely Beijing, Shanghai, Tianjin, and Chongqing) 
have been removed in columns 3 and 4 of Table 2. It can be 
found that the estimated results of the main explanatory vari-
ables are significantly negative as in the baseline regression 
in columns 3 and 4. Moreover, columns 5 and 6 removed the 
provincial cities and municipalities as these cities have more 
economic and political resources than prefecture-level cities. 
The reported results show that the administrative level of the 
city does not affect the conclusion that SCP significantly 
reduces urban pollution levels.

Results from the IV method

To accurately evaluate the effect of SCP, Eq. (1) should 
not only satisfy the parallel trend test, but the core 
explanatory variables also need to satisfy the homogene-
ity requirement (Zhang et al. 2022a). In detail, the core 

explanatory variables are endogenous if the pilot smart 
cities are not randomly selected, which may lead to the 
biased estimations. To address the problem of endogene-
ity, the IV method is adopted in this subsection. Specifi-
cally, this paper constructs the IV by using the interaction 
term of the number of stagecoaches in the Ming Dynasty 
and the number of city cabs (Duranton and Turner 2012). 
The IV variable needs to satisfy the validity principles 
of correlation and homogeneity conditions. On the one 
hand, the number of stagecoaches in the Ming Dynasty can 
be viewed as the functional infrastructure that may exert 
the potential influence on the high-quality development 
of smart cities, namely it satisfies the correlation require-
ment. On the other hand, it is independent of the urban 
pollutant emissions and cannot pose underlying shocks on 
the influencing path of SCP on pollution reduction to some 
extent, which satisfies the exogenous requirement. Fur-
thermore, because the number of stagecoaches in the Ming 
dynasty is a fixed value that cannot be directly adopted in 
the panel regression model, this paper constructs suitable 
and reasonable interaction term here. The results of the IV 
method are presented in Table 3.

As shown in column 1, the coefficient of IV is positive 
and significant at the 1% level, which indicates that if the 
number of stagecoaches in the Ming Dynasty and the num-
ber of city cabs in a city is higher, then the probability of that 
city becoming a pilot smart city is higher, which validate the 
relevance requirement of IV. Also, the first-stage F value is 
43.616, which is greater than 10 indicating that there is no 
weak instrumental variable problem. In columns 2 and 3, it 
is obvious that the baseline regression results can be con-
cluded again, namely the coefficients of SO2 and wastewater 
are significantly negative at the 5% level. It demonstrates 
that SCP can still have the effect of pollution reduction after 
accounting for the endogeneity of the core explanatory vari-
ables, which in turn further validates the robustness of the 
above conclusions.

Table 3  Estimation results for the IV method

Robust standard errors in parentheses, ** and *** indicate signifi-
cance at the 1%, 5%, and 10% levels, respectively

Variables DID SO2 Wastewater
(1) (2) (3)

DID  − 42.914**  − 4.357**
(− 2.26) (− 2.47)

IV 0.003***
(2.67)

First-stage F statistic value 43.616
Control variables YES YES YES
Observations 5130 5130 5130

52849Environmental Science and Pollution Research (2023) 30:52841–52857



1 3

Robustness checks

PSM‑DID estimation

We employ the robustness test of PSM-DID method in this study. 
Before applying PSM-DID model, it is necessary to check whether 
the variables satisfy the common support hypothesis test, i.e., 
whether the variables become balanced after matching. If there 
is no significant difference in the matched variables, it justifies 
the use of PSM-DID model in this paper. The specific steps are 
employed in turn: first, the logit regression on the control variables 
was applied to obtain the propensity scores; second, the matching 
cities of smart cities are matched by the propensity scores; third, 
the DID model is applied to estimate the paired cities.

Table 4 presents the results of the PSM-DID model. It 
shows that the coefficient before DID remains negative 
regardless of whether considering the control variables, 
indicating that SCP significantly reduces pollution, which 
confirms the robustness of the above results.

Placebo test

To exclude the possibility that the environmental pol-
lution reduction effect of SCP may be confounded by 
omitted variables, referring to (Zhang et al. 2021), the 
baseline regression was conducted 1000 times in 285 
cities, and we randomly select 160 cities as the treatment 
group for the placebo test. And Fig. 4 shows the kernel 
density distribution, with the x-axis showing the t-values 
of the policy coefficients and the y-axis representing 
the corresponding p-values. Figure 4 reports the dis-
tribution of regression coefficients for the explanatory 
variables SO2 and wastewater, respectively. As can be 
seen from the figure, the absolute values of the t-values 
of the coefficients for most of the random samples are 
less than 2, and the corresponding p-values are higher 
than 0.1, which indicates that the policy effects of SCP 
on environmental pollution reduction are not disturbed 
by the omitted variables.

Table 4  Parameter estimation results of the PSM-DID model

Robust t-statistics in parentheses, *** indicate significance at the 1%, 
5%, and 10% levels, respectively

Variables PSM-DID

SO2 Wastewater

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

DID  − 1.101***  − 1.116***  − 0.096***  − 0.098***
(− 5.824) (− 6.034) (− 2.967) (− 3.043)

Control vari-
ables

NO YES NO YES

Observations 4,369 4,369 4,369 4,369
R-squared 0.675 0.680 0.731 0.732

Fig. 4  Placebo test

(a) SO2 (b) Wastewater

Table 5  Results of the robustness test

Robust standard errors in parentheses, * and *** indicate significance 
at the 1%, 5%, and 10% levels, respectively

Variables SO2 Wastewater

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

Lag.DID  − 1.070***  − 0.966***  − 0.084*  − 0.081
(0.342) (0.342) (0.051) (0.050)

Control variables NO YES NO YES
Observations 4845 4845 4845 4845
R-squared 0.747 0.753 0.749 0.750
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All independent variables lagging one period

Given that the SCP may not have a direct impact and to 
avoid bias of the joint equation, the core explanatory vari-
ables and all control variables with a one-period lag were 
re-regressed in the study. The results in Table 5 illustrate that 
the core conclusions of this paper remain valid.

Policy interference test

It is inevitable that there will be interference from other poli-
cies which may lead to overestimation or underestimation 
during the estimation of the impact of SCP on environmen-
tal pollution. Therefore, the policies related to SCP which 
were implemented in the years following the implementation 
of smart city are collected. Indeed, those relevant policies 
may have the potential to reduce environmental pollution 
emissions.

In 2013, the China Science and Technology Commission 
published the Notice on Supporting a New Group of Cities 
to Carry Out Innovative City Construction, which proposed 
to conduct pilot innovative city construction work in 57 cit-
ies in China. The policy called for creating an environment 
for innovation, which includes the need to improve the eco-
logical environment through technology. Moreover, in 2015 
and 2017, the second and third batches of the National Low-
carbon City pilot work were announced by China’s National 
Development and Reform Commission, respectively, the 
policy pointed out that scientific city planning is the first 
step to build a low-carbon city and proposed to protect the 
environment. Besides, in 2016, China’s Ministry of Indus-
trialization and Information promoted the construction of 
National Big Data Comprehensive plot zones among more 
than 50 cities, and the policy’s main goal is to improve the 
operational efficiency of various resources through the use 

and sharing of big data, which can also reduce environmen-
tal pollution to a certain extent. Presumably, these policies 
have also had an impact on the reduction of environmental 
pollution, so the above baseline regressions may overesti-
mate the impact of smart city policies.

These policy dummy variables are added to the baseline 
model to make the estimation results more accurate. If the 
environmental pollution reduction effect of SCP is no longer 
significant after adding these policy dummy variables, which 
demonstrates that the above obtained conclusions are not 
robust; if it is still significant but the policy coefficients 
become smaller, which indicates that the above estimation 
results are robust and only overestimate this specific effect 
of SCP. Table 6 and Table 7 present the policy interference 
effects for SO2 and wastewater, correspondingly. As shown 
in Table 6, it can be viewed that the coefficients of DID 
remain significantly negative regardless of whether these 
policies interfere individually or simultaneously, which 
indicates that SCP still significantly reduces environmental 
pollution. Most of the coefficients of DID in Table 7 are also 
significant, so the robustness of the empirical conclusions of 
this paper is verified.

Further analysis

Heterogeneous effects test

Regional heterogeneity analysis

The analysis mentioned above suggests that SCP can sig-
nificantly reduce  SO2 and wastewater emissions, neverthe-
less, this analysis based on the total sample may ignore the 
effects of regional differences. Given that China is a vast 
country, namely different regions may differ in economic 

Table 6  Results of the policy interference test for SO2

Robust standard errors in parentheses, ** and *** indicate significance at the 1%, 5%, and 10% levels, respectively

Variables SO2

(1) (2) (3) (4) (5) (6) (7)

DID  − 0.894***  − 0.956***  − 0.914***  − 0.874***  − 0.825***  − 0.881***  − 0.799**
(0.317) (0.332) (0.330) (0.319) (0.316) (0.332) (0.318)

IP1  − 0.772  − 0.745  − 0.782  − 0.749
(0.513) (0.515) (0.514) (0.516)

IP2  − 0.351  − 0.310  − 0.424  − 0.383
(0.312) (0.313) (0.310) (0.311)

IP3  − 2.874***  − 2.879***  − 2.905***  − 2.907***
(0.660) (0.667) (0.657) (0.664)

Control Variables YES YES YES YES YES YES YES
Observations 5,130 5,130 5,130 5,130 5,130 5,130 5,130
R-squared 0.756 0.755 0.759 0.756 0.759 0.759 0.759
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scale, technology level, policy enforcement, and institutional 
arrangement, which may lead to heterogeneity in the impacts 
of smart city policies on environmental pollution in differ-
ent regions. Therefore, we classified the sample into three 
subsamples: eastern, central, and western regions based on 
the criteria for dividing geographic regions published by the 
National Bureau of Statistics of China.

Table 8 reports the heterogeneous effects of the SCP in 
each region. Based on columns 1, 3, and 5, it can be found 
that the coefficients of DID for all three regions are nega-
tive, indicating that SCP reduces  SO2 emissions in all three 
regions. Whereas the coefficient of DID for the eastern 
sample is not significant, the possible explanation is that 
the eastern region has a well-developed economy, a large 
industrial scale, and a concentration of industries, which 
may cause emitting more  SO2, namely this may lead to 
insignificant pollution reduction effects of SCP. Moreover, 
it also can be observed that the pollution reduction effects of 
SCP on SO2 in the three regions are in the sequence of west-
ern, central, and eastern. Referring to (Deng et al. 2021), 
it can be explained by the fact that the western region has 
a weak “lock-in effect” on pollution emissions because of 

the relatively backward economic level, and thus respond-
ing more quickly to SCP. By contrast, the eastern region has 
a large amount of pollution emissions caused by industrial 
agglomeration and crowded transportation, so the “lock-in 
effect” of pollution emissions is greater and the effect of 
SCP is smaller. In terms of wastewater emission, the coef-
ficient of DID is still negative for the three regions, but it is 
insignificant for the central and western cities.

City‑scale heterogeneity analysis

Whether the environmental pollution reduction effects of 
SCP are different under cities of different sizes is explored 
in this part. Cities of different sizes may have different eco-
nomic agglomeration and congestion effects. Generally, cit-
ies with larger size may have a greater economic agglom-
eration effect and more efficient use of resources, which can 
reduce environmental pollution. However, there may also 
have a greater congestion effect and bring more environmen-
tal pollution in the larger cities. Referring to the Notice on 
Adjusting the Criteria of City Size Classification published 
by the State Council of China, the sample cities are classified 

Table 7  Results of the policy 
interference test for Wastewater 

Robust standard errors in parentheses, * and ** indicate significance at the 1%, 5%, and 10% levels, respec-
tively

Variables Wastewater

(1) (2) (3) (4) (5) (6) (7)

DID  − 0.087*  − 0.096*  − 0.096*  − 0.085  − 0.083  − 0.093*  − 0.081
(0.053) (0.052) (0.052) (0.053) (0.052) (0.052) (0.052)

IP1  − 0.110  − 0.107  − 0.111  − 0.108
(0.097) (0.095) (0.097) (0.096)

IP2  − 0.039  − 0.033  − 0.043  − 0.037
(0.059) (0.057) (0.059) (0.057)

IP3  − 0.142**  − 0.143**  − 0.145**  − 0.145**
(0.072) (0.072) (0.072) (0.072)

Control Variables YES YES YES YES YES YES YES
Observations 5,130 5,130 5,130 5,130 5,130 5,130 5,130
R-squared 0.757 0.756 0.756 0.757 0.757 0.757 0.757

Table 8  Regional heterogeneity 
results of the DID model

Robust standard errors in parentheses, * indicate significance at the 1%, 5%, and 10% levels, respectively

Variables Eastern Central Western

SO2 Wastewater SO2 Wastewater SO2 Wastewater

(1) (2) (3) (4) (5) (6)

DID  − 0.811  − 0.223*  − 0.829*  − 0.011  − 1.308*  − 0.076
(0.513) (0.134) (0.484) (0.041) (0.785) (0.084)

Control variables YES YES YES YES YES YES
Observations 1,818 1,818 1,800 1,800 1,512 1,512
R-squared 0.834 0.720 0.655 0.725 0.741 0.794
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into three categories: if the population of the city is less than 
500,000 in urban areas, that is the small city (Xi and Mei 
2022); if the population of the city is more than 500,000 and 
less than 1 million in urban areas, that is the medium city; 
and if the population of the city is more than 1 million in 
urban areas, that is the large city (Bao et al. 2022).

The estimation results are reported in Table 9. Gener-
ally, the coefficients of DID are all negative, which reveals 
that the implementation of SCP reduces environmental 
pollution in cities of different sizes. Specifically, for  SO2 
emission reduction, the coefficient of DID is significantly 
negative in medium-sized cities, while it is not significant 
in small and large size cities, illustrating that the effect of 
reducing environmental pollution of SCP is more obvious in 
medium-sized cities. This phenomenon lies in the fact that 
medium-sized cities are relatively less polluting than large-
sized cities, but relatively more technologically advanced 
than small-sized cities, so its pollution reduction effect is 
more reactive and obvious to SCP than both small and large 
cities. As for wastewater emissions, the environmental pollu-
tion reduction effect of big cities is greater probably because 
of the advanced information technology, so smart city con-
struction can reduce wastewater pollution through the good 
use of these specific advantages for urban wastewater pol-
lution management. The above findings also illustrate that 
the correlation between city size and the pollution reduction 
effect of smart cities is not very high.

Resource endowments heterogeneity analysis

Cities with different resource endowments may also differ 
in the environmental pollution reduction effect of SCP. In 
general, resource-intensive cities may have more exploita-
tion of fossil energy and wastewater resources, which may 
accelerate more wastewater and  SO2 emissions, and lead to 
more serious environmental pollution. Hence, we classify 
the sample into resource-intensive and non-resource-inten-
sive cities, based on the National Sustainable Development 
Plan for Resource-based Cities published by the Chinese 
State Council in 2013.

Table 10 shows the results. In columns 1 and 3, the coef-
ficients of DID about  SO2 emission are significantly nega-
tive, demonstrating that SCP can achieve pollution reduction 
in both types of cities. Contrary to the expected results, it 
is viewed that the effect is more obvious in resource-inten-
sive cities than in non-resource-intensive cities. The pos-
sible reasons for this fact are that the early exploitation of 
resources in resource-intensive cities has already caused a 
large amount of environmental pollution; thus, the imple-
mentation of SCP precisely makes these cities better use 
information technology for environmental management and 
improves the efficiency of extraction and utilization of vari-
ous resources. However, the non-resource-intensive cities 
have fewer industries and less total pollution due to the lack 
of resources, which makes the policy effect relatively less 
significant. Moreover, the coefficients of DID about waste-
water emission are negative but insignificant, indicating that 
there is a trend of pollution reduction but it is not obvious.

Spatial spillover effect test

There may be a spatial correlation of environmental pollu-
tion among cities, and ignoring this spatial correlation may 
lead to inaccurate conclusions and deteriorating model per-
formance. Therefore, the SDID model is employed in this 

Table 9  City-scale 
heterogeneity results of the DID 
model

Robust standard errors in parentheses, * indicate significance at the 1%, 5%, and 10% levels, respectively

Variables Small Medium Large

SO2 Wastewater SO2 Wastewater SO2 Wastewater

(1) (2) (3) (4) (5) (6)

DID  − 0.478  − 0.033  − 1.130*  − 0.020  − 0.505  − 0.057
(0.858) (0.046) (0.623) (0.042) (0.554) (0.123)

Control variables YES YES YES YES YES YES
Observations 896 896 1801 1801 2397 2397
R-squared 0.505 0.781 0.704 0.640 0.874 0.812

Table 10  Resource endowments heterogeneity results of the DID 
model

Robust standard errors in parentheses, * indicate significance at the 
1%, 5%, and 10% levels, respectively

Variables Resource intensive Non-resource intensive

SO2 Wastewater SO2 Wastewater

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

DID  − 1.034*  − 0.028  − 0.696*  − 0.136
(0.605) (0.046) (0.370) (0.083)

Control variables YES YES YES YES
Observations 2,070 2,070 3,060 3,060
R-squared 0.803 0.695 0.745 0.757
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paper considering the spatial dependence of environmental 
pollution and the spatial spillover effect of SCP pilot based 
on Eq. (3). Table 11 presents the result. The spillover effects 
of SCP on  SO2 emissions are reported in columns 1 and 
2, and we can find that the coefficients are not significant 
which indicates that the results may be divergent. Besides, 
columns 3 and 4 report the SCP’s spillover effects on waste-
water emissions, it can be found that the coefficients of DID 
are significantly negative regardless of the consideration of 
control variables, indicating that smart cities can directly 
reduce wastewater pollution when spatial spillover effects 
are considered in the model, so as to confirm the SCP’s pol-
lution reduction effect. Moreover, the coefficients of WT,TD 
are significantly positive at the 5% confidence level, reveal-
ing that the spatial spillover effect of the SCP exacerbates 
wastewater pollution in the neighboring pilot cities and there 
is a "beggar-thy-neighbor" effect (Zhang et al. 2021). In 
addition, the positive but insignificant coefficient of WNT,TD 
reflects that among the neighboring non-pilot cities, there is 
no spillover effect of SCP on environmental pollution reduc-
tion, which may be explained by the different administra-
tive systems and economic situations of the pilot cities and 
non-pilot cities, thus leading to different directions of policy 
implementation.

Moderating effects analysis

This section explores the moderating effect of the gov-
ernment and the market in the process of SCP in reliev-
ing environmental pollution from the perspective of their 
coordination and interaction. As a socialist market economy 
with special characteristics, how do the government and the 
market each play a catalytic role in regulating the pollution 
reduction effect of SCP?

Based on Eq. (4) and Eq. (5), Table 12 reports the rel-
evant results. In columns 1 and 3, it can be found that SCP 

significantly reduces  SO2 emissions and wastewater emis-
sions, which is consistent with the previous conclusions. The 
coefficients of government intervention are all significantly 
positive, revealing that government intervention exacerbates 
pollution to some extent. Besides, the interaction term of 
government intervention and DID are both positive at the 
1% significance level, which demonstrates that government 
intervention stimulates  SO2 emissions and wastewater emis-
sions in the pilot smart cities, namely exacerbating environ-
mental pollution. The possible reason is that government 
intervention leads to distortion of market mechanisms, thus 
increasing the degree of green resource mismatch within 
smart cities and hindering the pollution reduction effect of 
SCP. In addition, columns 2 and 4 demonstrate the moderat-
ing role of the market. It can be observed that SCP signifi-
cantly reduces  SO2 emissions, nonetheless, the coefficients 
of DID for wastewater and market competition are both 
negative but insignificant. Moreover, the interaction term 
of market competition and DID are both negative at the 1% 
significance level, which illustrate that the competition of 
the market reduces  SO2 emissions and wastewater emissions, 
namely the pressure of environmental pollution in the pilot 
smart cities can be released to some extent. The possible 
explanation is that the market functions an important role in 
resource allocation (Zhang et al. 2022b), and market compe-
tition is conducive to breaking the local market segmentation 
and enabling the price mechanism to truly reflect the market 
potential and opportunities. Meanwhile, it also accelerates 
the flow and accumulation of green factors in smart cities 
and thus has a positive effect on optimizing green resource 
allocation and further reducing pollution.

Table 11  Results of the SDID model

Robust standard errors in parentheses, ** indicate significance at the 
1%, 5%, and 10% levels, respectively

Variables SO2 Wastewater

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

DID  − 0.565  − 0.284  − 0.193**  − 0.179**
(0.559) (0.536) (0.086) (0.081)

WT,TD  − 0.449  − 0.454 0.342** 0.336**
(0.896) (0.846) (0.146) (0.142)

WNT,TD 0.594 0.977 0.152 0.169
(0.689) (0.667) (0.120) (0.119)

Control Variables NO YES NO YES
Observations 5,130 5,130 5,130 5,130
R-squared 0.749 0.756 0.756 0.758

Table 12  Results for moderating effect

Robust standard errors in parentheses, *** indicate significance at the 
1%, 5%, and 10% levels, respectively

Variables SO2 Wastewater

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

DID  − 1.415***  − 0.856***  − 0.129***  − 0.028
(− 8.469) (− 2.928) (− 4.253) (− 0.645)

Govern 4.923*** 0.424***
(2.629) (2.839)

Govern * DID 9.231*** 1.158***
(2.666) (5.510)

Market  − 0.086  − 0.020
(− 1.008) (− 1.543)

Market * DID  − 0.244***  − 0.043***
(− 2.930) (− 3.450)

Control vari-
ables

YES YES YES

Observations 5130 5130 5130 5130
R-squared 0.692 0.688 0.729 0.728
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Conclusions, policy implications, 
and research prospects

Conclusions

Does SCP reduce environmental pollution in cities? The 
answer to this question has practical implications for pro-
moting SCP in China as well as the world. Therefore, based 
on a panel data of 285 prefecture-level and above cities in 
China scanning from 2003 to 2020, this study has explored the 
impacts of SCP on environmental pollution by utilizing the 
DID model and its derived models. The results indicate that 
SCP can significantly reduce environmental pollution, and 
this conclusion still holds after passing numerous robustness 
tests, such as the PSM-DID test, the placebo test, all inde-
pendent variables lagging one period test, the policy interfer-
ence test, and the IV test. Moreover, the heterogeneity analysis 
shows that the effect of reducing environmental pollution of 
SCP is heterogeneous. Especially, for  SO2 emissions, the posi-
tive effect is more significant in western cities, medium-sized 
cities, and resource-intensive cities; for wastewater emissions, 
the eastern cities and non-resource-intensive cities are where 
the positive effect is most significant. Furthermore, the results 
of the SDID model show that SCP has a “beggar-thy-neigh-
bor” effect among the pilot cities, and there is no spillover 
effect of SCP on pollution reduction in neighboring non-pilot 
cities. Finally, the analysis of moderating effect reflects that 
government intervention plays a negative inhibition role in the 
process of SCP affecting environmental pollution, while mar-
ket competition plays a positive catalytic role in the process 
of SCP reducing the environmental pollution.

Policy implications

There are several policy implications based on the above-
mentioned conclusions. First, SCP can balance the rela-
tionship between economic development and environment 
quality; thus, the government should energetically promote 
the construction of smart cities, especially in develop-
ing countries like China that face a similar environmental 
governance problem during urbanization. Therefore, SCP 
should be elevated to the national strategic status. Second, 
the key problem of smart city construction does not lie in 
the influence of region, scale, and resource endowment; 
therefore, the government ought to take priority applica-
tion and development of smart projects adapted to the city 
to improve the quality of smart city construction. Actually, 
the government should actively introduce advanced smart 
technologies and further enhance the efficiency of smart city 
construction by applying smart construction to all aspects 
of city construction, enterprise production, and the lives of 
residents. In addition, some of the economically backward 
cities in the west can take advantage of the dividends of SCP 

to improve the operation and governance efficiency of the 
city. Meanwhile, the large-scale cities, resource-intensive 
cities and other areas with more serious environmental pol-
lution can utilize smart city construction to improve energy 
efficiency and make good planning for pollution emissions 
to alleviate or even eliminate urban diseases. Thirdly, for the 
spatial spillover effect between pilot cities, local government 
should minimize the impact of the “beggar-thy-neighbor” 
effect during the construction of the smart city. Specifically, 
the central government should make top-level planning to 
build a community of regional interests and responsibili-
ties, so as to eliminate the phenomenon of pollution transfer. 
In response to the spatial spillover effect of pilot cities on 
neighboring non-pilot cities, the phenomenon of “one size 
fits all” must be prevented during the development of the 
smart city as the administrative system and environmen-
tal pollution of each city is different, and the government 
should adopt the differentiated policies for each city instead 
of copying the original smart city pilot experience. Finally, 
it is essential to define the relationship between the gov-
ernment and the market during the construction of smart 
city, the government should play a guiding role to let the 
market become the protagonist of smart city construction. 
For instance, the government can provide financial support, 
technical support, cutting-edge technologies, and innovative 
resources for the smart city, so as to stimulate the vitality of 
various market participants in smart cities.

Research prospects

Indeed, future research needs to be further expanded. First, 
this study only adopts industrial  SO2 emissions and indus-
trial wastewater emissions as the proxy indicators of envi-
ronmental pollution; therefore, it is possible to incorporate 
more pollution indicators into the measurement of environ-
mental pollution for a more comprehensive analysis, such 
as industrial solid waste pollution and soil pollution. In 
addition, the mediating effect analysis was not conducted in 
this study due to technical limitations, so the results of this 
study can be more complete if reasonable mediating vari-
ables could be analyzed.
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