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Abstract: Government policy is crucial to control air pollution, while industrial structure upgrading
and green technology progress are needed to optimize air pollution control performance (APCP).
Meanwhile, policy spillovers from one region to another affect the APCP. This study applied systems
theory to explain the mechanisms that drive both environmental policy spillover and APCP. We
evaluated the APCPs of 41 cities in the Yangtze River Delta region from 2006 to 2020 using a
super-efficiency SBM-DEA model. We then analyzed the paths by which industry and technology
drive APCP using a spatial Durbin model (SDM) and investigated heterogeneity across different
regional governance groups. The effects generated by the regulatory spillover of air pollutants were
decomposed into four subsystems: chain transmission effect, vibration effect, ripple effect, and
halo effect. The results show the following: (1) Throughout the study period, the APCP of most of
the regional governance groups in the Yangtze River Delta region showed a fluctuating trend with
continuous improvement. The APCP was higher and more stable in the Zhejiang Province in the
southeast, and lower and more drastic in the Jiangsu and Anhui Provinces in the north, and shows
a significant positive spatial correlation. (2) Industrial structure upgrading and green technology
progress had different impact paths on the APCP. Industrial structure upgrading had a significant
indirect contribution to the APCP, but the direct effect was not significant. Green technology progress
had a significant direct inhibitory effect and an indirect promoting effect on the APCP. (3) In the
optimization path of the APCP, industrial structure upgrading played a more important role than
green technology progress, but they did not reinforce each other’s enhancement of the APCP. (4) There
was regional heterogeneity in the impacts of industry and technology on the APCP. The paths and
actual effects of industry and technology on the APCP varied greatly among different regional
governance groups.

Keywords: air pollution control performance; industrial structure upgrading; green technology
progress; spatial Durbin model; system theory; policy spillover effect

1. Introduction

China has become the world’s largest energy consumer [1], and fossil fuels are the main
cause of both greenhouse gas emissions and air pollution (“haze”) in the nation. Therefore,
air pollution and climate change have become the most important environmental issues in
China [2]. Since 2012, China’s economic development model has gradually changed from
high-speed development to high-quality development, and a consensus has formed around
the concept of protecting the environment [3]. However, economic growth and pollution
are often symbiotic, and China is still in the industrialization and urbanization stage,
which poses a great threat to the environment [4]. Due to the public good character of the
environment, the government should be the main provider of environmental protection [5].
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Among air pollution events, fine particulate matter (PM2.5) pollution is particularly
problematic [6]. PM2.5 poses a serious risk to human life, livelihoods, and life satisfaction [7].
It can reduce visibility, leading to frequent traffic accidents [8]. PM2.5 aggravates chronic
respiratory and cardiovascular diseases, damages human lung tissue, increases the risk
of emergency hospitalization, and is a carcinogen [9–11]. Air pollution can increase the
prevalence of asthma in children and affect the cognitive abilities of older women [12,13].

Haze pollution has strong spatial spillover and spatial correlation characteristics and
is more likely to spread rapidly in a larger spatial area with more complex spatial structural
characteristics and stronger spatial interaction. Therefore, air pollution control requires
a collaborative governance system with the participation of multiple subjects [14]. As
early as 1998, China proposed the “two control zones” for acid rain and sulfur dioxide
governance, and has since issued several air pollution control policies, with emphasis on
joint cross-regional air pollution control [15]. In 2013, the State Council of China released
the Air Pollution Prevention and Control Action Plan. In 2014, three provinces (Jiangsu,
Zhejiang, and Anhui) and one city in the Yangtze River Delta region (Shanghai), together
with eight ministries and commissions of the State Council, formed the Yangtze River Delta
Regional Air Pollution Prevention and Control Coordination Mechanism. The development
and implementation of these policies are crucial for the Yangtze River Delta region to win
the battle for blue skies.

Regional air pollution control is led by the government, with participation by business
enterprises and the public [16]. Because of the government’s leadership role, it is important
to analyze both the linkages generated by government agencies in making policies and the
externalities generated by the policies themselves. Between or within regions, more mature
policies create spillover effects of policy-making subjects on policy-making receptors [17].
This study used systems theory to depict the spillover phenomenon of air pollution control
policies in the Yangtze River Delta region.

Under the current administrative system in China, the government’s financial alloca-
tion is the main source of funding for environmental governance, which is very limited
relative to the need for environmental governance. Therefore, an evaluation of air pollution
control performance (APCP) can provide a basis for the government to improve the alloca-
tion of this limited funding. The existing literature on performance evaluation methods
includes data envelopment analysis (DEA) [18], the Malmquist production index [19],
parametric stochastic frontier analysis (SFA) [20], and the standardized mathematical form
of ERRS [21] for evaluation from both input and output aspects, as well as entropy, hierar-
chical analysis (AHP), and factor analysis (PCA) for unilateral evaluation [22]. In terms of
evaluation perspectives, there have been studies on wastewater treatment efficiency [23],
rural environmental governance efficiency [24], and urban environmental governance
efficiency [25].

Despite government intervention in environmental protection, air pollution is still
severe in the Yangtze River Delta region due to both population growth and economic
activities. This raises an urgent need to optimize the performance of air pollution control.
Because reducing air pollution depends on energy conservation and emissions reduction,
industrial transformation and scientific and technological progress are key [26,27]. Indus-
trial restructuring and green technology innovation have the potential to achieve long-term,
sustainable economic growth [28]. Therefore, industry and technology can serve as twin
engines for air pollution control performance optimization.

Green technological innovation is conducive to the improvement in environmental
quality [29,30]. The available literature shows that green technologies are effective in
reducing emissions of greenhouse gases and other pollutants and are an important tool
for haze control [31,32]. The Porter hypothesis was the first to suggest that environmental
regulation has a catalytic effect on technological innovation that compensates for the
environmental compliance costs of firms, improves their competitiveness, and reduces
polluting emissions [33]. At the micro level, environmental policies create incentives for
enterprises to upgrade their production processes. As environmental regulations intensify,
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the production and management costs of high-energy and high-polluting enterprises will
increase, and their profits will shrink; therefore, they may choose to relocate to other
areas, and thus, upgrade the industrial structure at the local city level [34]. At the macro
level, local governments are expected to systematically adjust the industrial structure of
cities to promote an increase in the proportion of tertiary (service) industries in cities
and to encourage the low-carbon transformation of traditional industries [35]. In general,
industrial structure upgrading has a negative moderating effect on the relationship between
economic growth and environmental pollution [36]. Technology spillovers affect the
concentration of polluting firms, and the type of technology spillover determines the
validity of the pollution haven hypothesis [37]. But stricter environmental policies do
not necessarily lead to the emergence of a pollution haven [38]. Under a given level of
production technology, technological innovation brought about by environmental policies
can increase the rate of economic growth, and the indirect effect dominates the direct
effect [39]. Therefore, this study focused on revealing the intertwined role played by
industrial structure upgrading and green technology progress in the evolution of air
pollution control performance in the Yangtze River Delta region from the perspective of
spatial spillover effects.

In summary, this study expanded upon and complemented previous research in the
following ways: (1) Systems theory was applied to explain the mechanism of environmental
policy spillover to depict the phenomenon of regional policy spillover and to explore the
association between air pollution governance performance and policy enactment. (2) Since
pollutants shift geographically and spatially, using evidence for all polluting emissions
would cause a large bias between air pollution control performance and actual values;
therefore, this study avoided these errors by using the urban PM2.5 concentration as the
unexpected output of air pollution control performance (APCP). (3) In terms of a research
perspective, this study took industry and technology as the entry point to explore the
improvement path of air pollution control performance and used the spatial Durbin model
to examine the direct and indirect effects of industrial structure upgrading and green
technology progress on air pollution control performance optimization. (4) Based on the
existing collaborative air pollution governance plan in the Yangtze River Delta region,
this study analyzed the effects and pathways of industry and technology on air pollution
control performance in different regional governance groups.

This paper is divided into the following sections: Section 2 uses system theory to
describe the spillover effects of air pollution control policies. Section 3 presents the study
methods and research data, as well as the existing regional air pollution collaborative
governance plan in the study area. Section 4 evaluates air pollution control performance.
Section 5 presents the results of the empirical analysis of the optimization path of air
pollution control performance. Section 6 is the conclusion and discussion.

2. Regional Air Pollution Control Policy Spillover Effects
2.1. Mechanism of Policy Spillover Effect

Among the systems theory doctrines, Prigogine, who is the founder of dissipa-
tive structure theory, was the first to accurately propose and use the concept of “self-
organization” [40]. In systems theory, the self-organization theory and dissipative structure
theory provide new perspectives and tools for analyzing the mechanisms of policy spillover
realization, thus better describing those processes that form ordered structures [41,42]. Ris-
ing or falling and collaboration, as forms of self-organization, are the two most important
mechanisms in policy spillover. Based on systems theory, the effects generated by the
upward and downward regulatory spillover of air pollutants are decomposed into four
subsystems: chain transmission effect, vibration effect, ripple effect, and halo effect. As
shown in Figure 1, the chain transmission time, vibration amplitude, ripple range, and
halo intensity involved in each subsystem are constantly changing, and the collaborative
mechanism can make the subsystems reach a new steady state.
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Figure 1. Schematic diagram of regional air pollution control linkage process system analysis.

2.2. Chain Transmission Effect

The chain transmission effect of policy spillover refers to the process of continuous
transfer of policy energy from point to point within the same environmental regulation
region. The more mature policy development within a policy-rich region will have a
demonstration effect on a less-developed point. Since the points are located in the same
policy growth environment and the compatibility between policies is high, the policy of
the spillover subject can easily develop in the receptor. After the original spillover parent’s
example spills over to the original receptor, the original spillover receptor becomes a new
spillover subject and generates a force on the new receptor, forming an energy-driven
policy spillover.

This study empirically analyzed the chain transmission effect of peer-to-peer policy
spillover in the same region by taking the policy documents of environmental regulation in
several cities in the Yangtze River Delta region as examples. As shown in Figure 2, Suzhou
City promulgated the Measures for the Prevention and Control of Dust Pollution in 2012,
which were the earliest promulgated measures among the cities in the region and spatially
correlated regions in the policy designation for air pollution control in the 12th Five-Year
Plan period. After 2014, Shanghai promulgated the Shanghai Air Pollution Prevention
Regulations, and it can be inferred that the chain transmission effect of Shanghai’s policy
spillover to Suzhou’s policy was relatively rapid. This spillover is often achieved by a
government seeking new ideas in the short term and bringing in policies with greater
energy than in the policy pioneer region. This saves the cost of repeated efforts to formulate
similar policies, thereby promoting the green development of the regional economy. When
the Shanghai policy reaches the energy threshold for the chain transmission effect to occur,
it will act as a new spillover subject, allowing the policy spillover chain to continue.
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2.3. Vibration Effect

The vibration effect of policy spillover refers to the fact that when a policy is imple-
mented in a pilot environmental regulation site in the same region, it implicitly affects
other cities that have not directly enacted policy documents on environmental regulation,
and it is constantly fine-tuned by the policy implementation performance of the policy
spillover parent and the compatibility of the policy spillover recipient. During this process,
the utility of the policy spillover can appear unstable or even negative in this process.

This study took the promulgation of the Hangzhou Air Pollution Control Regulations
in 2016 as the entry point to explore the changes in PM2.5 concentrations in Hangzhou and
other cities in this province before and after the implementation of the regulations in order
to describe the vibration effects of policy spillover. As shown in Figure 3, Wenzhou and
Quzhou showed an increase in atmospheric PM2.5 concentration levels during the same
period, which was considered a negative vibration. This occurred for two main reasons:
(1) Quzhou’s ecological environment itself remained relatively good, and therefore, it did
not adopt a stronger environmental regulation policy in the short term. (2) Wenzhou is
geographically and spatially distant from Hangzhou, and the policy structure was less
compatible due to the difference in industrial structure; therefore, the relevant regulatory
policies had not been implemented there. The atmospheric PM2.5 concentration levels
in the rest of the cities were decreasing during the same period and were considered
positive vibrations.
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2.4. Ripple Effect

The ripple effect of policy spillover refers to the subtle force of one region’s policy
on another region’s policy after its implementation. Due to the development cycle of the
environmental policy of the policy spillover subject itself and the long duration of air
pollution control, the policy of the region can be effectively imparted to another region only
after a period of practical testing; too hasty an introduction will, instead, cause deviation
between the policy goals and policy effects of the receptor. At the same time, due to
the very different policy environment and natural environment in each region, the initial
recognition of the policy spillover by the regional spillover receptors is weak, and it is
not until the policy environment of the spillover receptors is gradually followed up that
the environmental policies of the spillover subjects can have a substantial impact on air
pollution in the receptor regions.

Figure 4 illustrates the temporal trends of average PM2.5 concentrations in the Shang-
hai, Jiangsu, Zhejiang, and Anhui Provinces from 2006 to 2020. This study used the
Three-Year Action Plan for Environmental Protection implemented in Shanghai as the
starting point to illustrate the ripple effect of policy spillover. In the fifth round of the
Three-Year Action Plan for Environmental Protection, it is stated that the implementation of
a special focus on air environment protection should strengthen the prevention and control
of compound air pollution, such as PM2.5. Because of the ripple effect of policy spillover
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between regions, the effect of air pollution control in the four regions has not been the
same. Due to the spatial correlation of air pollution, the average PM2.5 concentrations in
the Yangtze River Delta region have all decreased to varying degrees since 2011, and the
average PM2.5 concentration changes in the future are likely to maintain the same declining
trend [43]. Overall, the air quality in the Yangtze River Delta region was ranked from
highest to lowest as follows: Zhejiang, Shanghai, Anhui, and Jiangsu.
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2.5. Halo Effect

The halo effect of policy spillover refers to the rapid indirect diffusion of environmental
regulation from point to point in some environmental-regulation-rich regions and the
indirect diffusion of policy follow-up from point to point in non-environmental-regulation-
rich regions in the process of integrated regional planning. We measured the strength
of local environmental governance by selecting “environmental protection” words from
government work reports and calculating their proportion of the frequency of words in the
government working reports [44].

First, based on the above indicators, we selected the year when 41 cities in the Yangtze
River Delta region had the strongest environmental governance during the study period
and took that year as the richest year in terms of environmental regulation in that city. We
then divided the richest year in terms of environmental regulation policies in all cities by
three five-year plans. Second, the environmental management intensity (%) of each city in
the year with the richest environmental regulation policy was marked on the map with
black dots, and the environmental management intensity of each city was indicated by
size. Again, the stages of each city in the year with the richest environmental regulation
policy were indicated by the base color, from dark to light, to indicate the time sequence.
Finally, the evolution of the sequential order was used to determine the direction of policy
transmission in geographic space, and the intensity of the halo was judged by the peak of
local environmental governance efforts. The results are shown in Figure 5.

Figure 5 shows that the peak of the local environmental management efforts during
the 11th Five-Year Plan period (2006–2010) was mainly concentrated in southern Jiangsu
Province and northeastern Zhejiang Province, but the policy implementation during this
period was not as strong as during the 12th Five-Year Plan period (2011–2015). The main
diffusion direction of environmental regulation during this period was northwest and
southwest, i.e., to the southwest of Zhejiang Province and the northern cities of Jiangsu
Province, such as Lishui, Quzhou, and Yancheng. During the 12th Five-Year Plan period
(2011–2015), local environmental regulation reached its maximum, mainly in the southwest
of Zhejiang and the northern part of Jiangsu. At the same time, the main diffusion direction
of environmental regulation during this period was toward Anhui Province, and thus,
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most of the areas in Anhui Province reached their peak in the 13th Five-Year Plan period
(2016–2020). However, the peak was smaller than that in Jiangsu, Zhejiang, and Shanghai.
This indicates that the intensity of the policy diffusion halo in the first phase (2006–2010)
was greater than that in the second phase (2011–2015).
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3. Methods and Data
3.1. Methods
3.1.1. Data Envelopment Analysis

In this study, a non-radial SBM model based on slack variables was used to measure
air pollution control performance. This not only solved the problem of slack changes in
inputs and outputs but also incorporated unexpected outputs into the efficiency evalu-
ation [45]. A super-efficiency model that could more accurately rank multiple decision-
making units (DMUs) was also introduced. Here, the evaluated DMUs were removed
from the boundaries of efficiency and the distances from the removed DMUs to the new
efficiency boundaries, which were formed on the basis of the remaining DMUs, were
recalculated [46]. Therefore, this study incorporated the unexpected output into the SBM
model and combined it with the super-efficiency DEA model to ensure the accuracy of the
measurement results and to better compare and rank the regions. The numerical expression
of the super-efficiency model is given as Equation (1):
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(1)

where n denotes the number of decision units, i.e., the number of cities; each DMU consists
of input m, expected output s1, and unexpected output s2; x denotes an element in the
input matrix; yd denotes an element in the expected output matrix; yu denotes an element
in the unexpected output matrix; and ρ is the air pollution control performance value. A
larger ρ indicates a higher level of air pollution control performance.

3.1.2. Malmquist Index

The air pollution control performance value measured by the super-efficiency SBM-
DEA model is only a static description of air pollution control performance, while the
Malmquist model, as a non-parametric linear programming method, is a good complement
to the SBM model. The Malmquist method dynamically analyzes the changes in efficiency
values between the two years before and after. This bridges the gap created by the limitation
that the traditional DEA model cannot dynamically analyze the changes in efficiency.

In this study, the global Malmquist index (GML) model was selected. It is the sum of
the periods as the reference set, as denoted by Equation (2):

sg = s1 ∪ s2 ∪ · · · ∪ sp =
{(

x1
j , y1

j

)
∪
(

x2
j , y2

j

)
∪ · · · ∪

(
xp

j , yp
j

)}
(2)

Although the two adjacent periods refer to the same global frontier in the calculation
of the Malmquist index, the efficiency changes are still calculated using the respective
frontiers: Equation (3) for the GML, Equation (4) for the efficiency change index (EC), and
Equation (5) for the technology change index (TC).

Mg

(
xt+1, yt+1, xt, yt

)
=

Eg(xt+1, yt+1)
Eg(xt, yt)

=
Et+1(xt+1, yt+1)

Et(xt, yt)

(
Eg(xt+1, yt+1)

Et+1(xt+1, yt+1)
×

Et(xt, yt)
Eg(xt, yt)

)
= EC× TC (3)

EC =
Et+1(xt+1, yt+1)

Et(xt, yt)
(4)

TC =
Eg(xt+1, yt+1)

Et+1(xt+1, yt+1)
×

Et(xt, yt)
Eg(xt, yt)

(5)

where TC indicates the change in technology change from period t to period t + 1. When
TC > 1, it means that technological change has increased, and vice versa. EC indicates
the effect of the efficiency change index on the trend of efficiency change from period t to
period t + 1. When EC > 1, it means that the efficiency has improved, and vice versa.

3.1.3. Spatial Econometric Model

Because of the spatial correlation of air pollution and the spillover effect of air pollution
control policies, air pollution control performance might also be spatially correlated. Since
traditional econometric models are not applicable, this study used spatial econometric mod-
els in the empirical analysis of the optimal path of air pollution control performance [47,48].
Equation (6) gives the method of ordinary least squares (OLS), Equation (7) gives the
spatial lag model (SLM), Equation (8) gives the spatial error model (SEM), and Equation (9)
gives the spatial Durbin model (SDM). Equation (9) includes the spatial lag term of the
dependent and independent variables, which was the main measurement method of this
study. The Euclidean distance between cities was calculated based on the latitude and
longitude coordinates of each city in the Yangtze River Delta region, and the inverse of this
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distance was used as the element of the weight matrix to construct the geographic distance
spatial weight matrix.

Yit = δ0 + ∑ n
k=1βkXit + εit (6)

Yit = ρWijYit
+ ∑ n

k=1βkXit + εit (7)

Yit = ∑ n
k=1βkXit + µit, µit = λWijµit + εit (8)

Yit = ρWijYit
+ ∑ n

k=1βkXit + ∑ n
k=1θkWijXit + εit (9)

where Yit represents the dependent variable; Xit represents the independent variables;
Wij represents an n ∗ n spatial weight matrix; β represents the coefficient of independent
variables; ρ and θ represent the coefficients of spatial lag terms of dependent variables and
independent variables, respectively; and µit and εit are the error terms.

3.2. Variable Settings
3.2.1. Dependent Variable

The measurement of air pollution control performance (APCP) in the Yangtze River
Delta region based on the DEA should not only consider the economic benefits of policy
implementation but also reflect the ecological benefits. Therefore, this study constructed
an evaluation system that focused on the air pollution control performance in the Yangtze
River Delta region. The system included three aspects of inputs, expected outputs, and
unexpected outputs. The indicators are shown in Table 1. In terms of air pollution control
inputs, labor, capital, and land were mainly considered. Among them, the proportion of
total employment in water, environment, public facilities management, and non-private
employment was used as a proxy for the labor factor; the proportion of investment in
environmental pollution control relative to GDP was used as a proxy for the capital factor;
and the greening coverage of built-up areas was employed to indicate the land factor
input [49]. In terms of the expected output, the GDP produced per unit of CO2 emissions
was adopted to measure economic benefits, which is also known as carbon productivity [50].
Ecological benefits are measured by the harmless domestic waste treatment rate and
industrial solid waste treatment rate [51]. In terms of the unexpected output, mainly
considering air pollution, the annual average concentration of fine particulate matter
(PM2.5) was taken as the output of air pollution control [52].

Table 1. Air pollution control performance evaluation index system.

Primary Secondary Tertiary Indicator Variables

Input
Labor The proportion of total employment in water, environment, public facilities

management, and non-private employment (%)

Capital The proportion of investment in environmental pollution control relative to GDP (%)

Land The greening coverage of built-up areas (%)

Output
Expected

Economic The GDP produced per unit of CO2 emissions (billion CNY/million tons)

Ecological The harmless domestic waste treatment rate (%) and the industrial solid waste
treatment rate (%)

Unexpected PM2.5 Annual average concentration of fine particulate matter (PM2.5) (µg/m3)

3.2.2. Independent Variables

The core explanatory variables included upgrading industrial structure (IS) and green
technology progress (TP). The upgrading of industrial structure indicators reflects the inter-
nal adjustments of industry and the changes in the whole industrial structure. Therefore, we
used the proportion of output value of the tertiary industry to characterize the upgrading of
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industrial structure [53]. The green technology progress indicator reflects green substantive
innovation. Therefore, according to the International Patent Classification (IPC) code of
green patents, the number of green patent applications was searched for in the patent
database of the State Intellectual Property Office of China by year and region. The level of
substantive green innovation was measured using the number of green invention patent
applications [54]. In addition, an interaction term (IS*TP) of industrial structure upgrading
and green technology progress was introduced to examine whether their combined effect
enhanced their impact on air pollution control policy performance (APCP).

The control variables were the economic development level (ED), urbanization (UR),
traffic density (TD), temperature (TE), and precipitation (PR). Because the level of economic
development is an important factor that affects air quality, GDP per capita was used to
measure the level of economic development (ED) [55]. Because urbanization changes the
natural environment and also affects the diffusion of PM2.5, the urban population ratio was
used to characterize the level of urbanization (UR) [56]. Urban transportation facilities can
have an impact on haze pollution, and increasing urban transportation infrastructure can
improve air quality in cities; therefore, the ratio of highway area to urban land area was used
to measure the traffic density (TD) [57]. It is well documented that climate has an impact
on atmospheric PM2.5 pollution, with rising temperatures worsening PM2.5 pollution and
precipitation causing atmospheric fine particulate matter to sink to the ground (rather than
remain as ambient air pollution) [58,59]. Therefore, this study used the annual average
temperature of the region as the temperature variable (TE) and the annual precipitation of
the region as the precipitation variable (PR). In addition, to reduce the heteroscedasticity,
the two variables of green technological progress (TP) and economic development level
(ED) were logarithmically treated in the empirical model. Descriptive statistics of the
respective variables are shown in Table 2.

Table 2. Descriptive statistics for the independent variables.

IS TP IS*TP ED UR TD TE PR

Obs. 615 615 615 615 615 615 615 615
Mean 0.4244 5.0136 2.2303 10.7422 0.5804 1.3707 16.2677 1.3160

Std.Dev. 0.0820 2.0023 1.2167 0.7515 0.1336 0.4976 0.7073 0.3708
Min 0.2340 0.0000 0.0000 8.2963 0.2453 0.5358 14.1942 0.5741
Max 0.7315 9.2697 6.6928 12.2011 0.8970 4.8317 18.0906 2.4998

In summary, the spatial Durbin model that tested the impact of industry and technol-
ogy on air pollution control performance constructed in this study is shown in Equation (10):

APCPit = ρWij APCP
it
+ β1 ISit + β2TPit + β3 IS ∗ TPit + β4EDit + β5URit + β6TDit + β7TEit + β8PRit+

θ1Wij ISit + θ2WijTPit + θ3Wij IS ∗ TPit + θ4WijEDit + θ5WijURit + θ6WijTDit + θ7WijTEit + θ8WijPRit + εit
(10)

3.2.3. Study Data and Area

Data for the study were obtained from the China City Statistical Yearbook (2007–2021)
and the statistical yearbooks of each province (2007–2021). Green patent data applications
were obtained from the patent search system of the State Intellectual Property Office
(SIPO), and CO2 emissions were obtained from the China Carbon Emissions Database
(CEADs). Fine particulate matter (PM2.5) data were obtained from the haze concentration
raster data (annual average 0.01◦ × 0.01◦ resolution) from the website of the Atmospheric
Composition Analysis Group at Dalhousie University (http://fizz.phys.dal.ca/-atmos/
martin/ (accessed on 1 October 2022)) and parsed into urban PM2.5 concentration data
using ArcGIS software. The amount of investment in pollution control was obtained from
the China Environmental Statistics Yearbook (2006–2020). The investment amount of each
province was decomposed to the city level using nighttime lighting data. Some missing
values were supplemented by linear interpolation.

http://fizz.phys.dal.ca/-atmos/martin/
http://fizz.phys.dal.ca/-atmos/martin/


Systems 2023, 11, 418 11 of 26

The Yangtze River Delta region is located in the lower reaches of the Yangtze River,
bordering the Yellow Sea and the East China Sea. It is one of the regions with the most
active economic development, the highest degree of openness, and the strongest innovation
capacity in China. The specific location of the study area is shown in Figure 6. With refer-
ence to the existing literature for the Yangtze River Delta regional air pollution collaborative
governance plan, the 41 cities in the Yangtze River Delta are divided into six regional gov-
ernance groups [60], namely, the Shanghai regional governance group, Shaoxing regional
governance group, Hangzhou regional governance group, Nanjing regional governance
group, Hefei regional governance group, and Xuzhou regional governance group.
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4. Spatial and Temporal Dynamics of Air Pollution Control Performance
4.1. Measuring the Air Pollution Control Performance

The air pollution control performance of 41 cities in the Yangtze River Delta region
from 2006 to 2020 was measured based on the theoretical approach of the super-efficiency
SBM-DEA model and MAXDEA software. Due to the limitation of space and for the
convenience of analysis, the average performance values of each city from 2006 to 2020
were ranked, and the results are shown in Table 3. It can be observed that the cities at the
top were mainly from Zhejiang Province, while the cities at the bottom were mainly from
Anhui Province. Most of the cities in Jiangsu Province were in the middle position in terms
of air pollution control performance. Overall, Zhejiang Province has the highest value and
Anhui Province has the lowest value in terms of urban air pollution control performance.
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Table 3. Air pollution control performance of 41 cities in the Yangtze River Delta region.

Province City Group Average Score Rank

Zhejiang Wenzhou Shaoxing regional governance group 1.222 1
Zhejiang Zhoushan Shaoxing regional governance group 1.183 2
Zhejiang Quzhou Hangzhou regional governance group 1.077 3
Zhejiang Shaoxing Shaoxing regional governance group 0.975 4
Zhejiang Ningbo Shaoxing regional governance group 0.962 5
Zhejiang Taizhou Shaoxing regional governance group 0.961 6
Zhejiang Lishui Shaoxing regional governance group 0.95 7
Jiangsu Nantong Shanghai regional governance group 0.919 8

Zhejiang Hangzhou Hangzhou regional governance group 0.879 9
Anhui Xuancheng Hangzhou regional governance group 0.863 10
Jiangsu Wuxi Shanghai regional governance group 0.852 11
Anhui Bozhou Hefei regional governance group 0.826 12

Shanghai Shanghai Shanghai regional governance group 0.807 13
Anhui Hefei Hefei regional governance group 0.759 14
Jiangsu Nanjing Nanjing regional governance group 0.742 15
Jiangsu Suzhou Shanghai regional governance group 0.734 16
Jiangsu Taizhou Nanjing regional governance group 0.725 17
Jiangsu Yangzhou Nanjing regional governance group 0.719 18
Jiangsu Xuzhou Xuzhou regional governance group 0.706 19
Anhui Huaibei Xuzhou regional governance group 0.689 20

Zhejiang Jinhua Shaoxing regional governance group 0.682 21
Anhui Wuhu Hefei regional governance group 0.679 22
Jiangsu Changzhou Shanghai regional governance group 0.675 23
Anhui Tongling Hefei regional governance group 0.671 24

Zhejiang Jiaxing Shanghai regional governance group 0.663 25
Anhui Huangshan Hangzhou regional governance group 0.655 26
Jiangsu Yancheng Xuzhou regional governance group 0.636 27
Jiangsu Zhenjiang Nanjing regional governance group 0.615 28
Anhui Anqing Hefei regional governance group 0.603 29

Zhejiang Huzhou Hangzhou regional governance group 0.576 30
Jiangsu Huaian Xuzhou regional governance group 0.574 31
Anhui Fuyang Hefei regional governance group 0.537 32
Anhui Suzhou Xuzhou regional governance group 0.515 33
Jiangsu Suqian Xuzhou regional governance group 0.503 34
Anhui Maanshan Nanjing regional governance group 0.482 35
Anhui Chizhou Hefei regional governance group 0.466 36
Anhui Bengbu Xuzhou regional governance group 0.447 37
Jiangsu Lianyungang Xuzhou regional governance group 0.445 38
Anhui Liuan Hefei regional governance group 0.42 39
Anhui Huaian Hefei regional governance group 0.32 40
Anhui Chuzhou Nanjing regional governance group 0.306 41

Meanwhile, the performance values of each regional governance group from 2006
to 2020 were averaged year by year, and a line graph was drawn, as shown in Figure 7.
The Shaoxing regional governance group, compared with the other five groups, fluctuated
the least throughout the study period, with little change in performance values in the first
and second periods; it generally maintained a stable trend and was ranked first among
the six regional governance groups. The Hangzhou regional governance group, which
fluctuated more throughout the study period, had relatively large declines in 2010 and 2017
but showed a slow upward trend overall. The Shanghai regional governance group had
a similar trend to the Hangzhou regional governance group. However, it is noteworthy
that Shanghai had a more obvious peak in 2008, followed by a decline until 2011, and
then a fluctuating upward trend in the middle and later part of the study period; the
performance value began to exceed that of the Hangzhou group after 2016. This indicates
that the Shanghai regional governance group and Hangzhou regional governance group
had a higher degree of linkage in atmospheric environmental regulation, but both were
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lower than the Shaoxing regional governance group in terms of governance performance.
The Nanjing regional governance group, Hefei regional governance group, and Xuzhou
regional governance group were close to overlapping in overall trends, and all of them
were lower than Shanghai, Shaoxing, and Hangzhou regional governance groups. It is
noteworthy that regions other than the Hangzhou and Shaoxing regional governance group
reached a more obvious peak in 2008. This feature is similar to the curve of the Shanghai
regional governance group, which shows an overall fluctuating upward trend after 2011,
but does not exceed the curve of the Hangzhou governance group. Therefore, it was
presumed that the southeast region of the Yangtze River Delta had better air pollution
control performance than the northwest region. In addition, the outbreak of the novel
coronavirus in China at the end of 2019 could have caused some impact on the data during
our study period. However, many existing studies showed that the epidemic outbreak
has generated both a negative impact on the economy and income, as well as a positive
slow-down impact on air pollution due to the shutdown of many enterprises’ productions
in China. There was also a reduction in pollution controls during the epidemic period,
resulting in a non-drastic change in the APCP between 2019 and 2020 [61,62].
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4.2. Decomposition of Air Pollution Control Performance and Analysis of Its Temporal Evolution

In the previous section, the measured air pollution control performance of each region
in each year is only a static efficiency value. In order to better measure the change in
technology level and observe the dynamic change in air pollution control performance
level each year, the global Malmquist index (GML) was chosen to measure the change in
technology level in different periods. The global Malmquist index can be decomposed into
the efficiency change index (EC) and technology change index (TC). The EC indicates the
advantages and disadvantages of urban air pollution control methods and structures, and
the TC indicates the innovation of urban air pollution control technologies. When the GML
is greater than 1, total factor productivity has improved. When the GML is less than 1, the
total factor productivity has decreased. Finally, the geometric mean of each year is taken to
reflect the average change in the total factor productivity in the Yangtze River Delta region
from 2006 to 2020 in a more representative way.

As can be seen from Table 4, the GML in the Yangtze River Delta region grew by 6.1%
from 2006 to 2020, with the EC growing by 7.6% and TC by 4.2%. The overall increase in
the TC was not large, which indicates that additional green technological innovation is
needed to combat air pollution in the Yangtze River Delta region. The growth in the EC
was large; the EC was less than 1 only in 2016–2017, and all three indices were greater than
1 in the remaining years. This indicates that the air pollution control performance in the
Yangtze River Delta region improved over the long term.
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Table 4. Malmquist index and its decomposition of air pollution control performance from 2006
to 2020.

Period EC TC GML

2006–2007 1.053 1.075 1.060
2007–2008 1.166 1.004 1.103
2008–2009 1.124 1.017 1.038
2009–2010 1.098 1.064 1.066
2010–2011 1.049 1.003 1.020
2011–2012 1.018 1.064 1.037
2012–2013 1.060 1.094 1.074
2013–2014 1.056 1.026 1.026
2014–2015 1.152 1.008 1.119
2015–2016 1.065 1.045 1.050
2016–2017 0.986 1.067 1.016
2017–2018 1.028 1.008 1.013
2018–2019 1.102 1.073 1.124
2019–2020 1.104 1.043 1.111

Mean 1.076 1.042 1.061

As Figure 8 shows, the fluctuation of the GML and TC were almost synchronized and
differed significantly from the fluctuation of the EC. It is noteworthy that the average value
of the TC and the average value of the GML of the Shanghai regional governance group
were less than 1. The average total factor productivity index and the EC and TC of the other
five regional governance groups, except the Shanghai regional governance group, were
all greater than 1. This indicates that, overall, the air pollution control performance in the
Yangtze River Delta region improved.
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Figure 8. Malmquist index and its decomposition of the air pollution control performance of each
governance group.

4.3. Spatial Analysis of Air Pollution Control Performance

Based on the geographic distance weight matrix already constructed in Section 3.1.3,
this section used Moran’s I to test for the region-wide spatial correlation of air pollution
control performance. The results are shown in Table 5. During the study period, Moran’s I
was positive in all years except for 2017, 2018, and 2019, and passed the 1% significance
level for the positive years. Thus, as a whole, the interregional air pollution control
performance had a positive spatial correlation, i.e., cities with higher levels of air pollution
control performance and cities with the same high values were geographically and spatially
proximate and not independently distributed. In view of the spatial correlation exhibited
by the air pollution control performance, the spatial factor could not be neglected when
studying its optimization path and performance improvement. A spatial panel econometric
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model could be used to avoid this bias caused by controlling the spatial factor as much
as possible.

Table 5. Global Moran’s index statistics of the air pollution control performance from 2006 to 2020.

Year Moran’s I Z p-Value

2006 0.1106 6.2487 0.000
2007 0.1911 9.9349 0.000
2008 0.0427 3.0758 0.002
2009 0.1447 7.7435 0.000
2010 0.1133 6.2987 0.000
2011 0.1617 8.6148 0.000
2012 0.1158 6.375 0.000
2013 0.1355 7.2326 0.000
2014 0.0417 2.9969 0.003
2015 0.0338 2.6379 0.008
2016 0.0408 2.9558 0.003
2017 −0.0054 0.9177 0.359
2018 0.0095 1.5536 0.120
2019 −0.0001 1.1113 0.266
2020 0.0757 4.5024 0.000

According to the air pollution control performance evaluation results of 41 cities in
the Yangtze River Delta region from 2006 to 2020, the performance values in 2006, 2011,
2016, and 2020 were selected for visualization and graded by the natural fracture method
using ArcGIS 10.6. The grading and visualization results are shown in Figure 9. The
air pollution control performance of the Yangtze River Delta region was relatively high
and stable in the cities in the southeast region, while the cities in the northwest region
changed dramatically and unevenly, showing the characteristics of contiguous clustering
development on the whole. From 2006 to 2011, cities in Anhui Province, such as Bozhou
and Chizhou, had significant declines, while cities in southern Jiangsu, such as Suzhou,
Wuxi, and Changzhou, had more significant increases. Cities in northern Jiangsu also
increased but not significantly, and none of the cities in Zhejiang Province changed much.
From 2011 to 2016, cities in the central Yangtze River Delta region experienced dramatic
changes, with Xuancheng, Huzhou, and Jiaxing decreasing in performance values, while
Hefei, Nanjing, and Nantong increased. Cities in northern Anhui and Jiangsu, such as
Xuzhou, Huaibei, and Bozhou, also increased in performance values. However, Zhejiang
Province remained in a relatively stable state. From 2016 to 2020, the performance value
of Jinhua in Zhejiang Province decreased, and there was a significant change in Zhejiang
Province compared with the previous two phases of that period. The performance values
in central regions, such as southern Jiangsu and Anhui, increased significantly and tended
to be spatially balanced. Most cities in the northern part of the Yangtze River Delta, such as
Lianyungang, Suqian, and Suizhou, remained at a lower level.



Systems 2023, 11, 418 16 of 26

Systems 2023, 11, x FOR PEER REVIEW 16 of 27 
 

 

air pollution control performance of the Yangtze River Delta region was relatively high 
and stable in the cities in the southeast region, while the cities in the northwest region 
changed dramatically and unevenly, showing the characteristics of contiguous cluster-
ing development on the whole. From 2006 to 2011, cities in Anhui Province, such as 
Bozhou and Chizhou, had significant declines, while cities in southern Jiangsu, such as 
Suzhou, Wuxi, and Changzhou, had more significant increases. Cities in northern 
Jiangsu also increased but not significantly, and none of the cities in Zhejiang Province 
changed much. From 2011 to 2016, cities in the central Yangtze River Delta region expe-
rienced dramatic changes, with Xuancheng, Huzhou, and Jiaxing decreasing in perfor-
mance values, while Hefei, Nanjing, and Nantong increased. Cities in northern Anhui 
and Jiangsu, such as Xuzhou, Huaibei, and Bozhou, also increased in performance val-
ues. However, Zhejiang Province remained in a relatively stable state. From 2016 to 2020, 
the performance value of Jinhua in Zhejiang Province decreased, and there was a sig-
nificant change in Zhejiang Province compared with the previous two phases of that pe-
riod. The performance values in central regions, such as southern Jiangsu and Anhui, 
increased significantly and tended to be spatially balanced. Most cities in the northern 
part of the Yangtze River Delta, such as Lianyungang, Suqian, and Suizhou, remained at 
a lower level. 

 
Figure 9. Spatial evolution of air pollution control performance in the Yangtze River Delta region 
from 2006 to 2020. (a) Result for air pollution control performance in 2006. (b) Result for air pollu-
tion control performance in 2011. (c) Result for air pollution control performance in 2016. (d) Result 
for air pollution control performance in 2020. 
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from 2006 to 2020. (a) Result for air pollution control performance in 2006. (b) Result for air pollution
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air pollution control performance in 2020.

5. Impact of Industry and Technology on Air Pollution Control Performance
5.1. Results of Spatial Econometric Analysis
5.1.1. Parameter Estimation

According to the results of Section 4.3 regarding the global Moran’s I, the air pollution
control performance in the Yangtze River Delta shows a relatively strong spatial correlation,
and thus, the spatial econometric model was applicable. Based on the above evidence that
air pollution control performance had spatial spillover effects, this study adopted relevant
spatial measures for parameter estimation based on controlling for both temporal and
spatial effects, i.e., a spatial econometric model with spatio-temporal dual fixed effects. In
order to enhance the precision and accuracy of the parameter estimation results, the least
squares method, spatial lag model, and spatial error model were first used to estimate the
parameters of the effects of industrial structure upgrading, green technology progress, and
related control variables on air pollution control performance.

According to the OLS model results in column (1) of Table 5, the industrial structure
upgrading and related control variables had different degrees of influence on air pollution
control performance and passed different levels of significance tests. According to the SLM
and SEM in columns (2) and (3) of Table 6, green technological progress and interaction
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terms had significant effects on air pollution control performance. The Lagrangian mul-
tiplier (LM) test for both the spatial lag model and the spatial error model passed the 1%
significance test, and the results indicate that both the spatial lag and residual terms of
the dependent variable were spatially correlated. According to the results of the LR tests
in columns (2) and (3), the spatial Durbin model could not be reduced to the spatial lag
model (SLM) or the spatial error model (SEM), i.e., SLM and SEM were not applicable in
this study.

Table 6. Regression results of the OLS, SLM, and SEM.

Variables OLS
(1)

SLM
(2)

SEM
(3)

IS 1.251 *** −0.205 −0.219
(0.398) (0.469) (0.470)

TP −0.0126 −0.0877 *** −0.0884 ***
(0.0286) (0.0280) (0.0286)

IS*TP −0.0243 0.116 * 0.118 *
(0.0632) (0.0679) (0.0692)

ED 0.184 *** 0.135 ** 0.134 **
(0.0347) (0.0587) (0.0586)

UR −0.454 *** −0.163 −0.166
(0.171) (0.293) (0.294)

TD −0.0674 *** 0.0439 0.0437
(0.0226) (0.0355) (0.0356)

TE 0.0635 *** 0.0294 0.0300
(0.0162) (0.0700) (0.0699)

PR 0.0764 ** −0.00110 −0.000273
(0.0318) (0.0467) (0.0468)

Constant −2.462 ***
(0.337)

Rho −0.0839
(0.185)

lambda −0.0194
(0.187)

sigma2_e 0.0279 *** 0.0279 ***
(0.00159) (0.00159)

LM 13.70 *** 106.75 ***
LR 63.62 *** 63.82 ***

Observations 615 615 615
R-squared 0.319 0.188 0.190

Notes: standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.

The possibility of reverse causality between the independent and dependent variables
was the main source of endogeneity in the econometric model of this study, and this
needed to be controlled effectively. It was very difficult to find instrumental variables that
satisfy correlation, exogeneity, and exclusion for each explanatory variable, and the existing
literature indicates that if the error term of the model is determined by the current period
perturbation only, endogenous variables with a one-period lag can be taken to replace the
current period values to cope with the endogeneity problem [63]. Therefore, on the basis of
the baseline regression analysis, the parameters were further re-estimated after taking a one-
period lag of the explanatory variables to mitigate possible endogeneity due to bidirectional
causality. In Table 7, columns (1) and (3) represent the same model, and columns (2) and (4)
represent the model with one period lag of the explanatory variables. The Wald tests were
all passed at the 1% significance level, which was consistent with the LR test; therefore,
we focused on the estimation results of the spatial Durbin model. The Hausman test
was also used, and the Hausman statistics obtained were 29.81 and 37.63 for the models
without and with a lag, respectively, which passed the 1% significance test; because the
true model did not become an individual random effects model, it was reasonable to use
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spatio-temporal double fixed effects. From the parameter estimation results, all the core
explanatory variables that passed the significance test had the same direction of influence
on air pollution control performance, whether or not the explanatory variables lagged. This
indicates that the estimation results of each variable were relatively robust.

Table 7. Regression results of the SDM.

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

IS −0.0564 0.166 W*IS 13.22 *** 12.60 ***
(0.530) (0.562) (3.735) (4.108)

TP −0.100 *** −0.0918 *** W*TP 0.876 *** 1.038 ***
(0.0280) (0.0300) (0.222) (0.248)

IS*TP 0.108 0.0952 W*IS*TP −2.998 *** −3.519 ***
(0.0684) (0.0744) (0.617) (0.685)

ED −0.0535 0.0300 W*ED −0.406 −0.652
(0.0686) (0.0746) (0.367) (0.460)

UR −0.0516 −0.369 W*UR 2.952 0.494
(0.290) (0.314) (2.620) (3.024)

TD 0.000213 −0.00172 W*TD 0.169 −0.0782
(0.0355) (0.0404) (0.323) (0.385)

TE 0.121 0.0661 W*TE −0.274 −0.320
(0.103) (0.106) (0.450) (0.470)

PR 0.236 *** 0.128 W*PR −1.003 *** −0.331
(0.0826) (0.0906) (0.331) (0.349)

sigma2_e 0.0249 *** 0.0250 *** Rho −0.537 ** −0.552 **
(0.00143) (0.00148) (0.217) (0.229)

Wald 67.28 *** 60.52 *** Hausman 29.81 *** 37.63 ***
Observations 615 574 615 574

R-squared 0.188 0.084 0.188 0.084
Notes: standard errors in parentheses; *** p < 0.01, ** p < 0.05.

5.1.2. Spatial Effect Decomposition

Owing to the significant non-zero coefficient of the spatial lag term of air pollution
control performance, the parameter estimation results of the spatial Durbin model for
the respective variables were biased by point estimates, the regression coefficients of
the respective variables did not reflect the actual effects of the independent variables on
the dependent variable, and the significance of the regression coefficients did not reflect
whether the effects of the independent variables on the dependent variable really existed.
Therefore, the direct effect, indirect effect, and total effect were used to describe the effects
of the explanatory variables on the explained variable in the above spatial econometric
model [47,48]. The results are shown in Table 8, with columns (1) to (3) showing the results
of the baseline regression and columns (4) to (6) showing the results of the regression with
a one-period lag of the explanatory variables.

Table 8. Direct and indirect effects of the SDM.

Variables Direct
(1)

Indirect
(2)

Total
(3)

Direct
(4)

Indirect
(5)

Total
(6)

IS −0.215 9.144 *** 8.929 *** 0.0139 8.570 *** 8.584 ***
(0.554) (2.648) (2.618) (0.587) (2.878) (2.837)

TP −0.113 *** 0.644 *** 0.531 *** −0.107 *** 0.746 *** 0.639 ***
(0.0277) (0.161) (0.161) (0.0297) (0.177) (0.179)

IS*TP 0.152 ** −2.118 *** −1.966 *** 0.148 ** −2.448 *** −2.300 ***
(0.0678) (0.466) (0.478) (0.0735) (0.517) (0.530)

ED −0.0476 −0.255 −0.303 0.0398 −0.447 −0.407
(0.0698) (0.270) (0.244) (0.0757) (0.334) (0.310)
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Table 8. Cont.

Variables Direct
(1)

Indirect
(2)

Total
(3)

Direct
(4)

Indirect
(5)

Total
(6)

UR −0.0828 1.848 1.766 −0.370 0.258 −0.112
(0.270) (1.808) (1.834) (0.289) (2.024) (2.066)

TD −3.64 × 10−5 0.103 0.103 0.00170 −0.0661 −0.0644
(0.0341) (0.216) (0.216) (0.0386) (0.253) (0.255)

TE 0.126 −0.240 −0.114 0.0718 −0.252 −0.180
(0.113) (0.338) (0.252) (0.116) (0.351) (0.264)

PR 0.249 *** −0.760 *** −0.511 *** 0.131 −0.266 −0.135
(0.0891) (0.269) (0.198) (0.0970) (0.279) (0.199)

Observations 615 615 615 574 574 574
Number of IDs 41 41 41 41 41 41

Notes: standard errors in parentheses; *** p < 0.01, ** p < 0.05.

(1) Industrial structure upgrading had significant indirect promotion and positive spillover
effects on air pollution control performance, while the direct effects were not sig-
nificant. The path of the effect of industrial structure upgrading on air pollution
control performance depended mainly on the spatial spillover effects. Under strict
environmental regulations, resource-intensive and pollution-intensive industries are
restricted by production costs and barriers to entry for enterprises, prompting the
relocation and downsizing of polluting industries in the region, thereby improving
air quality [64]. Since the inputs of environmental regulation are huge in comparison,
the marginal output of industrial structure upgrading induced by environmental reg-
ulation in the region cannot compensate for the increase in inputs and the reduction
of pollutants. The tertiary industry has a positive effect on water and air quality, and
air pollutants have a significant spatial correlation; as a result, the improvement in
local air quality leads to the improvement in the air quality in neighboring regions,
thus optimizing the air pollution control performance of neighboring regions [65].

(2) Green technological progress had a significant inhibitory direct effect on air pollu-
tion control performance, as well as a significant promotional indirect effect. It had
an overall positive spillover effect on the APCP, though the coefficient of its total
effect is much smaller than that of the total effect of industrial structure upgrading.
The promotion of green technology requires environmental regulation to give en-
terprises the incentive to invest in energy-saving technologies and to adopt cleaner
production methods [66]. However, the implementation of environmental regulation
increases the environmental costs faced by both the government and enterprises,
offsetting the effects on productive investment by enterprises and on government
organization and management, thus leading to an increase in the government’s in-
put factors in the process of controlling air pollutants. This is consistent with the
“cost of compliance” in neoclassical economics [67–69]. In contrast, due to the loss of
some economically efficient outputs resulting from the relocation of some enterprises,
green technological progress will not improve the air pollution control performance
of the local region. Through technology spillover, green technology progress in the
local region effectively reduces pollutant emissions of energy systems in neighboring
regions, improving the input–output performance to offset higher costs that result
from environmental regulations, thus enhancing the overall air pollution control
performance [31]. This is consistent with the “Innovation Compensation” theory of
the revisionist school [70,71].

(3) The interactive effects of industrial structure upgrading and green technology progress
were generally seen to have a dampening effect on air pollution control performance.
All effects of the interaction term were significant to different degrees, with positive
coefficients for direct effects and negative coefficients for indirect effects, and with
negative total effects. This shows that both industrial structure upgrading and green
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technology progress were conducive to the promotion of local air pollution control
performance. Green technological progress can help enterprises update their produc-
tion equipment and can promote the development of low-pollution industries, such
as technology-intensive industries. Meanwhile, technological progress can accelerate
the transformation of economic development from rough to intensive, thus chang-
ing the energy consumption structure of the economy and consequently promoting
the industrial structure upgrade. However, it is worth noting that the interaction
effect has a significant inhibitory effect on the improvement in air pollution control
performance in the neighboring regions, indicating marginal decreasing effects of
industrial structure upgrading and green technology progress on the air pollution
control performance of the neighboring regions. This means that “1 + 1 < 2”.

(4) With respect to the control variables, the analysis needed to be performed in conjunc-
tion with the results of OLS parameter estimation. The level of economic development
significantly contributed to air pollution control performance. Compared with other
regions in China, cities in the Yangtze River Delta region have generally passed the
early stage of economic development, and the scale effect of economic growth has
alleviated air pollution in cities. To some extent, the level of urbanization and traffic
density can inhibit the improvement in air pollution control performance and can ag-
gravate urban air pollution. By contrast, the increase in temperature and precipitation
diminishes the difficulty of air pollution control and optimizes the performance; see
Section 3.2.2.

5.2. Heterogeneity Analysis

The effects of industrial structure upgrading and green technology progress on air
pollution control performance varied within the six regional governance groups of the
Yangtze River Delta region. Table 9 shows the effects of industry and technology and their
interactive effect with the control variables on the air pollution control performance for
different regional governance groups.

Table 9. Direct and indirect effects of the SDM in the six regional governance groups of the Yangtze
River Delta region.

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

IS Direct −1.51 5.381 *** −2.153 −0.481 −3.277 ** 3.402 ***
(−2.779) (−1.774) (−1.72) (−0.882) (−1.329) (−1.151)

Indirect 15.97 *** 4.784 5.487 3.248 7.573 ** 5.582 **
(−5.983) (−5.11) (−3.972) (−2.648) (−3.257) (−2.606)

Total 14.46 ** 10.16 * 3.334 2.767 4.295 8.984 ***
(−6.432) (−5.535) (−3.31) (−2.87) (−3.562) (−2.724)

TP Direct −0.181 0.454 *** −0.135 −0.0957 ** −0.193 *** 0.224 ***
(−0.141) (−0.155) (−0.0924) (−0.0441) (−0.0663) (−0.0843)

Indirect 0.972 *** 0.221 0.485 ** 0.0846 −0.0858 0.642 ***
(−0.282) (−0.32) (−0.205) (−0.143) (−0.163) (−0.184)

Total 0.790 *** 0.674 0.349 −0.0112 −0.279 * 0.866 ***
(−0.288) (−0.41) (−0.226) (−0.159) (−0.151) (−0.202)

IS*TP Direct 0.309 −0.839 *** 0.337 0.107 0.516 *** −0.587 ***
(−0.33) (−0.321) (−0.229) (−0.136) (−0.161) (−0.215)

Indirect −2.460 *** −0.284 −0.651 −0.347 −0.451 −1.706 ***
(−0.649) (−0.734) (−0.492) (−0.419) (−0.445) (−0.504)

Total −2.151 *** −1.123 −0.314 −0.24 0.0653 −2.292 ***
(−0.65) (−0.88) (−0.585) (−0.461) (−0.417) (−0.522)

Observations 90 105 75 90 135 120
Number of IDs 6 7 5 6 9 8

Notes: standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1; column (1) represents the Shanghai regional
governance group; column (2) represents the Shaoxing regional governance group; column (3) represents the
Hangzhou regional governance group; column (4) represents the Nanjing regional governance group; column (5)
represents the Hefei regional governance group; column (6) represents the Xuzhou regional governance group.
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5.2.1. Heterogeneity Analysis of Direct Effects

The direct effect of industrial structure upgrading is significantly positive in column (2)
and column (6), with impact coefficients of 5.381 and 3.402, respectively, and both passed
the 1% significance test. The direct effect of industrial structure upgrading was negative in
the other regional governance groups, and only column (5) passed the 5% significance test
with an impact coefficient of −3.277, while all other regions failed the significance test. The
results show that in column (2) and column (6), the environmental protection input factors
that promoted the upgrading of the industrial structure were smaller than the actual air
pollution control performance output factors, which promoted the improvement in labor
productivity and energy use efficiency and effectively reduced the pollution intensity of
fine particulate matter. While column (5) shows an early stage of economic development
compared with other regions, the upgrading of industrial structure will also reduce the per-
formance of air pollution control when the secondary industries, mainly manufacturing and
construction, and the tertiary industries, mainly services, are developed simultaneously.

The direct effect of green technological progress was significantly positive in column (2)
and column (6), with impact coefficients of 0.454 and 0.224, respectively, and both passed
the 1% significance test. The direct effect of green technological progress was negative
in the other regional governance groups, but only column (4) and column (5) passed the
significance test at different levels (5% and 1%, respectively), with impact coefficients of
−0.096 and −0.193, respectively. The results show that in column (2) and column (6), the
improvement in production efficiency and energy use efficiency can be achieved through
green technology progress in the region, thus reducing the emission of pollutants and
achieving the improvement in air pollution control performance in the local region. Col-
umn (4) and column (5), on the other hand, do not match the environmental control costs
invested in the process of achieving green technological progress with the benefits obtained,
and the process of environmental regulation, although it induces firms to achieve green
technological progress, also causes firms to relocate.

The direct effect of the interaction term of industrial structure upgrading and green
technology progress was significantly positive in column (5), with an impact coefficient
of 0.516, and significantly negative in column (2) and column (6), with impact coefficients
of −0.839 and −0.587, respectively, while the rest of the regions did not pass the signif-
icance test but had positive impact coefficients. This indicates that the combined effect
of industrial structure upgrading and green technology progress on the improvement in
air pollution control performance had a significant promoting effect in column (5) and a
significant inhibiting effect in column (2) and column (6). Due to the diminishing marginal
benefits of each environmental regulatory policy in the region, technological progress
and industrial upgrading in column (5) could mutually promote the inhibitory effects of
industrial upgrading and technological progress on local air pollution control performance,
while technological progress and industrial upgrading in column (2) and column (6) could
mutually inhibit the promoting effects of industrial upgrading and technological progress
on local air pollution control performance.

5.2.2. Heterogeneity Analysis of Indirect Effects

The indirect effect of industrial structure upgrading had a positive impact coefficient in
all regional governance groups, but only column (1), column (2), and column (6) passed the
significance test, with impact coefficients of 19.97, 7.573, and 5.582, respectively. It is worth
noting that the coefficient of column (1) was much larger than other regional governance
groups, confirming that Shanghai, as the economic growth pole of the Yangtze River Delta
region, could drive the improvement in air pollution control performance while promoting
the improvement in eco-efficiency of neighboring cities [72]. Column (2), column (3), and
column (4) were spillover receptors, and thus, the spillover effect of industrial structure
upgrading in these regions was not significant. Column (5) and column (6), on the other
hand, will become independent growth poles with significant spillover effects on the
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improvement in air pollution control performance because of their different stages of
economic development and their geographical distance from Shanghai.

The indirect effects of green technological progress were positive in all regions except
column (5), and only the results in column (1), column (3), and column (6) passed the
significance tests of 1% and 5%. These results indicate that although there was a spillover
effect of green technology progress in different zones of the Yangtze River Delta, there
was a large inter-regional difference in the improvement effect on air pollution control
performance. Local protectionism is prevalent in China, hindering the cross-regional flow
of innovation factors and weakening the spillover effects of green technological progress.
In addition, the receptiveness of different regions to green technologies does not match
the technology spillover received, resulting in different contributions of green technology
progress to air pollution control performance in spatially correlated regions [73].

The indirect effect of the interaction term of industrial structure upgrading and green
technological progress had a negative impact coefficient in all regional governance groups,
but only column (1) and column (6) passed the significance test (1%), with−2.46 and−1.706,
respectively. The research and development of green technology requires a large amount
of R&D funds and technical personnel and relies on the upgrading of various equipment.
However, there is an objective exclusivity of labor and material resources among spatially
connected regions. As a result, green technology progress is probably accompanied by
the extrusion effect on the production factors of spatially connected regions, offsetting the
positive impact of some industrial upgrading on air pollution control performance. In
the process of industrial structure upgrading, when local governments lay out relevant
industrial policies and environmental regulations, it will be accompanied by the imitation
effect of spatially related areas, which will offset part of the positive impact of technological
progress on air pollution control performance [74].

5.3. Robustness Check

The indirect effects of each explanatory variable may have insufficient robustness
under the setting of the spatial weight matrix of geographical distance. Therefore, a
corresponding geographic distance weight matrix was constructed using the road distance
between two cities in the robustness test, replacing the spatial weight matrix used in the
previous SDM, and parameter estimation was performed again. The results are shown
in Table 10, with columns (1) to (3) showing the results of the baseline regressions and
columns (4) to (6) showing the results of the regressions with a one-period lag of the
explanatory variables. For the direct effects, the interaction term in column (1) was weakly
significant, and the variable was not significant in column (4), while the rest of the variables
passed the significance tests at different levels. For the indirect effects, all variables passed
the significance test and the direction of the effect on the explained variables was consistent
with the previous section. Overall, the model was robust.

Table 10. Estimation results after replacing the spatial weight matrix.

Variables Direct
(1)

Indirect
(2)

Total
(3)

Direct
(4)

Indirect
(5)

Total
(6)

IS −0.364 5.349 * 4.985 * −0.167 7.263 ** 7.096 **
(0.536) (2.947) (2.927) (0.563) (3.248) (3.226)

TP −0.0894 *** 0.303 * 0.214 −0.0779 *** 0.470 ** 0.392 **
(0.0282) (0.168) (0.170) (0.0297) (0.194) (0.196)

IS*TP 0.121 * −0.815 * −0.694 0.0976 −1.698 *** −1.600 ***
(0.0686) (0.478) (0.493) (0.0734) (0.547) (0.563)

Observations 615 615 615 574 574 574
Number of

IDs 41 41 41 41 41 41

Notes: standard errors in parentheses; *** p < 0.01, ** p < 0.05, * p < 0.1.
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6. Conclusions and Discussion

This study used systems theory to describe the policy spillover effects of environmental
regulation policy and to explain the mechanisms of such spillovers. Furthermore, the panel
data of 41 cities in the Yangtze River Delta region of China from 2006 to 2020 were used
to measure air pollution control performance (APCP) using a super-efficiency SBM-DEA
model, and the dynamic changes and spatio-temporal patterns of APCP were portrayed
using the Malmquist index and ArcGIS software, respectively. Finally, the spatial Durbin
model (SDM) was used to analyze the optimization path of APCP in the Yangtze River
Delta region from both industrial and technological perspectives and to explore its regional
heterogeneity in depth.

The following conclusions from this study apply to the Yangtze River Delta region of
China: (1) In terms of the temporal pattern, the APCP in the Yangtze River Delta region,
except for the Shaoxing regional governance group, which had been at a high level, showed
a fluctuating upward trend throughout the study period. Meanwhile, the mean values
of the efficiency change index (EC), the technology change index (TC), and the global
Malmquist index (GML) were all greater than 1 from 2006 to 2020. (2) In terms of the
spatial pattern, the APCP in the Yangtze River Delta region was at a higher and more
stable value in Zhejiang Province in the southeast and a lower and highly variable value
in Jiangsu and Anhui provinces in the north. In addition, according to the results of
spatial correlation analysis of the Moran index, the APCP in the Yangtze River Delta region
showed a significant positive spatial correlation. (3) Industrial structure upgrading and
green technology progress had different impact paths on the APCP. Industrial structure
upgrading had a significant indirect promotion effect and a positive spillover effect on
the APCP, while the direct effect was not significant. Green technology progress had a
significant direct inhibitory effect on the APCP, as well as a significant indirect promoting
effect and a positive spillover effect on the APCP. (4) In the optimization path of the
APCP, industrial structure upgrading played a more important role than green technology
progress. Due to the existence of the policy’s diminishing marginal effects, industrial
structure upgrading and green technology progress did not mutually reinforce each other
for APCP enhancement. (5) There was regional heterogeneity in the impacts of industry
and technology on the APCP. The paths and actual effects of industrial structure upgrading
and green technology progress on the APCP varied widely among the six different regional
governance groups within the Yangtze River Delta region.

This study took a different approach by applying systems theory to explain the mecha-
nism of air pollution control policy spillover in the Yangtze River Delta region; depicting the
chain transmission effect, vibration effect, ripple effect, and halo effect of policy spillover;
and analyzing the spatial and temporal patterns of the APCP in the Yangtze River Delta
region from static and dynamic perspectives. In addition, the optimization path of the
APCP was studied based on the perspective of industrial structure upgrading and green
technology progress. It is both an empirical test of the reality of the APCP in the Yangtze
River Delta region and a useful complement to the development of the APCP by industry
and technology.

However, there were some shortcomings of this study: first, the spillover effects of air
pollution control policies were not measured; second, a finer delineation of the indicator
settings for industrial structure upgrading and green technology progress was lacking.
Therefore, in future studies, a more comprehensive examination of the contribution of
industry and technology to the APCP enhancement should be undertaken.
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