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Whether the Environmental Kuznets curve is established in haze pollution has
an important policy. Based on the PM2.5 concentration raster data of 283 cities
in MODIS and MISR, this paper empirically examines the non-linear effects of
industrial structure upgrading on haze pollution using a spatial econometric
model, and further tests and extends the environmental Kuznets curve using a
threshold model. The study finds that there is a significant spatial spillover effect
on haze pollution between cities, an inverted "U"” shaped relationship between
industrial upgrading and haze pollution, confirming the environmental Kuznets
curve, and that the effect of industrial upgrading on haze pollution is mainly a
direct effect, while the indirect effect is not significant. Further discussion in this
paper reveals that there is a threshold effect of industrial upgrading on haze
pollution; the traditional environmental Kuznets curve can be refined and
extended: on both sides of the inflection point, there may be both positive
and negative effects of economic development on environmental pollution,
and the environmental Kuznets curve is the result of the combined effect of the
two different effects.

KEYWORDS

industrial upgrading, haze pollution, Kuznets curve, spatial Durbin model, threshold
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1 Introduction

Many Chinese cities have recently been plagued by haze. Air pollution, which is
referred to as haze, is the universal term for suspended particles in the atmosphere. PM2.5,
meaning particulate matter with a diameter of less than 2.5 microns, is also referred to as
smog’s primary cause. The emergence of haze has both natural and artificial causes, and
the haze caused by human activity is referred to as haze pollution (Tong, et al., 2019). Haze
pollution has become a major topic of worry for the entire society since it can harm
human health, decrease life satisfaction, impair economic development, and even affect
the credibility of the government (Huang and Chew, 2021; Li and Yang et al,
2021).Scholars believe that haze pollution develops with economic development and

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2022.1033563/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1033563/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1033563/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.1033563/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.1033563&domain=pdf&date_stamp=2022-11-28
mailto:80928597@qq.com
https://doi.org/10.3389/fenvs.2022.1033563
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.1033563

Wang et al.

that all economies, including the United States, Japan, European
countries, and other countries that have experienced severe haze
in the last century, experience environmental pollution in the
early stages of industrial development (Jungwook K and
Jinkyeong K, 2021). In theory, during the early stages of rapid
economic development, the economy’s environmental pollution
will gradually increase with the development of secondary
industry. However, as the economy grows, industrial structure
is optimized, and the quality of economic growth improves,
environmental pollution will gradually decrease, as shown by the
environmental Kuznets curve, which shows an inverted “U”-
shaped relationship between environmental pollution and
industrial development (Cite Grossman and Krueger, 1995;
Maddison D, 2006; Miiller-Fiirstenberger and Wagner, 2007).

This paper attempts to contribute to the analysis of the
relationship between industrial structure and urban haze
pollution by using raster panel data of PM2.5 concentrations
from MODIS and MISR for 283 cities across China, establishing a
spatial econometric model based on the non-linear framework of
the Kuznets curve, and further extending the environmental
Kuznets inverse “U” curve by using a threshold effect model.
The spatial econometric model was developed to analyse the
relationship between industrial structure and urban haze
pollution, and the threshold effect model was used to extend
the Kuznets inverse “U” curve to analyse the characteristics of the
Kuznets inverse “U” curve at different stages of development and
reveal the relationship between industrial structure and urban
haze pollution. The preliminary conclusion is that the
relationship between industrial structure and haze pollution
conforms to the Kuznets curve, displaying an inverted “U”
shape, indicating that haze pollution will worsen during the
primary stage of industrial structure upgrading as the
proportion of industrialization increases. Further industrial
restructuring, particularly an increase in the proportion of
senior service industry, will reduce smog pollution. At the
same time, upgrading industrial structure may have a two-way
effect on haze pollution at different stages of development, and
the inverted “U” shaped curve reflects the combined effect of
positive and negative effects.

2 Literature review

The mechanism of haze is more complex and is a
consequence of the combined effect of natural factors and
human economic activities (An and Huang, 2019; Liu and
Dong, 2021; Bilal Muhammad and Hassan Mujtaba, 2022),
scholars agree that economic and industrial development has
a significant impact on environmental pollution. Theoretically, in
the early stages of economic development and industrial
upgrading, the the
environment is mainly negative. The reason for this is that

impact of economic activities on

with economic development and industrial upgrading, human
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economic activities require increasing amounts of natural
resources and the ability to transform nature is gradually
strengthened. For example, the need for and ability to
intervene in mineral resources, water and soil resources and
forest resources will increase, while the exploitation and use of
these natural resources will increase pollution emissions and
reduce the carrying capacity of nature, thus increasing the
sources of environmental pollution, destroying the ecological
balance and causing environmental pollution. In addition, most
of the natural resources concerned are disposable resources or
resources that are difficult to restore in the short term and are
therefore not conducive to the long-term balance of the natural
ecology. With further economic development and the continuous
upgrading of industries, the mode of economic growth will
change from a sloppy to an intensive one, the quality of
economic growth will improve and technical efficiency will
increase, thus the level of energy consumption for economic
development will decrease. Moreover, the government’s ability
and technical means to manage the environment and regulate
environmental pollution are increasing, which all help to reduce
environmental pollution. Therefore, theoretically speaking, the
combination of these two stages is the environmental Kuznets
curve, that is, there is an inverted “U-shaped” relationship
between the variables related to economic development and
environmental pollution (Cite Grossman and Krueger, 1995;
Maddison D, 2006; Miiller-Fiirstenberger, Wagner, 2007).

The history of the world economy also confirms the existence
of the environmental Kuznets curve. For example, the
United Kingdom, the birthplace of the industrial revolution,
experienced serious environmental pollution and haze
pollution in its early years, and Germany and the US in their
later years did not escape the curse of environmental pollution
and ecological destruction in the early stages of industrialisation
(Jungwook K and Jinkyeong K, 2021). However, these countries
have gradually improved their environment with further
industrial upgrading, while the areas with more serious
environmental pollution have now changed to economies such
as China and India, which are in the middle of their economic
development (Wang and He et al,, 2021).

In existing empirical studies, scholars have also explored
other factors that influence environmental problems. Compared
with the energy consumption structure of other frontier
industrialized countries, coal accounts for a higher proportion
in the energy consumption structure, which is the direct cause of
the large-scale haze in China (Xiaoxiao et al, 2020). Keshen
(2017) Based on the panel data of 30 provinces in China, It is
confirmed that the reduction of energy intensity will reduce haze
pollution in this region, but increase haze pollution in
neighboring regions. Huang et al. (2017) used the spatial
Dubin model to analyze the impact of foreign direct
investment on China’s environment and economic growth
based on the panel data of 30 provinces in China, and found
that foreign direct investment had a positive impact on the
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environmental quality of China’s inland areas. In addition,
that
development,

scholars  have found population  concentration,

urbanisation investment structure, energy
intensity and structure, and political factors also affect urban
haze pollution (Lan and Pan, 2019; Yang and Yan, 2021).

On the basis of the existing literature, there are several
points that need to be added: first, scholars have confirmed the
existence of environmental Kuznets curve in water pollution,
solid waste pollution, non-point source pollution and carbon
emissions in China (Zhang and Ni et al,, 2016; Zhang and
Wang et al., 2017), but the existing literature has not provided
enough evidence and consistent conclusions on whether there
is an environmental Kuznets curve in haze pollution in China.
Different from water pollution, solid waste pollution and non-
point source pollution, haze pollution may have different rules
from water and solid pollution due to its own air mobility and
sky inseparability (Liu, Li and Chen et al, 2021). New
empirical evidence is needed to reveal the existence of
the
the

comprehensive positive or negative impact of economic

Kuznets curve. Second, existing studies on

environmental ~ Kuznets curve only  discuss
development on environmental pollution at different stages
(Jungwook K and Jinkyeong K, 2021; Wang and He et al,,
2021). But in reality, each stage of development, economic
activities on the environment pollution is likely to exist at the
same time the influence of positive and negative two aspects,
the inverse “U” type curve are two of the comprehensive
influence, the existing environmental kuznets curve is not
discussed in each of the different stages, possible two-way
influence economic development on the environment
further the

environmental Kuznets inverted “U” curve based on the

pollution, It is necessary to analyze
nonlinear framework of threshold model. Third, most of
the existing literatures on the analysis of haze pollution in
China use provincial data or provincial capital city data, while
the literatures using prefecture-level city panel data are rare
(Huang et al, 2017; Keshen, 2017). Due to the strong
heterogeneity of industrial development among cities, the
research units should be as detailed as possible to enhance
the reliability of the results.

This paper attempts to systematically discuss the influence
of industrial structure on haze pollution based on the
theoretical framework of environmental Kuznets curve from
the shortcomings of the above several existing studies. The two
core issues discussed in this paper are as follows: First, verify
whether the environmental Kuznets curve exists in urban haze
pollution in China? That is, does the upgrading of China’s
urban industrial structure have a nonlinear impact on haze
pollution? Second, does economic development have both
positive and negative impacts on environmental pollution in
different stages?.
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3 Methodology and data
3.1 Model

Considering the possible spatial correlation of haze pollution
brought about by the regional correlation of stationary weather
and moisture conditions, the mobility of haze pollution, and the
correlation of economic activities between neighbouring cities
and regions in the haze generation process,a spatial econometric
model will be developed in this paper to test the correlation
hypothesis (Feng and Wang, 2020). The general form of the
spatial econometric model is the spatial Durbin model (SDM).

Assuming that PM2.5 concentration of city i in period ¢ is
Haze;, and the factors determining and influencing urban haze
pollution are vectors X. A spatial panel data Durbin model for
urban haze pollution is established as follows:

Haze;; = al, + pWY, + fXir + OWX,, + iy (1)

In Eq. 1, o is the constant term, I,, is the N x 1 unit matrix, f3
is the unknown parameter,  is the as well as sample size, W is the
geographic weight matrix (W = 1/d?,, a # b, otherwise it is zero,
dib is the distance between a and b), y is the random error term,
the spatial dependence of the dependent variable is WY, and the
spatial dependence of the independent variable is WX.

Of course, due to the presence of spatial effects, p # 0, the
economic significance of the estimated coefficients of the spatial
differs
measures, and further measurement using partial differential

econometric model significantly from traditional
methods is required to accurately interpret the spatial effects
of the respective variables.

Assuming that Eq. 1 contains k influencing factors and the
rth factor is X,, Eq. 1 is rewritten as:

(In - pW)Haze; = al, + BX;; + OW X, + p,, )

namely:

k
Hazey = Y (I, = pW) ™ (I, + 6,W)X, + (I, - pW) " al,

r=1

+BXie+ (1= pW)

3)
the matrix expression of Eq. 3 takes the form:
Haze, . SWin S(W)p o § (W), X
Haze, _ z S W)y S(W)y, o Ss(W)y, Xor
Haze; SMW)y SSW)y oo Ss(W) Xor
+V(W)al, +V (W),
4)
of which, V(W)= (I,+pW)" =1, +pW + p??W? + p’W3 + ...,

S(W) =V (W)U,B, + 6, W).
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According to Eq. 3, the partial derivative of the rth
explanatory variable X ;. of haze pollution in city i for other

city j can be obtained as:

OHaze;
X,

=S5, (W), j (5)

Similarly, according to Eq. 3, the partial derivative of city i’s
haze pollution for the rth explanatory variable X;, for this city
can be obtained as:

OHaze;
0X;

=S, (W); (6)

S, (W);; in the above equation measures the effect of the jth
city’s rth explanatory variable on the ith city’s explanatory
variable, and S, (W);; measures the effect of the ith city’s rth
explanatory variable on the city’s explanatory variable. LeSage
and Pace et al. (2009) defined the two influence modes in the
spatial econometric model and divided them into direct
effects and indirect effects. The sum of the two effects is
the Total Effect of the
explained variables, that is, total effect = direct effect +

explanatory variables on
indirect effect. If spatial effects are not taken into account,
the direct effect of the explanatory variable is equal to the
coefficient estimate B, of the variable, while its indirect effect
is zero.

In addition, considering the possible existence of “time
inertia” of grey haze pollution, this paper will also introduce
the lag term of grey haze pollution into the spatial Dubin model
to construct a dynamic spatial Dubin model as follows:

Haze;, = aHaze; 1 + pWY; + X + OWX;, + 3, (7)

Haze;, is the haze pollution of city i in period -1, « is the
regression coefficient of variable Haze;,, and other variables and
correlation coefficients have the same meaning as in Eq. 1.

This paper expands Eq. 7 in the form of the Kuznets curve to
create the spatial Durbin model of this paper.

yHaze;, = aHaze;;_, + fisy + ﬁzisft + B, fdiy + Pyenergy;
+pWYi + OW X, +

The core explanatory variables are the industrial structure
indicator is and its quadratic term. The control variables added
include: the level of foreign direct investment (fdi) and energy
intensity (energy).The environmental effects of foreign direct
investment are complex and multidimensional. List and Co
(2000) believed that multinational enterprises can transfer highly
polluting production links or industries to countries or regions with
relatively low environmental standards through FDI, thus realizing
production cost savings. However, some scholars believe that
multinational enterprises bring advanced green technologies to
the areas they invest in, thereby reducing the degree of
environmental pollution (Wang and Jin, 2007). In this paper,
foreign direct investment (fdi) was selected as a control variable
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to control its environmental effect on haze pollution. Compared
with the energy consumption structure of other frontier
industrialized countries, coal accounts for a higher proportion in
the energy consumption structure, which is the direct cause of the
large-scale haze in China (Xiaoxiao, et al,, 2020). Therefore, energy
intensity is selected as the control variable in this paper.

3.2 Data

The data for this paper are derived from two sources.

The first is haze data. The haze data in this paper comes
from the Center for International Earth Science Information
Network (CIESIN) at Columbia University, United States,
which relies on the Socio-Economic Data and Applications

Center (SEDAC) to publish satellite-borne Moderate
Resolution Imaging Spectroradiometer (MODIS) and
Multi-angle Imaging Spectroradiometer (MISR)

measurements to obtain aerosol optical thickness images
that can be converted to PM2.5 concentration raster data,
which is widely used in haze pollution studies (Zhang et al.,
2021; Gan Yang and Liang et al., 2020; Van Donkelaar A,
Martin RV M,2015). this  paper,
ArcGIS10.2 used this data
into PM2.5 concentration data for the corresponding

and Brauer In

software was to parse
year for sample cities above the prefecture level in
mainland China.

This is followed by other urban economic related variables. The
raw data for the indicators were obtained from publicly available
government data such as the China City Statistical Yearbook' and
the China Regional Economic Statistical Yearbook® for the sample
period, and the data for each price deflator were obtained from
publicly available provincial and municipal statistical yearbooks for
the corresponding years and provinces.

In the process of data collection and collation, prefecture-
level cities with a change in administrative units and samples
with missing data for some indicators were removed in order to
obtain balanced panel data, and balanced panel data for
283 mainland Chinese cities from 2006 to 2018 were finally
collated.

The industrial structure indicators were calculated using the
formula (Yi, et al., 2022):

Level of industrial structure:

is; = h3t/h2t )]
Advanced industrial structure:
. 3 3
giss= ) i = e+ 2ha o+ 3hy (10)

In Eq. 9, t is the year of the time trend term, hy, is the added
value of the secondary industry in period ¢, and h3, is the added
value of the tertiary industry in period t.
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TABLE 1 Description of data.

10.3389/fenvs.2022.1033563

Time Haze index (is) Industrial structure Foreign direct Energy intensity
index investment
Mean Sd Mean Sd Mean Sd Mean Sd

2006 46.688 20.063 0914 0.656 10.825 2175 0.072 0.083
2007 45.474 19.608 0.836 0.394 1112 2.051 0.064 0.071
2008 44.05 18.603 0.803 0.382 11.29 2015 0.076 0.414
2009 45.959 19.054 0.775 0385 11346 1.969 0.041 0.046
2010 48342 21.415 0.817 0.406 11522 1918 0.047 0.051
2011 52.118 21.547 0.767 0.394 11.704 1.849 0.04 0.045
2012 45.728 18.717 0.732 0377 11.852 1.821 0.035 0.042
2013 47.124 21.961 0.75 0391 11.936 1.871 0.035 0.043
2014 45377 18.638 0.778 0.405 11.94 1.951 0.035 0.053
2015 41.124 17.736 0.857 0.441 11.82 1.931 0.039 0.117
2016 36.66 15.7 1.049 0515 11.756 213 0.037 0.131
2017 35.49 14.028 1.28 0.722 11.74 2192 0.172 0.496
2018 31.977 12.747 1474 4.819 11.666 223 0.131 0.192

Data source: Compilation and calculation of original data by the author.

TABLE 2 The influence coefficient of industrial structure on haze pollution.

Variables With control variables
SDM
Haze 0.448*%*
(0.0166)
is 0.963*
(0.340)
is2 —0.0115***
(0.00417)
logfdi 3.8974%
(0.230)
Energy 61.757*
(1.359)
rho 0.989**
(0.0154)
Sigma2_e 25.81%%%
(0.416)
Observations 3,396
Number of cities 283

Without control variables

SAR SDM SAR
07844 0.1194+ 0753
(0.0261) (0.0277) (0.0261)
17.750% 18.19%* 19.46%*
(0.310) (0.651) (0.307)
~0.214%* —0.238** ~0.235%+
(0.00382) (0.00912) (0.00379)
143704

(0.0907)

15.40°

(0.374)

1,104 1031+ 1.109%*
(0.0143) (0.0151) (0.0142)
34,5944 2598 34,970
(0.416) (0.418) (0.418)
3,396 3,396 3,396
283 283 283

X, HE X represent significance levels at 1%, 5%, 10% respectively. () within is standard error.

In Eq. 10, t is the year of the time trend term and h it 1s the
ratio of value added of industry j to the gross urban product in
period t.

The other variable variables are quantified as follows:
the energy intensity indicator is quantified using GDP
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output per unit of industrial electricity consumption
(10,000RMB/10,000 kWh);
is quantified by the

Foreign  direct investment

logarithm of foreign direct
investment (ten thousand yuan).The data are described in

Table 1.
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FIGURE 1

Moran’s | index scatter plot.

4 Results of the empirical analysis

4.1 Spatial correlation test of urban haze
pollution

The global Moran’s I index can examine the global spatial
correlation of things or phenomena, and identify whether the
neighboring regions in the research object have positive or
negative spatial correlation, or are independent of each other.
In this paper, we use Moran’s I index to test the spatial
correlation between urban haze pollution (Zhang, 2020), and
the formula for Moran’s I is:

n n
Y Y W;;(Haze; - Haze)(Hazej - Haze)

Moran's T = = — (11)

in Eq. 11, § = %i (Haze;-), = %iHazei, Haze represent
urban haze pollutif):ﬁ, and W is thei:slpatial 0-1 weight matrix
after normalisation. From the measurement results, urban haze
pollution in China has a significant spatial correlation (1%
significance level), and Moran’s I index is positive, indicating
that urban haze has a significant spatial spillover effect. Since the
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Moran scatterplot (Moran's 1 =0.324)
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spatial correlation of all years passed the significance level test,
the specific results are not repeated. Figure 1 shows the scatter
plots of Moran’s I index in 2006, 2010, 2013 and 2016.

The test results of Moran’s I index are consistent with the
existing literature (Hao and Liu, 2016). There are three possible
reasons for the spatial spillover effect of haze pollution between
cities: firstly, with the development of transportation
infrastructure and communication technology, regional urban
communities have been formed between cities, and the exchange
of factors, technologies and products between neighbouring cities
is more frequent, and the factor endowments and location
characteristics of neighbouring cities are similar, and their
economic performance is more consistent, so the haze
emissions are similar. Secondly, from the mechanism of haze
generation, human economic production activities lead to the
emission of large amounts of fine particulate matter (including
PM2.5, etc.), and when their emissions exceed the natural
circulation carrying capacity, a stationary weather occurs and
haze pollution is formed. Therefore, neighbouring cities share the
same climatic characteristics and have similar probability and
time of occurrence of stationary weather, thus easily forming a
spatial correlation between neighbouring cities. Finally, as haze
pollution is atmospheric pollution, the flow of air between

frontiersin.org
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FIGURE 2
Single threshold confidence interval distribution.

neighbouring cities also tends to cause the correlation of haze
between cities.

4.2 Testing the impact of industrial
structure upgrading on haze pollution

The spatial econometric model of this paper is estimated with
the help of Stata 14.0 software. The benchmark model of this
paper is the spatial Dynamic Dubin model (DSDM). In order to
compare the robustness of the conclusion, the estimation results
of the spatial dynamic lag model (DSAR) are also given. The
paper first chooses to run regressions on industry structure and
its squared term, and then will add other control variables to
compare the changes in findings.

In Table 2, the spatial correlation coefficients of all models
passed the 1% significance level test, confirming the spatial
correlation between haze pollution in cities, echoing the
results of the Moran’s I index test in the previous section. The
results of the Moran’s I index test are consistent with the previous
results. Comparing the baseline model with the other models
shows that the findings for the core explanatory variables are
relatively consistent and all pass the significance level test,
indicating that the findings in this section are robust.

Specifically, the effect of the primary term of industrial
structure on haze pollution is significantly positive (at 1%
significance level), indicating that upgrading of industry will
increase urban haze pollution; the effect of the secondary term
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of industrial structure on haze pollution is significantly negative
(at 1% significance level), indicating that further upgrading of
industry will reduce urban haze pollution. This shows that there
is an inverted “U” shaped relationship between industrial
structure and urban haze pollution, demonstrating the
existence of an environmental Kuznets curve in urban haze
pollution in China. In the early stages of industrial upgrading,
the urban economy undergoes industrial transformation and the
proportion of low-end manufacturing industries such as steel,
cement and glass gradually increases. At the same time, as
industrialisation proceeds, cities will attract an inflow of
which in
household
restaurants and consumer goods, which will also increase

factors such as labour, turn will increase

consumption of housing, appliances, cars,
urban haze pollution on the demand side. In addition, with
industrial upgrading, more factors of production will be
the city, which will

agglomeration, and industrial agglomeration will increase the

concentrated in form industrial
pollutant emissions per unit of time and area, which will in turn
exceed the carrying capacity of nature in the short term,
increasing the likelihood of haze pollution. However, with the
further upgrading of the city’s industries, related industries with
higher energy consumption and pollution emissions will be
eliminated and moved out to other areas, while new industries
will have lower energy consumption, higher production
efficiency and lower pollution emissions. Moreover, after
industrial upgrading, the government’s increased ability and

technical means to combat haze pollution will also help to
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TABLE 3 The influence coefficient of industrial structure on haze
pollution in different regions.

Variables Eastern Central Western
Haze, 0.313** 0.359*** 0.622*
(0.0294) (0.0279) (0.0281)
is 2.095%** 3.897%** 0.282
(0.550) (1.126) (1.215)
is2 —0.0244*** —0.682*** -0.0321
(0.00668) (0.237) (0.283)
Control variables Control Control Control
rho 0.943*** 0.858*** 0.767*
(0.0195) (0.0218) (0.0292)
sigma2_e 1351 17.93* 17.920*
(0.516) (0.681) (0.748)
Observations 1,200 1,200 996
Number of cities 100 100 83

XX represent significance levels at 1%, 5%, 10% respectively. () within is standard

error.

reduce haze pollution. Therefore, there is an inverted “U” shaped
relationship between industrial structure and urban haze
pollution.

Among other control variables, energy intensity and foreign
investment level also have significant effects on haze pollution,
which are not discussed.

4.3 Further discussion: Regional
differences

There are regional differences in haze pollution in Chinese
cities (Zhang, Liu and Sun et al,, 2020), and there are also
differences in the development of China’s industrial structure
between the eastern, central and western regions, with the
development characteristics of high in the east and low in the
west (Ma and Cao, 2022). Therefore, there may be regional
differences in the impact of the improvement of industrial
structure on haze pollution. In this part, 283 sample cities are

TABLE 4 Spatial spillover effect decomposition.

10.3389/fenvs.2022.1033563

subdivided according to the three regions of east, middle and
west. The eastern region includes 100 cities under the jurisdiction
of Hebei, Liaoning, Jiangsu, Zhejiang, Fujian, Shandong,
Guangdong and Hainan. The central region includes
100 cities under the jurisdiction of Shanxi, Jilin, Heilongjiang,
Anhui, Jiangxi, Henan, Hubei, Hunan and other provinces; the
western region includes 83 cities in Inner Mongolia, Guangxi,
Chongging, Sichuan, Guizhou, Yunnan, Gansu, Qinghai,
Ningxia and Xinjiang. After subdividing the samples, the
dynamic spatial Durbin model is used to re-estimate the data
after subdividing the samples, and the model estimation results
are given (Table 3).

From the estimation results of the sub-region samples, the
estimation results of the eastern and central region samples are
similar to the estimation results of the whole sample, which is not
discussed. The estimation results of the samples in the western
region are not consistent with the estimation results of the overall
samples. The causal relationship between the upgrading of the
industrial structure in the western region and the urban haze
pollution is not significant and robust. The possible explanation
is that scholars have found that there is club convergence in haze
pollution between China’s regions (Gong and Bai et al., 2022;
Wang et al., 2022). The haze pollution in the western region is
better than that in the central and eastern regions. At the same
time, the level of industrial structure between the western region
is relatively backward in the central and eastern regions, so the
statistical relationship between the two variables is not consistent
with that in the central and eastern regions.

4.4 Decomposition of the spatial effect of
industrial structure on haze pollution

In Table 4 considering that the spatial error terms of the
spatial econometric model all pass the 1% significance level test,
which confirms the spatial spillover effect of haze pollution, but
since the economic significance of each variable cannot be
explained by the estimated coefficients, this paper draws on
the existing literature and adopts the partial differential
method of spatial econometric model to solve the spatial

Without control variables

Variables With control variables
LR_direct

is 4,715% (844.7)

is? —1,638** (393.3)

Control variables
Observations

Number of cities

2,830
283

LR_indirect

1,781 (11,334)
7,163 (7,072)

2,830
283

WX X represent significance levels at 1%, 5%, 10% respectively. () within is standard error.
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LR_direct

5,085%** (846.9)
~1,826** (374.0)
Control

2,830

283

LR_indirect

4,772 (8,493)
1,894 (4,686)
Control
2,830

283
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TABLE 5 Test results of the number of thresholds.

Model RSS MSE Fstat
Single threshold 7.93E+08 2.81E+05 86.62
Double threshold 7.86E+08 2.79E+05 26.81
Three-fold threshold 7.82E+08 2.77E+05 15.08

TABLE 6 Threshold model estimation results.

Variables

is (Zone 1) 21,292 (1,907)
is (Zone 2) 8,041 (673.3)
is’ (Zone 1) —8,234*** (826.4)
is’ (Zone 2) —1,004*%* (94.22)

Control variables

Without control variables

10.3389/fenvs.2022.1033563

Prob Critl0 Crit5 Critl

0.0000 27.7438 32.3613 48.8665
0.0933 25.9479 33.499 41.6448
0.7067 33.4299 36.2892 454772

With control variables

13,787 (1,926)
4,729*** (700.3)

—5,611*** (820.6)
—593.0°** (96.68)

Control

Constant —6,761*** (1,041)
Observations 2,830

R-squared 0.080

Number of cities 283

-2,106* (1,081)
2,830

0.329

283

X% X represent significance levels at 1%, 5%, 10% respectively. () within is standard error.

spillover direct effect and indirect effect of each variable on haze
pollution.

According to the research results of partial differential
method on spatial spillover effect of haze pollution, the
influence of industrial structure on haze pollution is mainly
reflected as direct effect, that is, the upgrading of industrial
structure of a city only affects the haze pollution within the
city, and has no significant effect on the haze pollution of
neighboring cities. It is still found to be robust after the
addition of other control variables.

4.5 Further discussion of the
environmental Kuznets curve: Threshold
model

The environmental Kuznets curve theory and spatial
econometric model in this paper both show that the impact
of industrial structure on haze pollution has significant
nonlinear effects, that is, the impact on haze pollution is
different in different stages of industrial structure, so it may
show typical “threshold” characteristics. Further threshold
models are needed to test the impact of industrial structure
on haze pollution in different threshold ranges. The impact of
industrial structure on haze pollution at different thresholds
needs to be further tested using a threshold model. In addition,
it should be emphasized that adding a quadratic term to the
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primary term can test whether there is a “U” or inverted “U”
type relationship between the independent and dependent
variables, but this “U” or inverted “U" type relationship can
be tested. However, this “U” or inverted “U” type relationship
can only explain the unidirectional effect of industrial outcomes
on haze pollution at different stages of industrial structure
inverted “U”

industrial

development. For example, an
that

increases haze pollution before the inflection point, and that

shaped
relationship would explain upgrading
industrial upgrading reduces haze pollution after the inflection
point. In reality, this interpretation needs to be further
deconstructed: the reason for this is that there may be a
two-way effect of industrial upgrading on haze pollution at
each stage of development, but the inverted “U” curve reflects
the combined effect of positive and negative effects. For
example, in the early stages of industrial upgrading, an
increase in the proportion of high-emission industries will
aggravate haze pollution, but at the same time, the level of
technology is also improving, and the government’s ability to
remedy environmental pollution is also improving, which will
reduce haze pollution, but the former effect is greater than the
latter, and the combined effect of the two is that industrial
upgrading increases haze pollution. Therefore, a threshold
model is needed to test the impact of industrial structure
changes on haze pollution at different stages.

In this paper, the level of advanced industrial structure is
used as the threshold variable to test the effects of the primary

frontiersin.org
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and secondary terms of industrial structure on urban haze
pollution between different thresholds, with other control
variables held constant.

This paper draws on Hansen (1999) to test the number of
thresholds in the threshold model using a residual sum of squares
minimisation method. The test procedure used the Bootstrap
Method to draw samples 300 times for significance testing of the
threshold effect. The results of the test for the number of
thresholds are given in Table 5. The test results confirm the
existence of a threshold effect, and the F-statistic and p-value
results suggest that a single threshold model should be used for
the analysis, which is consistent with the inverted “U” curve
relationship confirmed in the previous section. In this paper, a
single threshold model was selected for analysis.

The distribution of the threshold values for the threshold
model is given in Figure 2, which confirms the validity of the
single threshold model. The threshold value calculated in this
paper is 2.1290 and the threshold confidence interval at the 95%
confidence level is (2.1251, 2.1306). Table 6 shows the estimation
results of the threshold model, including the results of the model
with and without the control variables.

In advanced industrial structure into a variable threshold
value, according to the results of the threshold value of the model
test and estimate the level of industrial structure in primary and
secondary items of urban smog pollution has significant effect in
both range, respectively, have a positive effect and negative effect,
consistent with the results of spatial econometric model, industry
structure and the urban haze a inverted “U” shaped relationship
between pollution. This also shows that in each period of
industrial structure upgrading, industrial upgrading has two
different effects on haze pollution. The mechanisms by which
industrial upgrading aggravates haze pollution include: firstly,
the continuous inflow of natural resources, labour and other
factors into cities, the increase in factor inputs and the expansion
of economic scale, which can derivatively lead to an increase in
pollutant emissions; secondly, the concentration of population in
cities leads to the expansion of city scale and an increase in
housing demand, while the expanded population scale increases
the consumption of urban heating, household appliances, cars,
restaurants and other household goods, and Among them,
housing, automobiles and heating are among the key
industries in terms of pollution emissions, which will increase
the emission of haze and other pollution and affect the
environment; thirdly, industrial upgrading will bring about
agglomeration, which is more likely to lead to pollution
exceeding the carrying capacity of natural cycles in a specific
time and space, and therefore increase environmental pollution
(Zhao and Cao et al., 2020). The mechanisms by which industrial
upgrading reduces haze pollution include: firstly, industrial
upgrading and
production

promotes  technological
the energy

consumption per unit of economic output, which is conducive

development

efficiency, reducing level ~of

to reducing pollution emissions; secondly, industrial upgrading
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promotes the elimination and out-migration of energy-intensive
industries, which helps reduce urban pollution; thirdly, industrial
upgrading increases government revenue, which helps improve
government supervision and control of environmental pollution
such as haze capacity and reduce pollution (Shi and Zhang,
2020).

This paper argues that at each stage of economic
development, there are both positive and negative effects of
industrial upgrading on environmental pollution such as haze,
and its combined effect on environmental pollution depends on
the magnitude of the two effects: to the left of the traditional
inflection point of the environmental Kuznets curve, the effect of
industrial upgrading on aggravating environmental pollution
such as haze is greater than its effect on reducing pollution,
and therefore, as industry upgrades, it will aggravate haze
pollution. With further industrial upgrading, its role in
reducing pollution gradually increases, while the role in
aggravating haze pollution gradually decreases, therefore, the
inflection point of the Kuznets curve will be ushered in, and as the
role of industrial upgrading in reducing pollution outweighs its
role in aggravating pollution, it will eventually be reflected as
industrial upgrading will reduce environmental pollution such
as haze.

5 Conclusion and discussion

Haze pollution is a key issue concerned by the government,
society and scholars. Based on MODIS and MISR data of
PM2.5 concentration in 283 cities in mainland China, this
paper empirically tests the nonlinear impact of industrial
structure upgrading on haze pollution. It is found that haze
pollution between cities has significant spatial spillover effect.
The results of the dynamic spatial Dubin model show that the
upgrading of industrial structure will first increase the haze
pollution, and the further upgrading will reduce the haze
pollution, that is, there is an inverted U-shaped relationship
between industrial structure and haze pollution, and there is an
environmental Kuznets curve, which is only significant in the
eastern and central regions of China. The effect of industrial
structure upgrading on haze pollution is mainly direct, but
indirect effect is not significant. Further discussion in this
paper found that there is a threshold effect of industrial
upgrading on haze pollution. The traditional environmental
Kuznets curve can be refined and expanded: on both sides of
the inflection point, economic development may have both
positive and negative impacts on environmental pollution. Of
course, the combined impact of the two aspects is an inverted “U”
shaped relationship.

In view of the spatial spillover characteristics of haze, the
collaborative work of haze control between cities should be
implemented. Since there is a Kuznets curve between the
upgrading of industrial structure and haze pollution in eastern
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and central China, we should adhere to the optimization and
upgrading of the internal industrial structure in the eastern and
central regions, and guide the transfer of industries that do not
have comparative advantages in the east to other regions to
alleviate the ills of excessive concentration of heavy chemical
industries in the eastern region. Other regions should strengthen
the
undertaking industrial transfer. Since the empirical results

implementation of environmental standards when
show that energy intensity has an important impact on haze
pollution, China should optimize the energy consumption
structure, reconfigure the energy production structure of each
region, adhere to the policy of combining traditional energy
cleaning and new energy supply, and promote the low-carbon,
high-quality and diversified energy structure.

At the same time, the conclusion of this paper shows that in the
process of economic development, the impact of economic
production on environmental pollution has both positive and
negative aspects. If the positive impact of economic development
and industrial upgrading on environmental pollution can be
stimulated, the inflection point of the inverted “U” shaped curve
will come earlier. For haze pollution, it needs to be clear that the
impact of industrial upgrading on haze pollution is always a
“double-edged sword”. In different stages
development and the process of industrial upgrading,
differentiated haze control policies should be formulated. In the
early stage of industrial upgrading, we should not completely deny

of economic

industrial upgrading or even affect economic construction under the
pretext of affecting the environment. In the middle and later stages
of industrial upgrading, we should always control and avoid the
impact of industrial upgrading on environmental pollution. We
should not only see the beneficial impact of industrial upgrading on
environmental pollution, but also relax the regulation and control.

This paper focuses on the impact of industrial structure
optimization on haze pollution, and there are still some
limitations. This study still needs to be deepened. In terms of
research content, this study needs to further subdivide the
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