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Abstract: Industrial agglomeration is a major source of regional economic development and the main
pattern enterprises employ after having developed to a certain stage. Industrial agglomeration also
affects the emissions of air pollutants in production. Based on provincial panel data for China from
2006 to 2019, this paper introduces the full generalized least squares (FGLS) panel econometrics model.
By considering spatial correlation, the potential endogenous problem has been controlled using the
instrumental variable and the effects of the co-agglomeration of manufacturing and producer services
on three major air pollutants, i.e., SO2, PM2.5, and NOx, have been empirically estimated. The
empirical results show that: (1) The agglomeration of manufacturing increases the emission of PM2.5

in the air, while the agglomeration of producer services and the co-agglomeration of manufacturing
and producer services reduce it. Moran correlation index test showed that SO2 and NOx had no
significant spatial correlation. (2) The agglomeration of manufacturing, the agglomeration of producer
services, and co-agglomeration exert the most significant effects on PM2.5 in the air in central and
western China. This is probably because of the availability of basic natural resources in these areas.
(3) The energy consumption structure mediates the effect of the agglomeration of manufacturing on
PM2.5, and human capital mediates the effect of the agglomeration of producer services on PM2.5

emissions. Based on the results, policy suggestions to improve the atmospheric environment during
the process of industrial agglomeration are proposed.

Keywords: atmospheric environment; manufacturing; producer services; industrial agglomeration;
full generalized least squares (FGLS)

1. Introduction
1.1. Background

The relationship between economic growth and environmental pollution has long
been a research priority for many scholars [1,2]. Since reform and opening-up, China
has achieved rapid economic development, where China’s manufacturing industry (a
pillar industry of economic development) and service industry (the tertiary industry)
have expanded rapidly in scale. Manufacturing enterprises consume considerable fossil,
petroleum, and other energy sources in the production process, where the combustion of
these energies generates numerous air pollutants [1,3,4]. Moreover, this massive pollution
discharge by enterprises during production also impacts the physical health and daily life of
nearby residents [5,6]. Compared with manufacturing, the service industry better satisfies
the demands of sustainable economic development. According to the China Ecological
Environment Status Bulletin in 2020, 202 (59.9%) of all 337 Chinese cities met the proposed
standards on ambient air quality. Days where PM2.5 was the major pollutant accounted
for most of the number of days when air quality did not meet the standards [7–9]. As a
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result of intensified air pollution, respiratory tract infections and other associated diseases
have also presented an increasing trend among residents. President Xi has proposed that
“Lucid waters and lush mountains are invaluable assets.” In this spirit, the effective control
and governance of air pollution constitute the basis for guaranteeing sustainable economic
development and safeguarding people’s physical health. In this sense, it has become
necessary to adjust economic development policies and the overall industrial layout and
improve the ecological environment, thus achieving high-quality economic development.
Currently, as countries around the world pay more attention to the management of the air
environment, they are beginning to see the results of their efforts in the management of air
pollution. Figures 1–3 show diagrams of the emissions of PM2.5, SO2, and NOx in China, the
UK, and the US. Figures 1–3 show that the decreasing trend of SO2 and NOx in China, the
UK, and the US is significant, especially since the decreasing trend of per capita emissions
in China is faster than that of the UK and the US. This indicates that China has made great
progress in air pollution reduction. At the same time, the mean annual exposure (µg/m3)
of PM2.5 in China is much higher than that of the UK and the US, despite the significant
downward trend, which further indicates that we need to optimize the industrial structure
and use renewable energy to improve air quality.

 1

 

Figure1. 1990-2017 China, the UK, and the US Population-weighted average level of exposure to PM2.5 (mean 

annual exposure (µg/m³)) 

Data source: World Bank/ourworldindata.org 

 

Figure2. 2006-2020 China, the UK, and the US NOx air pollution. (NOx emission metric ton/thousand people). 

Data source: ourworldindata.org 

Figure 1. 1990–2017 China, the UK, and the US Population-weighted average level of exposure to
PM2.5 (mean annual exposure (µg/m3)). Data source: World Bank/ourworldindata.org.

Air pollution has the dual characteristics of spatial agglomeration and diffusion. The
number of agglomerated industrial enterprises affects the air quality of both local and
adjacent areas. To a certain extent, a regional link exists between air pollution and indus-
trial agglomeration, making it highly necessary to clarify their relationship [10–13]. The
effect of industrial agglomeration on air pollution is mainly embodied in the following
two aspects: (1) Industrial agglomeration aggravates local air pollution: The large-scale
agglomeration of enterprises, especially industrial enterprises, generates industrial waste
gases and wastewater and increases the emissions of PM2.5, SO2, NOx and other air pollu-
tants in areas of industrial agglomeration. If the local government blindly pursues rapid
economic development, the difficulty of regional environmental governance will be further
exacerbated, resulting in further environmental deterioration. In addition, the agglomera-
tion of enterprises also attracts the settlement of employees in areas close to plants, and
pollution discharge by residents also aggravates local environmental pollution [14–16].
(2) Industrial agglomeration mitigates local air pollution, mainly by reducing the emissions
of air pollutants through economies of scale, technology spillover, production efficiency,
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and intermediate sharing mechanisms [17,18]. On the one hand, the economies of scale
effect induced by industrial agglomeration can lower enterprises’ production costs. Relying
on advanced production technologies in agglomeration areas, enterprises can increase
production efficiency, transform production modes, and promote energy conservation
and emission reduction, thus effectively alleviating emissions of harmful gases. From the
perspective of regional innovation, both specialized agglomeration and diversified agglom-
eration can promote regional innovation, but the former has a more apparent spillover
innovation effect [19–21]. On the other hand, industrial agglomeration can provide the
diversified intermediate services required by regional development, so that the economies
of scale effect can be achieved in manufacturing through the sharing of intermediate
services [22]. In particular, intermediate services provided in a concentrated manner by
producer services (represented by finance, law, logistics, etc.) save time and economic costs
borne by enterprises when searching for intermediate service providers. Consequently, they
can invest more funds and energy in conducting R&D, improving production conditions,
and promoting sustainable production.
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Figure1. 1990-2017 China, the UK, and the US Population-weighted average level of exposure to PM2.5 (mean 
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Figure 2. 2006–2020 China, the UK, and the US NOx air pollution. (NOx emission metric
ton/thousand people). Data source: ourworldindata.org.
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Figure3. 2006-2020 China, the UK, and the US SO2 air pollution (SO2 emission metric ton/thousand people). 

Data source: ourworldindata.org 

 

 

Figure 4. Route map of the Industrial agglomeration effects on the atmospheric environment. 

 

Figure 3. 2006–2020 China, the UK, and the US SO2 air pollution (SO2 emission metric ton/thousand
people). Data source: ourworldindata.org.
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This paper mainly explores the mechanism underlying the effect industrial agglomer-
ation has on air pollution from the following three aspects: the agglomeration of manufac-
turing, the agglomeration of producer services, and the co-agglomeration of manufacturing
and producer services. To be specific, industrial waste gases and wastewater generated
by traditional manufacturing, mainly because of the utilized production links and modes,
deteriorate the local environment [23–26]. However, the economies of scale effect produced
by industrial agglomeration may drive enterprises to increase their production efficiency
and adopt green energies, thus weakening the impact of industrial pollution on the local
environment [23–26]. Emerging producer services mainly serve manufacturing enterprises
and consume very little energy. Combined with the use of clean energies, they can effec-
tively mitigate air pollution in agglomeration areas [10,13]. By virtue of inter-industry
knowledge overlap and technology spillover, co-agglomeration of industries yields a collab-
orative symbiosis effect, which can upgrade interregional industrial structures, transform
enterprise production modes, and further optimize interregional air quality.

1.2. Literature Review

Scholars have extensively studied the relationships between economic growth, indus-
trial agglomeration, and air pollution [27,28]. Their main points of view are summarized
in the following: (1) The “Environmental Kuznets Curve hypothesis” basically states that,
as a result of rapid economic development in a country, the environmental quality of the
country presents a deteriorating trend first and an improving trend afterward [29–33].
Scholars advocating the “Environmental Kuznets Curve hypothesis” unfold their research
mainly from the perspective of carbon dioxide emissions. Carbon dioxide and per capita
GDP both present U-shaped, N-shaped, and monotonically increasing relationships, which
validate the “Environmental Kuznets Curve hypothesis” [8,34,35]. (2) Industrial agglom-
eration aggravates air pollution. Scholars unfolding their research from this perspective
mainly focus on energy consumption and environmental governance costs of the agglom-
eration of manufacturing using the “Pollution Haven hypothesis”. In the agglomeration
process of manufacturing enterprises, the combustion of energy sources by many industrial
enterprises increases the emissions of air pollutants, resulting in the deterioration of air
quality [16,34]. A large number of enterprises in agglomeration areas further increase the
difficulty of environmental pollution governance. Most enterprises have adopted a “free-
ride” economies of scale approach and are reluctant to pay the transaction costs incurred
by diseconomies of scale. The “Pollution Haven hypothesis” also partially explains the
environmental pollution caused by the agglomeration of manufacturing industries [36,37].
That is, countries facing high costs of environmental regulation tend to transfer their
manufacturing to countries with low costs of environmental regulation. Consequently,
developing countries can increase their manufacturing yield through the absorption of
foreign capital, but must still face the increasing emissions of harmful air pollutants [17].
(3) Industrial agglomeration mitigates air pollution. Scholars supporting this perspective
argue that industrial agglomeration improves production efficiency, innovation level, pro-
duction mode transformation, and environmental regulation of enterprises [36–38]. They
further argue that knowledge and technology spillover effects produced by agglomeration
can raise the technical level of enterprises, thus driving them to develop environmentally
friendly production equipment, transform production modes, and lower air pollution
levels [39]. To encourage economic development and attract enterprises, the government
may choose to uniformly purchase pollution discharge facilities in an agglomeration area,
thus removing the costs of pollution discharge facilities for individual enterprises. Ben-
efiting from raised regional agglomeration levels and improved production conditions,
enterprises can invest more funds in governing pollution discharge, thus mitigating air
pollution [40]. The adoption of new energies and technologies by enterprises can also make
their production processes greener and more environmentally friendly, thus contributing
to the improvement of local air quality [41]. To improve residents’ living environment,
the government may introduce strict environmental regulation policies. Zhou and Feng



Atmosphere 2022, 13, 966 5 of 29

(2017) [42] showed that environmental regulation can significantly inhibit the expansion of
heavy industries and reduce the use of fossil energy sources, further showing that there is
a significant negative relationship between environmental regulation and the emission of
air pollutants.

1.3. Hypotheses and Theoretical Mechanisms
1.3.1. Hypotheses

In terms of the agglomeration of manufacturing, in this paper, the mechanism under-
lying the effect of the agglomeration of manufacturing on air pollution is clarified from
two perspectives. Then, how the agglomeration of manufacturing increases the emissions
of interregional air pollutants is analyzed. On the one hand, this is because of the use of
excessive non-clean energies by many agglomerated manufacturing enterprises. Manu-
facturing generally refers to traditional energy-intensive industries. Industrial production
can increase regional industrial added value and quickly raise the local economic devel-
opment level. During the early stages of the reform and opening up, local governments
often sacrificed the environment for economic growth by excessively burning traditional
energy sources such as coal and oil in industrial production. This continually increased
the emissions of SO2, NOx, PM2.5, and PM10 into the air [10,11,18]. On the other hand,
when excessive industrial pollution discharge by enterprises in the agglomeration process
was complicated by the expansion of the regional population and a substantial increase in
the number of enterprises in the initial stage of agglomeration, the emissions of regional
air pollutants increased abruptly [2,12,43]. Compelled by the competition effect induced
by massive agglomeration, enterprises attach great importance to new product R&D for
the sake of market share, while commonly neglecting the addition and replacement of
basic pollution discharge facilities. Consequently, industrial pollution discharge adversely
impacts the daily living environment of nearby residents. Based on the above analysis, the
first hypothesis is proposed.

Hypothesis 1 (H1). Massive agglomeration of manufacturing enterprises increases energy con-
sumption, industrial pollution discharge, and air pollutant emissions in agglomeration areas.

Producer services differ from manufacturing, as producer services mainly serve man-
ufacture and can be regarded as intermediate service providers of manufacturing. The
production process is cleaner under the agglomeration of producer services. The massive
agglomeration of producer service enterprises creates the economies of scale effect, which
reduces the transaction costs of producer services. In this way, enterprises can invest more
funds in improving the producer service level as well as intermediate product production
and provide more energy-conserving and environment-friendly intermediate products for
manufacturing. This effectively reduces the emissions of regional air pollutants [13,44]. En-
terprises engaged in producer services are largely based on personnel and services. While
such enterprises generate certain waste gases and wastewater in the production process,
they consume very few energy-intensive resources. Therefore, increasing the number of
producer service enterprises can, to a certain extent, mitigate regional air pollution. Based
on this, the second hypothesis is presented.

Hypothesis 2 (H2). By virtue of their production features, producer services can effectively inhibit
the emissions of regional air pollutants.

The co-agglomeration of industries creates a spatial spillover effect, which can drive
local enterprises and enterprises in adjacent areas to share resources (such as knowledge,
technology, and labor), learn from each other, transform production modes, and increase
interregional production efficiency. When the local government renews the pollution dis-
charge facilities of the region or introduces strict environmental regulation policies, the
local governments of adjacent areas will be affected, which further changes the conditions
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of interregional environmental regulation [45]. The study by Thiel et al. (2016) [46] has indi-
cated that environmental regulation can significantly inhibit environmental pollution, high
environmental pressure prompts enterprises to upgrade their R&D and technologies, and
more efficient utilization and treatment of pollutants lead to less serious environmental pol-
lution. Moreover, the co-agglomeration of industries also creates a collaborative symbiosis
effect, which can realize complementary production between enterprises, optimize internal
and external production structures, and effectively reduce the emissions of interregional air
pollutants. In this context, the third hypothesis is put forward.

Hypothesis 3 (H3). The collaborative symbiosis, circular economy, and other effects created by the
co-agglomeration of manufacturing and producer services mitigate regional air pollution.

1.3.2. Theoretical Mechanisms

Industrial agglomeration may also indirectly affect air pollution through mediating
factors. The environmental regulation intensity of a region directly influences the local
pollution governance level. Strict environmental regulation not only encourages the adjust-
ment of the energy structure and the transformation of production modes in the region,
but also urges enterprises to recruit R&D personnel, conduct scientific and technological
innovation, and increase labor productivity [8,29,37]. Considering this, this paper starts
with regional energy consumption structure and human capital to analyze the factors that
mediate the effect of industrial agglomeration on air pollution, and Figure 4 depicts the
route map of these agglomerations.

 2

 

Figure3. 2006-2020 China, the UK, and the US SO2 air pollution (SO2 emission metric ton/thousand people). 

Data source: ourworldindata.org 
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Figure 4. Route map of the industrial agglomeration effects on the atmospheric environment.

Regarding the energy consumption structure, the consumption and combustion of
coal by a region directly affect the environmental quality of that region. The industrial
waste gases generated in large amounts by coal combustion increase the emissions of PM2.5
and SO2 into the air. Considering that a massive agglomeration of enterprises also directly
affects regional coal consumption, in this paper the proportion of regional coal consumption
in total regional energy consumption is adopted to measure whether industrial agglomera-
tion affects regional air pollution through the energy consumption structure. Regarding
human capital, agglomeration creates a labor pool effect, which enables local enterprises to
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share abundant labor resources and lays the foundation of local human capital. With the
introduction of increasingly refined environmental policies by the government, it becomes
imperative for enterprises to fulfill their heavy responsibilities of energy conservation and
emission reduction by adopting new energies or by transforming production modes. To do
so, they must intensify R&D investment, recruit sufficient R&D personnel, conduct scien-
tific and technological innovation, increase production efficiency, and transform production
modes. Therefore, human capital is adopted as a further mediating variable and its role
between agglomeration and air pollution is discussed.

2. Data Sources
2.1. Setup of Econometric Model

The relationship between environmental pollution and human activities has been
extensively studied for a considerable time. It was first studied by the US economists
Ehrlic et al. (1972) [47], who used the equation I = PE. Later, Rosa et al. (1998) [48] intro-
duced elasticity coefficients into the model and modified it into the more practical STIRPAT
model which also considers the effects of changes in various scenarios. The specific equation
is as follows:

I = aPb ACTde (1)

where I, P, A, and T denote pollution degree, population scale, per capita wealth, and
technical level, respectively. a is a constant term, b, c, and d are elasticity coefficients, and e
is an error term.

By logarithmizing both sides of Equation (1), Equation (2) is obtained:

lnI = lna + blnP + clnA + dlnT + ε (2)

where a is a constant term, b, c, and d are the parameters to be estimated, and ε is an error
term. The agglomeration indices of different industries are added based on the study by
Rosa et al. (1998) [48]. The continuous variables in these models (I, a, P, A, and T) are taken
from the common logarithm, which can unify the dimensionless parameters, and reduce
the heteroscedasticity by minimizing the influence of the outliers [49]. The econometrics
model of this paper is set up as follows:

lnPollutionit = α0 + α1lnaggit + α2Xit + λit + εit (3)

where i denotes the province, t denotes the year, Pollutionit denotes air pollution indices,
including PM2.5, NOx, and SO2; agg denotes the core explanatory variables of agglomera-
tion, including the agglomeration of manufacturing (Magg), the agglomeration of producer
services (Sagg), and the co-agglomeration of manufacturing and producer services (Cagg);
α0 is a constant term, α1 is a parameter to be estimated, λit represents time and individual
fixed effects, and εit is a stochastic disturbance term.

2.2. Core variables
2.2.1. Explained Variables

This paper explores the effect of industrial agglomeration on three major air pollution
sources, i.e., SO2, PM2.5, and NOx, which constitute the main explained variables of this
paper. Among them, PM2.5 is defined as the haze index of each province each year, which
is mainly explained by the annual mean concentration; NOx is defined as the oxynitride
emission of each province each year (10,000 tons), and SO2 is defined as the sulfur dioxide
emission in waste gases of each province each year (10,000 tons).

QGIS is an open source mapping software based on the geographic information system
(GIS) [50,51], which can load the data into a geographical map and perform the spatial
analysis [52–54], including the environment indices’ measuring and calculating [55]. In
this study, we use QGIS to visualize and analyze hazardous air pollutants in 29 provinces
of China. Figures 5–7 show the total emission distribution of PM2.5, SO2, and NOx in
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China from 2006 to 2019. The heavier the color, the higher the discharge amount. It can be
seen that air pollution is severe across China, especially in the North China Plain. China’s
emissions of the three major air pollutants have not been decreasing all the time, but
have shown a trend of first increasing first, then decreasing, and this trend has been more
significant since 2015.
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Figure 6. Distribution of SO2 in Chinese provinces from 2006 to 2019. 

 

Figure 5. Distribution of PM2.5 in different provinces of China from 2006 to 2019.

 3

 

 

Figure 5. Distribution of PM2.5 in different provinces of China from 2006 to 2019. 

 

 

Figure 6. Distribution of SO2 in Chinese provinces from 2006 to 2019. 

 

Figure 6. Distribution of SO2 in Chinese provinces from 2006 to 2019.



Atmosphere 2022, 13, 966 9 of 29

 4

 

Figure 7. Distribution of NOx in Chinese provinces from 2006 to 2019.(Note: Figure 5–7 are plotted by the 

authors using the open-source software QGIS, which is permitted for free academic use under its protocol of 

usage; the data contained in the maps are public data from the China Statistical Yearbook on Environment.). 

 

 

Figure 8. Distribution of manufacturing agglomeration in different provinces of China from 2006 to 2019. 

 

Figure 7. Distribution of NOx in Chinese provinces from 2006 to 2019 (Note: Figures 5–7 are plotted
by the authors using the open-source software QGIS, which is permitted for free academic use
under its protocol of usage; the data contained in the maps are public data from the China Statistical
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2.2.2. Explanatory Variables

The location entropy index is a measurement method that was introduced early to
research on industrial agglomeration. It was first proposed by Huggett and then applied to
subsequent research on agglomeration. The location entropy index measures the industrial
agglomeration of a region, by using its number of employees or total output value. It
has a high data availability and is suitable for basic research. Specifically, the locational
entropy index [56] typically measures the ratio between the local and national percentage of
employment, attributable to a particular industrial sector. Therefore, it is a “ratio between
proportions”. Details are given below.
(1) Agglomeration index of manufacturing

Maggit =
Ljit/Ljt

Lit/Lt
(4)

Maggit is the agglomeration index of manufacturing, Ljit is the number of employees
in industry j of region i in year t, Ljt is the number of employees in industry j in year t, Lit
is the number of employees of region i in year t, and Lt is the total number of employees in
the country in year t.
(2) Agglomeration index of producer services

Saggit =
Ljit/Ljt

Lit/Lt
(5)

Saggit is the agglomeration index of producer services, and the meanings of all other
variables are the same as in Equation (4).
(3) Co-agglomeration index

Caggit = 1− |Maggit − Saggit|
Maggit + Saggit

(6)
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Caggit is the co-agglomeration index, Maggit is the agglomeration index of manufac-
turing, and Saggit is the agglomeration index of producer services.

QGIS software was used to visualize and analyze the different industrial agglom-
erations in 29 provinces of China. Figures 8–10 show the distribution of manufacturing
agglomeration, producer services agglomeration n, and collaborative agglomeration in
China from 2006 to 2019. The darker the color, the higher the degree of industrial agglomer-
ation. It can be seen that the level of manufacturing agglomeration is higher in the central
and western regions, and the distribution of producer services agglomeration is relatively
balanced. The collaborative agglomeration of manufacturing and producer services is the
highest in the eastern coastal regions.
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Figure 10. Distribution of collaborative agglomeration in different provinces of China from 2006 to
2019. (Note: Figures 8–10 are plotted by the authors using the open-source software QGIS, which is
permitted for free academic use under its protocol of usage; the data contained in the maps are public
data from the Statistical Yearbook of Chinese Provinces).

2.3. Mediating Variables and Control Variables
2.3.1. Mediating Variables

(1) Energy consumption structure (Energy): The energy consumption structure is
measured via the proportion of the coal consumption of the region of its total energy
consumption. The industrial waste gases generated by the combustion of large amounts of
coal constitute a major source of air pollution; therefore, studying the coal consumption
of a region is of vital significance for measuring the air pollution of the region. Therefore,
the energy consumption structure is taken as a mediating variable and its mediating role
between the agglomeration of different industries and air pollution is explored.

(2) Human capital (RDhuman): The proportion of investment in human capital is
measured using the proportion of R&D personnel in a region of its total number of em-
ployees. The fact that the Chinese government advocates sustainable development means
that enterprises in China must transform traditional energy-intensive production modes
into energy-conserving and environment-friendly production modes. This necessitates that
there must be sufficient R&D personnel to engage in scientific and technological innovation.
Thus, the number of R&D personnel in a region affects its overall R&D level, which further
influences its production modes and consequently its air quality. Therefore, human capital
is taken as a mediating variable and its mediating role between the agglomeration of
different industries and air pollution is explored.

2.3.2. Control Variables

The control variables for this paper are Environmental regulation (ER), R&D invest-
ment intensity (RDintensity), Industrial structure (INS), Per capita GDP (pergdp), Square of
per capita GDP (pergdp2), FDI (fcp), Regional openness (open), Urbanization level (city), and
the control variable data sources are the China Environmental Statistics Yearbook & China Sta-
tistical Yearbook, China Statistical Yearbook of Science and Technology, China Statistical Yearbook
of Science and Technology, CSMAR, China Statistical Yearbook, and NOAA/NGDC.

(1) Environmental regulation (ER) is expressed as the proportion of pollution gover-
nance investment in GDP divided by industrial characteristics. This expression reduces the
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effect of interregional differences in industrial structure. Strict environmental regulation
can, to a certain extent, reduce the emissions of air pollutants. The specific measurement
method is as follows:

ERit =
investit
valueit

/
valueit
GDPit

(7)

where invest, value, and GDP denote the completion rate of industrial pollution governance
investment, industrial added value, and nominal GDP, respectively.

(2) R&D investment intensity (RDintensity) is expressed as the proportion of regional
R&D investment in regional GDP. A higher R&D investment helps enterprises strengthen
their R&D innovation, raise productivity levels, and transform production modes, all of
which can contribute to the improvement of regional air quality.

(3) Industrial structure (INS) is expressed as the proportion of the total output value of
secondary industries of that of tertiary industries. The industrial structure measures the
rationality of the overall industrial layout of a region.

(4) Per capita GDP (pergdp) is expressed as the ratio between regional GDP and regional
total population. The effect of inflation has been eliminated using CPI.

(5) Square of per capita GDP (pergdp2) is expressed as the quadratic term of the actual
per capita GDP and is used to validate whether there is an “Environmental Kuznets Curve”.

(6) FDI (fcp) expresses the proportion of regional FDI inventory in regional GDP in
the current year and is used to explore the overall effect of total FDI on local environments.
FDI inventory is calculated according to the perpetual inventory method as follows:

f cpit = f cpi(t−1) − α f cpi(t−1) + f dii(t) (8)

f cpi(2006) = f dii(2005)/(gi + α) (9)

where fcp denotes FDI inventory, fdi denotes FDI flow, α denotes the depreciation rate, set
as 6%, and gi denotes the growth rate of per capita GDP.

(7) Regional openness (open) is expressed as the proportion of the regional total export-
import volume of regional GDP. A region with higher openness may be able to attract more
enterprises, which thus affects local air quality.

(8) Urbanization level (city) is expressed as the proportion of the urban population
of a region of the total population of the region. A region with a higher urbanization
level usually has relatively sound manufacturing and producer services, which exert more
significant effects on air pollution.

2.4. Data Sources
2.4.1. Data Sources

The provincial panel data from 29 Chinese provinces (excluding Tibet, Qinghai,
Hongkong, Macau, and Taiwan) from 2006 to 2019 are used in this study. To be specific,
manufacturing covers 30 two-digit categories, and producer services cover 14 two-digit
categories. Data on SO2, PM2.5, and NOx are derived from the China Statistical Yearbook on
Environment. Other variables are provided in Table 1.

Table 1. Data sources of all variables.

Variable Type Variable Name Indicators Data Source

Explained variables

PM2.5
Annual average

PM2.5 concentration
China Environmental

YearbookSO2
Average annual emissions

(ten thousand tons)

NOx
Average annual emissions

(ten thousand tons)
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Table 1. Cont.

Variable Type Variable Name Indicators Data Source

Core explanatory variables

Manufacturing agglomeration %

Statistical Yearbook of
Chinese Provinces

Producer services
agglomeration %

Collaborative agglomeration %

Intermediate variables
Energy consumption structure Ratio of coal consumption to

total energy consumption
China Energy

Statistical Yearbook

Human capital Ratio of R&D personnel to
total employees China Statistical Yearbook

Control variables

Environmental regulation Proportion of
pollution control

China Environmental
Statistics Yearbook & China

Statistical Yearbook

R&D intensity R&D investment intensity China Statistical Yearbook of
Science and Technology

Industrial structure Proportion of secondary
industry in tertiary industry CSMAR

GDP per capita Real GDP per capita

China Statistical YearbookGDP per capita squared Real GDP per capita squared

FDI stock Share of FDI stock in GDP

Open Foreign trade dependence CSMAR

City Proportion of
urban population NOAA/NGDC

2.4.2. Descriptive Statistics of All Variables

Table 2 provides the descriptive statistics of all variables. Overall, the data are rational
and do not contain any apparent outliers.

Table 2. Descriptive statistics of all variables.

Variable Obs Mean Std. Dev. Min Max Unit

Magg 406 1.104 0.213 0.723 2.040 %
Sagg 406 1.024 0.110 0.756 1.528 %
Cagg 406 0.916 0.071 0.637 0.999 %
SO2 406 59.810 43.940 0.190 196.200 ten thousand tons
NOx 406 59.555 39.034 4.000 180.113 ten thousand tons

PM2.5 406 42.522 13.807 16.090 85.628 µg/m3

ER 406 0.011 0.014 0.001 0.224 %
RDintensity 406 1.575 1.093 0.200 6.310 %

INS 406 1.096 0.356 0.193 2.001 %
lnpergdp 406 10.314 0.557 8.646 11.685 Yuan
lnpergdp2 406 106.708 11.487 74.760 136.540 %

fcp 406 0.178 0.136 0.005 0.672 %
open 406 0.295 0.324 0.028 1.668 %
city 406 54.863 13.724 27.460 89.600 %

Energy 406 0.963 0.421 −0.591 2.460 %
RDhuman 406 0.012 0.008 0.000 0.054 %

3. Empirical Test

Provincial panel data of China from 2006 to 2019 are used to perform the empirical
test. “Panel fixed effects + clustering standard error”, the ordinary least squares (OLS), and
the full generalized least squares (FGLS) method are adopted for econometric regression to
assure the robustness of regression results. To a certain extent, this approach can reduce the
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statistical bias caused by heteroscedasticity. Considering the robustness of regression results,
the FGLS panel econometrics model is employed as the basic regression model for analysis
and testing, as this can better reduce heteroscedasticity and intra-group autocorrelation.

3.1. Baseline Regression

The baseline regression results of this paper are provided in the following, based on the
setup of the above econometrics model. Tables 3–5 provide the baseline regressions of the
effects of the agglomeration of manufacturing, the agglomeration of producer services, and
co-agglomeration on three major air pollution sources, respectively. Baseline regressions
are tested via “panel fixed effects + clustering standard error” and FGLS to guarantee the
robustness of regression results, as shown below.

Table 3. Baseline regression of the effect of the agglomeration of manufacturing on air pollution.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

Magg 6.985 ** 4.588 ** 4.899 1.384 33.033 * 7.992 *
(3.106) (1.984) (9.608) (4.035) (19.226) (4.680)

ER
−0.624 −1.860 −15.680 9.303 0.208 −0.589
(13.147) (7.507) (52.543) (15.663) (57.342) (22.277)

RDintensity −0.132 −1.063 −0.534 −0.306 −5.784 −4.097
(1.404) (1.141) (3.620) (2.168) (5.301) (2.693)

INS
−1.610 1.030 4.665 −2.721 9.496 2.628
(2.659) (1.467) (9.664) (3.655) (10.379) (3.899)

lnpergdp 80.641 ** 43.103 ** 62.118 145.871 ** 145.149 143.477 **
(36.389) (17.992) (103.261) (59.627) (227.332) (70.027)

lnpergdp2 −3.948 ** −2.133 ** −1.695 −6.394 ** −5.065 −6.565 *
(1.855) (0.897) (4.972) (2.899) (10.842) (3.435)

fcp −16.433 −10.172* −19.181 −22.876 −82.026 −71.732 ***
(9.699) (5.892) (26.063) (16.281) (55.893) (22.241)

open −2.849 −2.806 28.008* 9.245 −2.425 0.160
(4.526) (2.767) (14.797) (7.698) (27.561) (8.119)

city −0.151 −0.148 −0.755 −0.092 −4.090 *** −1.948 ***
(0.295) (0.150) (0.649) (0.355) (0.837) (0.410)

_cons −357.061 * −149.091 * −371.588 −785.371 *** −669.565 −530.539
(179.709) (87.636) (526.066) (291.978) (1164.765) (343.105)

N 406 406 406 406 406 406
R2 0.714 0.626 0.782

time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below
the coefficients are robust standard errors; FE denote fixed-effect models. 2© “time” represents time-fixed effects.
3© “ind” represent individual fixed effects.

Table 4. Baseline regression of the effect of the agglomeration of producer services on air pollution.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

Sagg −5.632 −9.140 ** 27.469 14.527 * 11.314 −1.011
(8.697) (4.036) (19.654) (8.555) (44.863) (10.052)

ER
1.400 −1.265 −19.389 7.955 3.584 −1.687

(12.827) (7.519) (56.295) (15.339) (63.058) (22.339)

RDintensity −0.387 −0.891 −2.681 −0.602 −9.366 −3.783
(1.783) (1.146) (4.070) (2.137) (6.241) (2.694)

INS
−1.514 1.179 7.108 −2.331 12.821 2.715
(2.651) (1.478) (9.652) (3.577) (11.385) (3.922)

lnpergdp 81.902 ** 46.780 ** 37.861 139.458 ** 120.747 147.614 **
(38.966) (18.469) (102.611) (59.143) (240.403) (70.425)
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Table 4. Cont.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

lnpergdp2 −4.082 ** −2.359 ** −0.582 −6.080 ** −4.241 −6.855 **
(1.948) (0.920) (5.026) (2.877) (11.486) (3.452)

fcp −17.486 * −10.144 * −22.080 −22.395 −89.614 −71.197 ***
(9.963) (6.016) (25.679) (16.256) (60.963) (22.172)

open −2.788 −3.096 28.806* 9.346 −1.222 0.237
(4.690) (2.820) (15.143) (7.627) (28.468) (8.118)

city −0.087 −0.070 −0.850 −0.151 −3.955 *** −1.891 ***
(0.306) (0.153) (0.619) (0.349) (0.896) (0.412)

_cons −346.198 * −154.554 * −260.854 −763.354 *** −493.653 −539.332
(197.327) (89.571) (510.347) (288.618) (1225.996) (345.034)

N 406 406 406 406 406 406
R2 0.709 0.630 0.776

time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below
the coefficients are robust standard errors; FE denote fixed-effect models. 2© “time” represents time-fixed effects.
3© “ind” represents individual fixed effects.

Table 5. Baseline regression of the effect of co-agglomeration on air pollution.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

Cagg −14.455 * −9.071** 9.694 −0.952 −32.474 −5.527
(7.305) (4.538) (28.569) (10.422) (54.422) (11.594)

ER
−0.301 −1.592 −14.381 9.344 3.676 −1.378
(12.894) (7.350) (53.591) (15.685) (59.568) (22.148)

RDintensity −0.623 −1.138 −1.039 −0.333 −8.395 −3.657
(1.377) (1.139) (3.845) (2.184) (6.763) (2.675)

INS
−0.784 1.294 4.827 −2.728 12.649 2.722
(2.797) (1.478) (9.566) (3.657) (11.345) (3.946)

lnpergdp 62.974 * 34.472 * 69.513 144.021 ** 97.403 143.424 **
(33.439) (18.272) (102.361) (60.584) (241.959) (71.386)

lnpergdp2 −3.124 * −1.753 * −2.135 −6.312 ** −3.010 −6.669 *
(1.665) (0.914) (4.890) (2.949) (11.592) (3.501)

fcp −14.466 −10.166* −22.476 −23.192 −81.182 −70.156 ***
(9.298) (5.991) (28.146) (16.431) (60.544) (22.300)

open −2.476 −2.155 28.028* 9.624 −1.098 −0.088
(4.796) (2.796) (14.499) (7.719) (28.720) (8.150)

city −0.150 −0.103 −0.702 −0.075 −3.990*** −1.872 ***
(0.269) (0.149) (0.653) (0.353) (0.950) (0.414)

_cons −243.949 −92.953 −407.181 −774.714 *** −342.603 −514.180
(169.460) (89.177) (523.263) (298.283) (1261.598) (351.630)

N 406 406 406 406 406 406
R2 0.714 0.626 0.777

time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes

Note: 1© ***, **, * denote significance levels of 1%,5%, and 10%, respectively; values in square brackets below
the coefficients are robust standard errors; FE denote fixed-effect models. 2© “time” represents time-fixed effects.
3© “ind” represents individual fixed effects.

As shown in Tables 3–5, the agglomeration of manufacturing, the agglomeration of pro-
ducer services, and their co-agglomeration have the most significant regression coefficient
for PM2.5 (one of the three major air pollution sources). Specifically, the agglomeration of
manufacturing increases the emissions of PM2.5 and SO2 into the air, while the agglomera-
tion of producer services decreases the emission of PM2.5 and increases the emission of NOx
into the air. Co-agglomeration of manufacturing and producer services can significantly
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reduce the emission of PM2.5, without exerting any significant effect on NOx or SO2. In
terms of control variables, the coefficients of per capita GDP and the quadratic term of per
capita GDP in Tables 3–5 are the opposite (Our regression test of the correlation coefficient
between per capita GDP and quadratic term of per capita GDP in Tables 3–5, shows a high
correlation between per capita GDP and quadratic term of per capita GDP correlated. The
VIF test results (mean VIF=287.69) indicate the existence of multicollinearity in Equation (3).
By comparing the regression results with and without the quadratic term of per capita GDP
(Details in Table A1), it was found that the direction of the coefficients did not change. It is
therefore inferred that the multicollinearity of the variables per capita GDP and quadratic
term of per capita GDP does not affect the robustness of the regression results. Therefore,
the relevant equations and regression results in the manuscript are plausible.). This vali-
dates the presence of the “Environmental Kuznets Curve”. That is, because of economic
growth in a region, the environmental quality of the region first presents a deteriorating
trend, then an improving trend afterward. Moreover, the coefficients of the control variable
fcp are all significantly negative, suggesting that the FDI of a region can effectively reduce
the emissions of PM2.5 and SO2 into the air.

3.2. Heterogeneity Test
3.2.1. Regional Heterogeneity

Based on interregional differences in economic development level and geographical
environment across China, in this paper samples are classified into two categories (eastern
China and central and western China) for regression and to explore how the effect of
industrial agglomeration on air pollution varies across different regions. As shown in
Table 6, the agglomeration of manufacturing increases both the emission of PM2.5 in
central and western China and the emission of SO2 in eastern China. The agglomeration
of producer services decreases both the emission of PM2.5 in central and western China
and the emission of SO2 in eastern China and increases the emission of NOx in central
and western China. Co-agglomeration decreases the emission of PM2.5 in central and
western China.

Table 6. Regression results of the effects of the agglomeration of manufacturing, the agglomeration
of producer services, and the co-agglomeration on air pollution by regions.

Eastern China Central and
Western China Eastern China Central and

Western China Eastern China Central and
Western China

PM2.5 PM2.5 NOx NOx SO2 SO2

Magg 1.352 6.208 *** 1.683 −0.369 22.176 ** 6.461
(3.290) (2.269) (5.525) (6.670) (9.396) (5.964)

Sagg −9.249 −12.662 *** −13.010 21.519 ** −38.008 * 4.796
(7.555) (4.107) (18.336) (10.820) (23.065) (11.601)

Cagg −1.105 −11.606 ** 6.016 12.151 17.978 −19.301
(8.484) (4.931) (14.671) (15.745) (22.713) (13.892)

Control Yes Yes Yes Yes Yes Yes
time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes Yes Yes Yes
N 168 238 168 238 168 238

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

3.2.2. Heterogeneity of Agglomeration

Glaeser et al. (1962) [57] proposed a classification of industrial agglomeration into
diversified agglomeration and specialized agglomeration, reflecting the economic effects
of the industrial agglomeration of different industries and that of the same industry on
the economy, respectively. More specifically, diversified agglomeration (Rdi) and spe-
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cialized agglomeration (Com) are constructed in reference to the method proposed by
Martin et al. (2011) [20,25,58], as detailed below:

Rdiit = ln
((

1/
(
∑j

j′ |
Lj′it

Lit
−

Lj′t

Lt
|
))

+ 1
)

(10)

Comit = ln
((

1/Her f jit
)
+ 1
)

(11)

where Rdiit measures the Jacob externalities of province i in year t, i.e., the economic
diversity the industry faces, Comit denotes the specialized agglomeration degree of province

i in year t, and Her f jct = ∑jεt
i

( Ljit
Lit

)2
denotes the Herfindahl index, which can better reflect

the monopoly degree of the industry.
As shown in Table 7, the diversified agglomeration of manufacturing increases both

the emissions of the three major air pollutants in eastern China and the emission of PM2.5
in central and western China, and decreases the emission of SO2 in central and western
China. The specialized agglomeration of manufacturing decreases both the emissions of
the three major air pollutants in eastern China and the emission of PM2.5 in central and
western China. The diversified agglomeration of producer services increases the emission
of PM2.5 in eastern China. The specialized agglomeration of producer services decreases
the emissions of all three of the major air pollutants in eastern China.

Table 7. Regression of the effect of the heterogeneity of industrial agglomeration on air pollution
by regions.

Eastern China Central and
Western China Eastern China Central and

Western China Eastern China Central and
Western China

PM2.5 PM2.5 NOx NOx SO2 SO2

Mrdi
37.159 *** 15.127 *** 79.980 *** 1.103 33.075 ** −11.532 *

(5.687) (3.463) (14.082) (7.377) (15.768) (6.516)

Mcom
−14.525 *** −5.198 *** −31.503 *** 1.637 −13.976 ** 2.712

(2.388) (1.425) (6.134) (3.096) (6.774) (2.808)

Srdi
17.280 ** 3.166 6.873 −1.157 9.418 −0.903
(7.705) (4.111) (19.117) (7.142) (13.550) (6.787)

Scom
−57.070 *** −0.243 −116.603 *** 4.265 −79.167 *** −6.355

(10.738) (3.275) (30.536) (7.807) (27.396) (6.580)

Control Yes Yes Yes Yes Yes Yes
time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes Yes Yes Yes
N 168 238 168 238 168 238

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

3.3. Robustness Test

To guarantee the robustness of the baseline regression results, in this paper the rela-
tionship between agglomeration and three major air pollution sources is further validated.
First, when we clean the underlying data, we mainly use methods such as logarithmic
and uniform measures of the main variables to reduce the heteroskedasticity in the regres-
sions, so the effect of bias from outliers can be greatly reduced. Second, Lag term, spatial
correlation test, and instrumental variables are used to test the baseline regression [59–63].

3.3.1. First-Phase Lag

The number of enterprises in the initial stage of agglomeration was small, making
it probable that the impact of air pollution had not manifested yet. With the continuous
increase in the number of enterprises in an agglomeration area, the energy consumption of
that agglomeration area increased, which had a certain impact on regional air pollution. The
emissions of air pollutants in the current stage might be affected by previous air pollution.
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On that account, in this paper, the method of first-phase lag of core explanatory variables
is adopted to validate the results of baseline regression [59]. As shown in Table 8, the
effects of the agglomeration of manufacturing, the agglomeration of producer services,
and co-agglomeration on PM2.5, SO2, and NOx after first-phase lag are consistent with the
baseline regression results. That is, all three agglomeration patterns significantly affect
PM2.5 emissions into the air but exert no significant effect on either of the other two air
pollutants (SO2, and NOx). This validates the correctness of baseline regression.

Table 8. First-phase lag test of the effect of industrial agglomeration on air pollutants.

(1) (2) (3)

SO2 NOx PM2.5

LMagg 5.092 5.447 5.256 **
(5.188) (4.084) (2.135)

LSagg −2.934 3.301 −7.342 *
(10.706) (8.960) (4.111)

LCagg 3.364 −2.642 −9.517 **
(12.817) (10.719) (4.750)

Control Yes Yes Yes
time Yes Yes Yes
ind Yes Yes Yes
N 377 377 377

Note: 1© **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

3.3.2. Spatial Correlation

(1) Spatial correlation test

Air pollution has a spatial correlation in most cases, and therefore ignoring spatial
correlation may lead to biased results. For this reason, in this paper, Moran’s index is used
to perform the correlation test first. Moran’s index [60] reflects the degree of similarity
between the attribute values of spatially contiguous or spatially adjacent regional units,
and is calculated via Equation (12):.

Moran′ I =

[
n

∑
i=1

n

∑
j=1

wij(xi − x)
(
xj − x

)]/[ n

∑
i=1

(xi − x)2

]
(12)

Table 9 provides the Moran’s index values of PM2.5, NOx, and SO2 emissions for
29 provinces from 2006 to 2019. Only the coefficients of PM2.5 are significant, the emission
of PM2.5 into the air shows spatial correlation, but neither NOx nor SO2 presents any clear
spatial correlation. This further testifies to the robustness of regression in the baseline
model. Therefore, this paper only considers the spatial correlation of PM2.5, and further
tests the robustness of the regression results.

(2) Regression results of spatial econometrics model

To further validate the availability of the baseline model’s settings, the Spatial Durbin
Model (SDM) [61,62] is adopted for regression based on the spatial correlation test. Table 10
indicates that the agglomeration of manufacturing increases the emission of PM2.5 into the
air, while the agglomeration of producer services and co-agglomeration effectively reduces
the emissions of PM2.5 into the air, which is consistent with the directions of the regression
coefficients of PM2.5 in Tables 3–5. This consistency suggests that the setup of the baseline
model in this paper is reliable.
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Table 9. Moran index of PM2.5, NOx, SO2 emissions for 29 provinces in China, 2006–2019.

Year
PM2.5 NOx SO2

Moran’I p-Value Moran’I p-Value Moran’I p-Value

2006 0.135 0.000 0.032 0.050 −0.015 0.562
2007 0.128 0.000 −0.015 0.565 −0.016 0.581
2008 0.120 0.000 0.011 0.174 −0.016 0.580
2009 0.135 0.000 0.010 0.181 −0.017 0.590
2010 0.140 0.000 0.010 0.185 −0.017 0.588
2011 0.118 0.000 0.029 0.059 0.011 0.167
2012 0.091 0.000 0.028 0.063 0.011 0.171
2013 0.121 0.000 0.026 0.070 0.012 0.158
2014 0.143 0.000 0.025 0.074 0.011 0.170
2015 0.155 0.000 0.023 0.084 0.011 0.169
2016 0.147 0.000 −0.012 0.484 −0.014 0.539
2017 0.134 0.000 −0.009 0.427 −0.032 0.915
2018 0.120 0.000 0.001 0.280 −0.034 0.978
2019 0.112 0.000 −0.001 0.313 −0.035 0.991

Table 10. Spatial econometric regression results in the effect of industrial agglomeration on
air pollution.

(1) (2) (3)

SDM SDM SDM

Magg 6.445 **
(3.036)

Sagg −8.595 *
(5.010)

Cagg −13.92 **
(7.099)

ER
2.256 4.332 1.196

(15.10) (9.726) (14.73)

RDintensity 0.471 −0.672 −0.218
(1.381) (1.738) (1.292)

INS
−5.775 ** −0.654 −5.188 *

(2.550) (2.238) (2.914)

lnpergdp 124.9 *** 75.70 ** 112.3 ***
(36.77) (35.71) (35.40)

lnpergdp2 −6.064 *** −3.832 ** −5.458 ***
(1.771) (1.749) (1.678)

fcp −20.69 ** −20.93 ** −18.92 **
(8.800) (9.510) (8.603)

open −9.397 * −1.656 −9.093 *
(4.802) (4.628) (5.106)

city −0.0431 0.0398 −0.0432
(0.221) (0.241) (0.206)

Note: ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors.

3.3.3. Instrumental Variables

The two-stage least squares (2SLS) method is adopted to identify suitable instrumental
variables and further address the potential endogenous problem with industrial agglom-
eration. Historical population data are used to construct instrumental variables. Because
of the externalities of instrumental variables, relatively fixed variables such as population,
geography, and history can serve as ideal instrumental variables. Thus, in reference to the
practice of Combes et al. (2010) [63], in this paper, historical population data are employed
as instrumental variables of industrial agglomeration. To be specific, the logarithms of the
numbers of employees engaged in manufacturing and producer services at the provincial
level in 2000 are selected as instrumental variables of industrial agglomeration. Economet-
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ric regression is performed by 2SLS. As shown in Table 11, after the endogenous problem
is solved, the regression results of the instrumental variable are basically consistent with
baseline regression. In summary, the instrumental variable selected in this paper is rational.
According to the results of econometric regression, the effects of the agglomeration of man-
ufacturing, the agglomeration of producer services, and co-agglomeration on three major
air pollution sources are consistent with data shown in Table 3, even when the potential
endogenous problem is considered. That is, the agglomeration of manufacturing increases
the emissions of PM2.5 into the air, while that of producer services and the co-agglomeration
of manufacturing and producer services decreases it. In addition, the regression coefficients
are all higher than the baseline regression model, indicating that in the baseline regression,
the effect of agglomeration on air pollution may be underestimated. However, the core
conclusion of this paper is still valid.

Table 11. Instrumental variable test of the effect of industrial agglomeration on air pollutants.

(1) (2) (3) (4) (5) (6) (7) (8) (9)

PM2.5 NOx SO2 PM2.5 NOx SO2 PM2.5 NOx SO2

Magg 152.499 * 158.487 −56.902
(79.780) (108.735) (130.843)

Sagg
−188.565

** −195.969 70.360

(74.064) (122.180) (161.078)

Cagg −579.759 *** −609.259 ** −175.468
(189.101) (260.072) (162.490)

Control Yes Yes Yes Yes Yes Yes Yes Yes Yes
time Yes Yes Yes Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes Yes Yes Yes Yes Yes Yes
N 406 406 406 406 406 406 406 406 406

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below
the coefficients are robust standard error; 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

3.4. Mechanism Test

As shown in the above analysis, the energy consumption structure and human capital
of a region affect the air pollutant emissions of the region. Therefore, energy consumption
structure and human capital are used as mediating variables to set up the econometrics
model and verify whether they have mediating roles [59,64–67].

3.4.1. Energy Consumption Structure

The following system of equations is created to identify the mediating role of energy
consumption structure:

lnEnergyit = β0 + β1lnaggit + β2Xit + λit + εit (13)

lnPollutionit = a0 + a1lnaggit + a2Xit + a3lnEnergyit + λit + εit (14)

where t and i denote year and province, respectively, Energy denotes the energy consump-
tion structure, which can satisfactorily reflect the situations of energy consumption by
various industries, α0, β0, and a0 are constant terms, α1, β1, a1, and a3 are parameters to be
estimated, Xit is the set of control variables, λit represents time and individual fixed effects,
and εit is a stochastic disturbance term. The continuous variables in these models are taken
from the common logarithm, which can unify the dimensionless parameters, and reduce
the heteroscedasticity by minimizing the influence of the outliers [50].

Tables 12–14 provide the regression results of Equations (13) and (14). The effect of
the agglomeration of manufacturing on energy consumption structure in Equation (13) is
significantly positive. In Equation (14), the energy consumption structure has a significantly
positive effect on PM2.5, but it has no significant effect on either SO2 or NOx. The results
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suggest that the energy consumption structure is a mediating variable between the agglom-
eration of manufacturing and PM2.5, i.e., the agglomeration of manufacturing increases
PM2.5 emission via the energy consumption structure. In the agglomeration of producer
services, the effect of the agglomeration of producer services on energy consumption struc-
ture in Equation (13) is non-significant. In Equation (14), the energy consumption structure
has a significant positive effect on PM2.5, but the agglomeration of producer services has no
significant effect on PM2.5, SO2, or NOx. These results indicate that the energy consumption
structure is not a mediating variable between the agglomeration of producer services and
air pollutants. This is because the production modes of producer services are generally
green and barely involve coal consumption. Consequently, the energy consumption struc-
ture exerts no significant effect on producer services. In the case of co-agglomeration, the
effect of co-agglomeration on energy consumption structure in Equation (13) is significantly
negative. In Equation (14), energy consumption structure has a significantly positive effect
on PM2.5, while co-agglomeration has no significant effect on PM2.5, SO2, or NOx. The
results clearly show that the energy consumption structure is not a mediating variable
between co-agglomeration and air pollutants. One possible explanation is that the policies
introduced by the state to promote energy conservation and emission reduction and to
encourage the development of the service industry have not yet fully exerted their effects.
While co-agglomeration indeed changes the energy consumption structure, it takes time
for co-agglomeration to manifest its full effect on air pollution.

Table 12. Test of the mediating role of energy consumption structure in the agglomeration
of manufacturing.

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

Energy PM2.5 NOx SO2

Magg 0.249 * 5.805 * 6.928 34.766 *
(0.128) (2.968) (9.771) (18.511)

Energy 4.740* −8.147 −6.956
(2.563) (6.426) (13.944)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

Table 13. Test of the mediating role of energy consumption structure in the agglomeration of
producer services.

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

Energy PM2.5 NOx SO2

Sagg 0.227 −6.863 29.356 12.274
(0.288) (8.529) (19.086) (44.597)

Energy 5.434 * −8.332 −4.239
(2.673) (6.039) (14.744)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© * denote significance levels of 10%, respectively; values in square brackets below the coefficients are
robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represent individual fixed effects.
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Table 14. Test of the mediating role of energy consumption structure in co-agglomeration.

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

Energy PM2.5 NOx SO2

Cagg −1.078 *** −9.613 1.712 −40.089
(0.275) (6.952) (30.476) (56.803)

Energy 4.492 * −7.405 −7.064
(2.583) (6.764) (15.187)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© ***, * denote significance levels of 1% and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

3.4.2. Human Capital

According to the above elaboration on mechanisms, the human capital of a region
may mitigate the air pollution of that region. To test whether human capital plays a
mediating role between industrial agglomeration and air pollution, this paper has designed
the following mediating effect model [59,64–67]:

lnRDhumanit = β0 + β1lnaggit + β2Xit + λit + εit (15)

lnPollutionit = a0 + a1lnaggit + a2Xit + a3lnRDhumanit + λit + εit (16)

where t and i denote year and province, respectively, and RDhuman denotes human
capital, which reflects the importance of R&D personnel in environmental governance.
Xit is the set of control variables, λit represents time and individual fixed effects, and
εit is a stochastic disturbance term. The continuous variables in this model are taken by
the common logarithm, which can unify the dimensionless parameters, and reduce the
heteroscedasticity by minimizing the influence of the outliers [49].

Tables 15–17 provide the regression results of Equation (15) and Equation (16). In terms
of the agglomeration of manufacturing, the effect of the agglomeration of manufacturing
on human capital in Equation (15) is negative. In Equation (16), human capital exerts a
significantly negative effect on PM2.5 but has no significant effect on either SO2 or NOx.
This suggests that human capital is not a mediating variable between the agglomeration of
manufacturing and PM2.5. The effect of the agglomeration of producer services on human
capital in Equation (15) is significantly positive, possibly because the green production
modes of producer services raise the requirements for R&D and promote the improvement
of human capital. In Equation (16), human capital has a significantly negative effect on
PM2.5, suggesting that human capital is a mediating variable between the agglomeration
of producer services and PM2.5. That is, agglomeration of producer services can improve
human capital and further decrease the emission of PM2.5 into the air. In the case of
co-agglomeration, the effect of co-agglomeration on human capital in Equation (15) is
non-significant. In Equation (16), human capital has a significant negative effect on PM2.5
but has no significant effect on either SO2 or NOx. This suggests that human capital is not a
mediating variable between co-agglomeration and air pollutants. One possible reason is
that R&D personnel are typical professional technicians who have low mobility between
industries. Therefore, human capital does not play a mediating role.
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Table 15. Test of the mediating role of human capital in the agglomeration of manufacturing.

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

RDhuman PM2.5 NOx SO2

Magg −0.002 * 3.862 ** 1.316 7.518
(0.001) (1.939) (4.063) (4.694)

RDhuman
−170.193 *** −193.257 −65.690

(57.486) (156.454) (143.192)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

Table 16. Test of the mediating role of human capital in the agglomeration of the producer.

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

RDhuman PM2.5 NOx SO2

Sagg 0.005 ** −8.478 ** 15.267 * −2.180
(0.002) (3.948) (8.592) (10.210)

RDhuman
−176.616 *** −202.163 −64.309

(56.690) (155.538) (144.712)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© ***, **, * denote significance levels of 1%,5%, and 10%, respectively; values in square brackets below
the coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represent individual
fixed effects.

Table 17. Test of the mediating role of human capital in co-agglomeration.

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

RDhuman PM2.5 NOx SO2

Cagg 0.004 −8.843 ** −0.402 −4.277
(0.003) (4.438) (10.494) (11.607)

RDhuman
−175.759 *** −193.447 −65.051

(57.768) (156.631) (143.488)

Control Yes Yes Yes Yes
time Yes Yes Yes Yes
ind Yes Yes Yes Yes
N 406 406 406 406

Note: 1© ***, ** denote significance levels of 1% and 5%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.

4. Result Discussion
4.1. Different Industrial Agglomeration Patterns

As implied by the baseline regression results of this paper in Tables 3–5, agglomeration
of manufacturing increases the emissions of PM2.5 into the air, while the agglomeration
of producer services and the co-agglomeration of manufacturing and producer services
decreases it. Further, manufacturing enterprises are industrial enterprises that mostly
consume coal, petroleum, and other raw materials in the production process, and their
energy-intensive production modes often adversely impact regional air quality. By contrast,
enterprises engaging in producer services (tertiary industries) largely serve manufacturing
enterprises and consume less pollution-intensive energies in the production process. Their
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green production modes decrease air pollution locally. The co-agglomeration of these
two industries realizes the interindustry sharing of spillover effects, rationalizes regional
industrial structure, and reduces the emissions of air pollutants.

4.2. Heterogeneity

Regarding regional division in China, all three agglomeration patterns have significant
effects on PM2.5 emissions in central and western China, as shown in Tables 6 and 7. As
expected, they also affect PM2.5 emissions in eastern China, but not significantly. This is
possible because China’s natural energy resources are mostly concentrated in its central
and western provinces. For instance, Shanxi and Henan have abundant coal resources, for
which numerous manufacturing enterprises have accumulated in these provinces, which
further increases the PM2.5 emissions [68,69]. In contrast, producer services consume little
energy-intensive resources and can effectively inhibit the emission of PM2.5 into the air.
The same is true for the co-agglomeration of industries. SO2 differs from PM2.5 in this
regard. That is, the emission of SO2 in eastern China is increased by the agglomeration
of manufacturing but significantly decreased by the agglomeration of producer services.
Judging from the industrial heterogeneity of agglomeration, diversified agglomeration
increases the emission of PM2.5 in eastern China and central and western China and the
emissions of NOx and SO2 in eastern China in the case of manufacturing. It also increases
the emission of PM2.5 in eastern China in the case of producer services. By contrast,
specialized agglomeration decreases the emission of PM2.5 in eastern China and central
and western China and the emissions of NOx and SO2 in eastern China in the case of
manufacturing. It also decreases the emissions of PM2.5, NOx, and SO2 in eastern China
in the case of producer services. Clearly, specialized agglomeration of the same industry
plays a stronger role in governing interregional air pollution. A possible explanation is that,
by virtue of the massively specialized agglomeration of homogeneous enterprises within
the same industry, these enterprises can share pollution discharge facilities and advanced
production technologies in the agglomeration area, transform their production modes, and
engage in sustainable green production.

4.3. Mediating Mechanism Test

Therefore, energy consumption structure and human capital are used as mediating
variables to explore the mediating mechanisms between industrial agglomeration and air
pollution. The above analysis in Tables 12–17 shows that manufacturing enterprises con-
stitute a major contributor to regional energy consumption, while enterprises engaged in
producer services consume little energy in practical production. As a result, manufacturing
enterprises increase PM2.5 emissions through energy consumption. Industrial agglomera-
tion also improves local environmental quality through R&D investment. Currently, driven
by increasingly strict environmental policies implemented throughout China, enterprises
attach greater importance to their sustainable development. In practical production, enter-
prises intensify their R&D investment to increase production efficiency and adopt clean
energies for production to reduce air pollutant emissions. Human capital plays a mediating
role and can decrease PM2.5 emissions in the agglomeration of producer services.

5. Conclusions and Suggestions
5.1. Research Summary

Provincial panel data of China from 2006 to 2019 are used in this paper. The general-
ized FGLS panel econometric model is combined with SDM and the relationships between
industrial agglomeration and three major air pollution sources are systematically studied.
The transmission mechanisms underlying the effects of different industrial agglomeration
patterns on these air pollution sources are further explored. The results show that, among
these air pollution sources, only PM2.5 presents a significant spatial correlation. That is,
only the emission of PM2.5 is significantly affected by the agglomeration of manufactur-
ing, the agglomeration of producer services, and co-agglomeration. More specifically, the
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agglomeration of manufacturing increases the emission of PM2.5, while that of producer
services and co-agglomeration effectively reduce the emission of PM2.5 into the air. Fur-
thermore, in terms of regional division in China, agglomeration of manufacturing increases
the emissions of harmful air pollutants in central and western China, while agglomeration
of producer services decreases them. Specialized agglomeration is more conducive to the
governance of air pollution. Finally, the research on mechanisms shows that the agglom-
eration of manufacturing deteriorates the energy consumption structure and increases
the emissions of harmful air pollutants into the air, while the agglomeration of producer
services, benefiting from human capital, decreases the emission of PM2.5 into the air and
improves air quality.

Why does industrial agglomeration have a significant effect on PM2.5 but not on NOx
and SO2? A possible explanation for this is that PM2.5 has a wider range of sources than
NOx and SO2 and is more damaging to the environment. The main sources of PM2.5 are not
only industrial emissions, but also emissions from vehicle exhaust, pollution from burning
coal for residential use, and the felling of trees by residents to expand their living areas,
all of which degrade the natural environment. The industrial agglomeration will lead to
more employment opportunities, which will attract more employees to gather near the
industrial area to produce and live, traffic congestion and residential life will increase the
production of vehicle exhaust and domestic exhaust, and thus PM2.5 significantly aggravate
air pollution. According to Section 3.3.2, the spatiality of the three major air pollutants
was also detected and only PM2.5 had a significant spatial correlation, while NOx and
SO2 had no significant spatial correlation, further supporting the original conclusion. The
above conclusions show China’s success in NOx and SO2 air management, and as in the
basic conclusions in Figures 2 and 3, NOx and SO2 emissions are basically on par with
developed countries such as the UK and the US. However, although PM2.5 emissions
are on a downward trend, it is still at a high-level overall (Figure 1), which requires us
to continue to promote the agglomeration of productive services, further optimize the
industrial structure, and use renewable energy and reduce PM2.5 emissions.

5.2. Policy Suggestions and Future Research

In summary, some suggestions on containing and reducing the environmental pol-
lution during the processing of industrial upgrading are given as follows: first, the top
priority is the optimization of the industrial structure, a rational industrial structure means
that, to improve economic efficiency, it is required to adjust the initially unreasonable indus-
trial structure at a certain stage of economic development according to the level of science
and technology, the structure of consumer demand, the basic quality of the population and
the conditions of resources [70–72], to achieve a rational allocation of production factors
and the coordinated development of various industries, as a rational industrial structure
plays a vital part in improving regional environmental quality. Second, it is necessary to
intensify corporate R&D investment, cultivate R&D personnel, and raise the human capital
level, as these factors constitute the foundation for increasing production efficiency and
transforming production modes, as well as the source of sustainable economic development.
Thirdly, the role of education in the overall environmental protection cannot be ignored,
and the government can enhance environmental protection by increasing the publicity of
environmental protection, integrating environmental education into teaching and practice,
giving appropriate policy concessions to environmental protection enterprises, and raising
residents’ awareness of environmental protection. Finally, efforts should be directed to
further optimize the industrial structures of different regions and promote the balanced
development of manufacturing and producer services among regions, to thus alleviate the
imbalance in environmental quality between eastern China and central and western regions,
reduce the limitations of the regional effect of initial resources, and promote economic
development towards a greener and more environmentally friendly direction. In the future,
higher utilization of renewable energies such as photovoltaic, wind power, and biomass,
are strongly needed to substitute for conventional power, as the Chinese government is
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committed to building a clean, low-carbon, safe and efficient energy system, and renewable
energy sources can effectively improve air quality.

Some deficiencies exist in this paper. Firstly, due to the data availability, some potential
sources such as carbon monoxide (CO), volatile organic compounds (VOC), or smoke dust
may also have a relationship with industrial agglomeration, which has not been probed
in this study; secondly, these air pollutants may also have linkages with SO2, PM2.5, and
NOx, which have been proved in previous studies [73,74] but neglected here; lastly, more
methods are still needed to ensure the robustness of our results. Therefore, to enhance
higher reliability and comprehensiveness, it is essential to incorporate possible interactive
atmospheric pollutants in future studies, and a series of causal inference studies should be
carried out.
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Abbreviation

FGLS Full Generalized Least Squares
OLS Ordinary Least Square
GDP Gross Domestic Product
R&D Research and Development
QGIS Quantum Geographic Information System
CPI Consumer Price Index
FDI Foreign Direct Investment
SDM Spatial Dubin Model
2SLS Two-stage Least Squares

Appendix A

Table A1. Baseline regression results for GDP per capita only.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

Magg 6.663 * 4.780 ** 4.761 1.495 32.620 8.611 *
(3.408) (1.982) (9.551) (4.061) (19.587) (4.699)

ER
−3.108 −1.688 −16.746 9.114 −2.979 1.016
(13.368) (7.409) (52.828) (15.500) (61.016) (22.041)

RDintensity −1.680 −2.214 ** −1.199 −1.871 −7.770 −5.418 **
(1.422) (1.024) (3.128) (2.065) (6.209) (2.580)

INS
−1.466 0.970 4.727 −1.955 9.681 3.427
(2.891) (1.435) (9.578) (3.661) (10.313) (3.889)
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Table A1. Cont.

OLS+FE FGLS OLS+FE FGLS OLS+FE FGLS

PM2.5 PM2.5 NOx NOx SO2 SO2

lnpergdp 1.814 1.141 28.268 * 15.128 *** 44.008 * 10.663 *
(4.265) (2.261) (15.566) (5.739) (21.700) (6.238)

fcp −7.665 −4.139 −15.416 −7.926 −70.776 −52.014 ***
(7.282) (5.268) (24.486) (14.984) (54.588) (19.809)

open 0.623 −1.122 29.499 ** 16.009** 2.031 5.308
(4.800) (2.641) (13.831) (7.067) (21.618) (7.636)

city −0.048 −0.160 −0.711 0.109 −3.958*** −1.832 ***
(0.360) (0.149) (0.610) (0.344) (0.800) (0.406)

_cons 29.014 52.681** −205.799 −153.684 *** −174.196 109.924 *
(32.894) (20.885) (132.732) (53.896) (193.941) (60.640)

N 406 406 406 406 406 406.000
R2 0.699 0.626 0.781

time Yes Yes Yes Yes Yes Yes
ind Yes Yes Yes

Note: 1© ***, **, * denote significance levels of 1%, 5%, and 10%, respectively; values in square brackets below the
coefficients are robust standard errors. 2© “time” represents time-fixed effects. 3© “ind” represents individual
fixed effects.
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