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Haze pollution has been a global problem plaguing people for nearly two centuries,
especially in developing countries, where haze pollution is getting worse and has become
the culprit that restricts global sustainable development. As the largest developing country
in the world, China’s regional characteristics of haze pollution are increasingly prominent,
and the coverage is expanding, which means that there is a strong spatial interaction of
haze pollution. The real world is composed of asymmetric spatial relationships, and
asymmetric spatial interactions are more consistent with the reality of haze pollution.
To this end, this paper identifies the asymmetric spatial interaction effects of haze pollution
by using the time series econometric analysis framework and then constructs asymmetric
spatial weights. In this paper, the spatial panel Durbin model and spatial effect
decomposition technique are used for the empirical investigation to provide new
empirical evidence to reveal the socio-economic influences of haze pollution. The study
finds that haze pollution in China has a significant asymmetric spatial interaction and the
degree of influence varies among cities. During the sample period, there is a significant
inverted U-shaped relationship between economic development and haze pollution.
However, the vast majority of cities have not passed the top inflection point of the
inverted U-curve and are still in the stage where haze pollution is gradually intensifying
with economic growth. High population density, high energy consumption, and
unreasonable energy consumption structure aggravate haze pollution, while fixed-asset
investment and science and technology expenditure help to reduce haze pollution.
However, only the spatial spillover effect of the energy consumption structure is
significant. Therefore, the improvement and implementation of more effective socio-
economic prevention and control policies in the case of asymmetric interaction is the
key to effectively dealing with heavy pollution weather, fighting the defense of the blue sky,
and achieving sustainable development.
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INTRODUCTION

Haze pollution can seriously threaten the ecological environment,
seriously affect the economic quality and the achievement of
sustainable development goals, and thus has a strong negative
externality. Although the effectiveness of the current haze control
in developed countries is relatively significant, and air quality has
been improved significantly, the haze still tends to return in many
places around the world. In particular, more andmore developing
countries are also suffering from the haze. From historical
experience, severe haze pollution is a natural warning to
sloppy growth. Therefore, to improve air quality and achieve
sustainable development, haze pollution control is a key part. It is
about reducing the haze itself and the fundamental change of
economic development and sustainable development (Zhao et al.,
2022a). As the world’s largest developing country, it is of great
significance to the world to manage the haze pollution, and then
to transform the way of economic development and achieve
sustainable development.

Although haze pollution is an air pollution phenomenon
formed through a series of atmospheric physicochemical
processes, no matter how complex the physicochemical
process is, socio-economic development essentially causes haze
pollution. Therefore, the treatment of haze pollution is a social
and economic problem. Currently, China’s haze pollution has
shown a large-scale, high-intensity, and persistent trend, which
seriously restricts sustainable socio-economic development and
threatens the health of the people (Chen et al., 2016; Zhang et al.,
2020; Zhou et al., 2021). In particular, fine airborne particles
(PM2.5) have become the fourth most lethal factor after diet,
hypertension, and smoking (Zhang et al., 2019; Zhao et al.,
2022b). More grimly, however, is the fact that due to the
increasingly prominent regional spatial characteristics and
spatial spillover effect of haze pollution, its prevention and
control are becoming more and more difficult. Taking the
haze weather that broke out on 20 December 2016, as an
example, there were 90 cities with daily average air quality
values of severe and above pollution in China, with extensive
haze weather in the central-eastern region, and remote sensing
data showed that the air pollution covered an area of 1.88 million
square kilometers, and its impact reached 17 provinces. Among
them, the area of heavy haze pollution accounts for 49% of the
total area of haze pollution, more than 920,000 square kilometers.
Facing the grim reality of the expanding scope of haze pollution,
precise identification of the economic and social influential
factors of air pollution can provide a scientific basis for the
effective treatment of air pollution.

The real world is composed of asymmetric spatial
relationships, and asymmetric spatial interaction effects can
better model the reality of haze pollution. It is different from
the existing studies based on the assumption of symmetric spatial
interaction effects. This paper identifies the spatial asymmetric
interaction effects of haze pollution with the help of a time-series
econometric analysis framework. It then constructs an
asymmetric spatial weight matrix to empirically identify the
social and economic influential factors of air pollution with
the help of the spatial panel Durbin model. Specifically, this

paper collects the official PM2.5 monitoring data in China from
2014 to 2015 published by the Ministry of Ecology and
Environment of China and constructs urban PM2.5 day-by-
day time series on this basis. Under the framework of time
series econometric analysis, three methods such as linear
Granger causality test, nonlinear Granger causality test, and
variance decomposition is used to identify the asymmetric
interaction effects of air pollution in this paper. And then we
construct a spatial asymmetric weight matrix of haze pollution
based on the above results. This paper uses spatial econometric
models to identify the socio-economic influential factors of haze
pollution. It is found that there is indeed an obvious asymmetric
spatial interaction effect of China’s air pollution. Taking the
results of variance decomposition as an example, the impact of
haze pollution in Beijing on Tianjin is 0.329%, while the impact of
Tianjin on Beijing is 0.553%. During the sample period, the
relationship between economic development and haze pollution
shows an inverted U-shaped curve, verifying the EKC-
Hypothesis. However, most cities fail to pass the inflection
point. Under the influence of asymmetric spatial interaction,
excessive population density, high energy consumption, and
unreasonable energy consumption structure aggravate haze
pollution exacerbate the degree of haze pollution, while fixed-
asset investment and science and technology expenditure help to
reduce haze pollution.

LITERATURE REVIEW

The regional spatial characteristics and spatial effects of haze
pollution imply a strong spatial interaction in a certain spatial
scale. A large amount of literature uses spatial econometric
methods to empirically investigate the influential factors of air
pollution (Chen et al., 2019; Lou et al., 2021; Shi and Zhang,
2022), which provides useful references for the formulation of
haze pollution control policies. Although spatial measurement
provides a feasible tool to explore the influential factors of air
pollution based on spatial spillover effects, the hasty setting of
spatial weights in existing studies may lead to wrong research
results. And thus mislead the tackling policies of haze pollution.
When applying the spatial metrology model, the setting of spatial
weights is critical and fundamental (Anselin, 2010), and setting
spatial weights incorrectly will lead to serious results. In the
previous studies, most of the literature has used symmetric spatial
weights such as neighborhood weights, geographic distance
weights, economic weights, and nested weights (Hao and Liu,
2015; Wang and Fang, 2016; Xie et al., 2016; Du et al., 2018;
Kangyin Dong et al., 2019; Zhao et al., 2022c). All these spatial
weights are set based on the symmetry assumption of air
pollution spatial interaction. However, asymmetric spatial
interaction is the most realistic manifestation of haze pollution
compared with symmetric spatial interaction. Obviously,
ignoring the spatial asymmetric interaction effect of haze
pollution may lead to misleading research conclusions. In
addition, from the selection of haze pollution data, most of the
existing studies have used inter-provincial or urban
PM2.5 satellite data published by foreign research institutions.
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(Lou et al., 2021; Shi and Zhang, 2022). The complex composition
and long transmission distance of PM2.5 make the deterioration
of haze pollution in one city aggravate the level of air pollution in
the surrounding cities or even more distant regions. And this
long-distance haze interaction increases with the increase of
emissions from pollution sources (Engling and Gelencsér,
2010; Lüthi et al., 2015). Thus, inter-provincial data ignore the
spatially non-homogeneous characteristics of haze pollution,
while urban monitoring data are more accurate. The
monitoring data of PM2.5 have now been published by the
Ministry of Ecology and Environment of China, creating
conditions for us to use urban data for our study.

The marginal academic contributions of our paper mainly
have three points. Firstly, with the help of the time series
econometric analysis framework, linear Granger causality test,
nonlinear Granger causality test, and variance decomposition
technique are applied to identify the asymmetric spatial
interaction of air pollution. Secondly, in this paper, the
concept of asymmetric spatial interaction of air pollution is
proposed, and the asymmetric spatial weights are applied to
the study of socio-economic impact factors of haze pollution,
which is an extension of spatial measures in the field of haze
pollution. Thirdly, by using the spatial panel estimation method,
this paper empirically examines the socio-economic influential
factors of haze pollution. And further, we analyze the direct
effects, indirect effects, and total effects of each influential factor
to investigate the influential factors of air pollution more
comprehensively.

METHOD AND DATA

The air pollution in China has obvious spatial clustering and non-
homogeneous characteristics, showing an obvious spatial pattern
of “serious in the north and slight in the south, serious in the east
and slight in the west.” When studying the socio-economic
impact factors of haze pollution, this spatial characteristic
should be fully considered, so the spatial measurement method
is more applicable. At present, spatial econometric methods have
become the mainstream tool to study the economic and social
impact factors of air pollution with full consideration of spatial
characteristics (Ma et al., 2016; Du et al., 2018). But, the accuracy
of spatial econometric regression results critically depends on the
setting of spatial weights (Anselin, 2010). Therefore, to accurately
reveal the socio-economic impact factors of haze pollution, it is
inevitable that the spatial weights must first be accurately
constructed. To accurately construct the spatial weights, it is
necessary to identify the haze pollution spatial interaction
accurately. Existing studies on the socio-economic influential
factors of haze pollution make extensive use of spatial
measures, but as mentioned before, they all use spatial
symmetric weights. In contrast, the real world is composed of
asymmetric spatial interaction. Therefore, the continued use of
symmetric weights no longer reflects reality, and asymmetric
weights are more consistent with the real haze pollution spatial
interaction. The use of asymmetric weights is also the trend of

spatial measurement and has been used in several research fields
(Parent and Lesage, 2008).

Identification of Asymmetric Spatial
Interaction
According to Zhu et al. (2018), time series econometric
techniques provide a feasible research method for identifying
the asymmetric interaction effects of haze pollution. Under the
time series econometric analysis framework, the asymmetric
interaction effects of haze pollution can be identified using at
least three tools, which are the traditional linear Granger causality
test, nonlinear Granger causality test, and variance
decomposition. Therefore, the research framework of
asymmetric interaction effects of haze pollution and the
construction of spatial weight is shown in Figure 1.

Linear Granger causality test is used to identify asymmetric
spatial interaction. The change of haze pollution in a region may
affect the change of pollution in other regions. Therefore, this
paper identifies the asymmetric interaction effects of haze
pollution under the vector autoregressive regression model
(VAR) framework. In the VAR framework, the linear Granger
causality test approach treats all variables as endogenous and does
not require too many a priori constraints on the relationship
between variables. It can reveal the asymmetric probability
dependence between haze pollution time series and can be
used to determine whether there is a lead-lag relationship
between two series of haze pollution (Granger, 1969). If the
previous information of one time series cannot help to
improve the prediction ability of the current value of another
time series, the former is said to be not the Granger cause of the
latter; otherwise, the former is said to be the Granger cause of the
latter. For example, suppose the current or previous information
of air pollution in city X helps to improve the predictive ability of
future values of haze pollution in city Y. In that case, X is the
Granger cause of Y. This paper performs the Granger causality
test according to the method proposed by Hsiao (1981). And with

FIGURE 1 | Analytical framework for the identification of asymmetric
interaction effects and weight construction.
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the help of the AIC criterion, we select the optimal lag order
(Kilian, 2001).

The Nonlinear Granger causality test is used to identify
asymmetric spatial interaction. As Granger and Newbold (2014)
pointed out, “the real world is full of nonlinear relationships, and
nonlinear models can help us simulate the real world more
accurately.” For this reason, Diks and Panchenko (2006) proposed
a nonlinear Granger causality test based on Hiemstra and Jones
(1994). We draw on the idea of Diks and Panchenko (2006) to
construct a bivariate VARmodel based on a smooth time series. And
we filter the linear components among the variables by extracting the
VAR residuals and then conduct a nonlinear test on this basis. This
paper uses the BDS method (Broock et al., 1996) to identify the air
pollution spatial interaction by using the nonlinear Granger causality
test under the premise of confirming the existence of a significant
nonlinear dynamic trend between the series. In addition, we argue
that if the original hypothesis of no nonlinear Granger causality is
accepted for all lag orders (1–8), then there must be no asymmetric
spatial interaction between haze pollution variables. If the original
hypothesis of no nonlinear Granger causality is significantly rejected
at all lags, we cannot rule out the existence of asymmetric spatial
interaction among the haze pollution variables.

Variance decomposition is used to identify asymmetric
spatial interaction. There are still some limitations in the
nonlinear Granger causality test. Firstly, the nonlinear
Granger causality test only considers the direction of the
interaction effect of haze pollution but not the strength of
the effect. Secondly, linear Granger and nonlinear Granger are
based on a pure information flow perspective, which ignores
the characteristics of haze pollution decaying with
geographical distance. Whereas the variance decomposition
technique, by analyzing the magnitude of the impact of each
city’s haze pollution on the degree of another city’s haze
pollution, provides relatively important information of all
the stochastic perturbation that impacts the variables in the
VAR model. Thus, this paper constructs a set of cities that may
have asymmetric spatial interaction with each city, based on
which VAR modeling is used to reveal the probability
dependence and the degree of interaction effects of haze
pollution among these cities. However, it is worth noting
that the derivation of variance decomposition involves
Cholesky decomposition in a certain order of variables,
which makes the final analysis depends on the ranking of
variables (Campbell, 1991) and cannot take into account the
geographical distance factor. Therefore, in this paper, we take
the idea of the first law of geography by Tobler (1970) into
account. Due to the geographic decay law of the spatial
interaction of haze pollution, the intensity of the interaction
of haze pollution decreases with the increase of geographic
distance. According to the above law, we get the basis for the
ranking of variables, i.e., the closer the city is to a city in the
Cholesky decomposition process, the more distant the city is,
the more distant it is, the more distant it is. This way solves the
problem of variable selection and variable ranking of variance
decomposition in the VAR model and introduces the law of
haze pollution decaying with geographic distance into the
variance decomposition.

Construction of Spatial Asymmetric
Weights for Haze Pollution
Anselin and Florax (2012) argued that the better the spatial
weight matrix match the spatial structure of data, the better
the fit of the model, and the better the explanatory power. In
contrast, the existing weights, both symmetric and
asymmetric weights, are given a priori and do not change
over time, thus neglecting the endogeneity of the weight
matrix (Harris et al., 2011; Corrado and Fingleton, 2012).
Therefore, to more accurately identify the asymmetric spatial
interaction and then construct spatially asymmetric weights
that highly match the true spatial structure of real data. This
paper identifies the asymmetric spatial interaction of haze
pollution in the time series econometric analysis framework
and constructs asymmetric spatial weights based on the
identification results.

Spatial weight construction based on Granger causality test. In
this paper, the spatial weights W1 and W2 are constructed
according to the identification results of the linear Granger
causality test and the nonlinear Granger causality test
respectively, and the matrix elements are shown in Eq. 1.

wij � { 1 (j → i)
0 (i � j, j→/ i) (1)

In Eq. 1, wij is a matrix element, i, j is the sample city (same
below). j → i shows that the haze pollution in the jth city is the
linear (nonlinear) Granger cause of the ith city, then wij = 1. j→/ i
shows that the haze pollution in the jth city is not the linear
(nonlinear) Granger cause of the ith city, then wij = 0; when i � j,
wij = 0.

Spatial weight construction based on variance decomposition.
The spatial weights W3 are constructed according to the results of
variance decomposition identification, and the matrix elements
are shown in Eq. 2.

wij �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 δ12 / δ1n
δ21 0 / δ2n
..
. ..

.
1 ..

.

δn1 δn2 / 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (2)

Where, δij is the contribution of haze pollution derived from
variance decomposition, which indicates the degree of influence
of city j on the city i. Further, the general form of its weight can be
transformed into Eq. 3.

wij � { δij
0

(j → i)(i � j, j→/ i) (3)

If at j → i, i.e., city j haze pollution has an impact on the city i
haze pollution and the degree of influence is δij, then wij = δij; if at
j→/ i, i.e., city j haze pollution has no influence on the city i haze
pollution, then wij = 0; and when i � j, wij = 0.

Econometric Model
Given that the common theoretical framework for studying
environmental pollution impact factors is the STIRPAT model
proposed by York et al. (2003). Therefore, we use the STIRPAT
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model as the basis for selecting impact factors and the model is
shown in Eq. 4.

Iit � αPb
itA

c
itT

d
itμit (4)

In Eq. 4, i and t denote city and year respectively, Iit represents
environmental impact, Pit represents the population, Ait

represents wealth, Tit represents technology, εit is the random
error term. The STIRPAT is a multivariate nonlinear model, and
the linear model is obtained by taking the logarithm of the
equation at the same time. The STIRPAT model allows the
introduction of other influential factors to analyze. According
to the above analysis framework, this paper constructs a spatial
econometric analysis model to investigate the social and
economic impact factors of haze pollution by combining the
spatially non-homogeneous characteristics of haze pollution.
According to the existing research, the spatial econometric
model should start with the spatial Durbin model. Because we
can include the spatial lagged term of the explained variable (WY)
and the spatial lagged term of the explanatory variable (WX) into
the spatial Durbin model at the same time, which if ignored
would result in a loss of consistency in the estimation of the
remaining estimates (Elhorst, 2010; Elhorst, 2014). Given this,
this paper develops an econometric model as in Eq. 5.

Yt � ρWYt + αXt + βWXt + μt (5)
In Eq. 5, t is the year. The explanatory variable Yt is haze
pollution, Xt is the relevant influential factor and μt is the
random error term. Wij represents the asymmetric spatial
weight matrix. ρWYt and βWXt represent the spatial
dependence of the explanatory and explanatory variables
respectively. ρ is the spatial lag coefficient, which reflects the
influence of haze pollution in other cities on the sample city in the
current period. β is also the spatial lag coefficient, which
represents the influence of other urban impact factors on haze
pollution in the sample city in the current period.

Studies have been conducted without spatial correlation tests
when adding the spatial lagged terms of explanatory variables
(WX) in the construction of spatial Durbin models (Hao and Liu,
2015; Wang and Fang, 2016; Du et al., 2018). Thus, adding all the
spatial lagged terms of all explanatory variables to the model can
lead to model over-explanation and problems such as
multicollinearity. Given this, when adding the WX term in
this paper, the Bivariate Moran test (Anselin, 2010) is
performed first. Meanwhile, the regression coefficients of the
above model cannot directly express the effect of explanatory
variables on the explained variable, so further effect
decomposition is needed. And we first rewrite the model as in
Eq. 6.

Yt � (I − ρW)−1 + (I − ρW)−1(αXt + βWXt) + (I − ρW)−1μt
(6)

The matrix of partial derivatives of E (Yt) (the expected value of
Yt) corresponding to the kth explanatory variable in Xt from city
one to city n can be written as Eq. 9. These partial derivatives
represent the effect of a one-unit change in a particular

explanatory variable in one city on the explanatory variables
in all other cities, which can be divided into direct effects and
indirect effects (Mao et al., 2022). In Eq. 9, IN is the unit matrix, �d
denotes the operator that calculates the mean of the diagonal
elements of the matrix, and rsum denotes the operator that
calculates the row and means of the non-diagonal elements of
the matrix (Elhorst, 2014). Direct effect and indirect effect are
shown in Eqs 7, 8.

Direct effect : [(I − ρW)−1(αkIN + βkW)]�d (7)
Indirect effect : [(I − ρW)−1(αkIN + βkW)]rsum (8)

Total effect : [(I − ρW)−1(αkIN + βkW)]�d
+ [(I − ρW)−1(αkIN + βkW)]rsum (9)

Variables and Data Sources
Variables
Explained variables. The explanatory variable is haze pollution
(lnpm). PM2.5 is the primary pollutant of haze pollution
(Schlesinger, 2007; Zhang et al., 2019) and has the
characteristics of complex composition and long transmission
distance, which makes the deterioration of air pollution in one
city will aggravate the level of air pollution in the surrounding
cities. At the same time, the long-distance haze interaction will
increase with the increase of pollution source emissions (Engling
and Gelencsér, 2010; Lüthi et al., 2015). Thus, PM2.5 is chosen as
a proxy variable for air pollution.

Explanatory variables. The explanatory variables in this paper
are chosen to expand on the STIRPAT model in the previous
paper. Specifically: 1) Population density (lnpopdens). Due to the
large differences in population size among cities, it is not accurate
enough to directly by using the total population as a proxy
variable. Therefore, this paper uses the number of people per
square kilometer in each city to measure population density.
Generally speaking, the higher the population density of a city,
the more active its social and economic activities, the higher
energy consumption and pollution emissions, and the greater
environmental pressure of the city. 2) Economic development
(lnpgdp). Generally speaking, regional GDP per capita can be a
good indicator of the city’s economic development (Liu and Pei,
2019). Then we adopt regional GDP per capita as a proxy variable
for economic development. Meanwhile, the EKC-Hypothesis
suggests that there is an inverted U-shaped curve between
economic development and environmental pollution
(Grossman and Krueger, 1995). Thus, we also add the square
term of GDP per capita into the regression to consider its
influence on air pollution. 3) Technological progress (lnrdint
and lntechexp). The development of green technology
undoubtedly provides important technical support for
managing, preventing, and controlling haze pollution (Liu and
Pei, 2019). This paper selects R&D intensity and science and
technology expenditure as proxy variables for technological
progress. Among them, R&D intensity is measured by the
proportion of scientific research and technical service
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personnel to total employees in each city (Fang, 2021). And the
expenditure on science and technology is measured by the
proportion of the expenditure on science and technology to
public finance expenditure in each city. 4) Energy structure
(lnenercons and lnenerint) Over the past 30 years, China’s
development has been accompanied by high pollution and
high energy consumption. There are problems of unreasonable
energy consumption structure and high energy intensity in
China, which is one of the main causes of haze pollution.
Therefore, we choose energy consumption and intensity to
measure the energy structure. Among them, energy
consumption is measured by the proportion of coal
consumption to total energy consumption1 (Shao et al., 2011;
Yixuan Dong et al., 2019). Energy intensity is measured by the
proportion of comprehensive energy consumption to regional
GDP. 5) Investment intensity (lninvestint). Along with the
accelerating urbanization process, investment in urban
infrastructure construction and real estate development will
lead to changes in urban energy structure and dust, which
may lead to haze pollution. Therefore, this paper uses the
share of total energy consumption in regional GDP to
measure. The detailed definitions of all explanatory variables
are shown in Table 1.

Data Sources
Currently, real-time urban PM2.5 monitoring data are
available from the China General Environmental
Monitoring Station2. In addition, other related websites
also provide daily data of urban PM2.53. To ensure the
accuracy of haze pollution data and to avoid biased
research conclusions due to omissions and misplacement
in the calculation of daily data from other websites, this
paper chooses to calculate daily data for each city directly
using hourly data from monitoring stations.

Due to a large amount of these data, it is not easy to meet the
needs if the manual collection method is work-intensive and
error-prone. In order to obtain data more quickly and accurately,

this paper chooses to implement a Web Spider system under
the R language platform using tools such as Rvest and Rcurl
to capture data from the China General Environmental
Monitoring Station pages. Eventually, a PM2.5-based haze
pollution database is constructed to create research
conditions. The data of other socio-economic influencing
factors were obtained from the China Urban Statistical
Yearbook and China Energy Statistical Yearbook. Table 2
provides descriptive statistics for all variables.

EMPIRICAL RESULTS

This paper employs Exploratory Spatial Data Analysis (ESDA) to
examine the spatial correlation and spatial clustering
characteristics of haze pollution in China.

Global Spatial Autocorrelation
Global Spatial Autocorrelation is commonly used to analyze the
distribution characteristics, which is generally portrayed by
Moran’s I (Moran, 1950) and Geary’s C (Geary, 1954). Firstly,
the Global Spatial Autocorrelation of urban haze pollution in
China is examined using Moran’s I index, and the specific
measurement is carried out according to Eq. 10. Where,
S2 � 1/n∑n

i�1(xi − �x)2, �x � 1/n∑n
i�1xi , wij is the spatial weight

matrix, n is the number of cities, and xi denotes the observed
value of haze pollution in the ith city.

Moran′sI � n∑n
i�1∑n

j�1wij(xi − �x)(xj − �x)
∑n

i�1∑n
j�1wij∑n

i�1(xi − �x)2

� ∑n
i�1∑n

j�1wij(xi − �x)(xj − �x)
S2∑n

i�1∑n
j�1wij

(10)

TABLE 1 | Variable definition.

Variable Name Meanings

Haze pollution lnpm Average annual concentration of haze pollution
Economic development lnpgdp Gross regional product per capita
Population density lnpopdens Ratio of population size to regional area
Technological progress lntechexp Share of science and technology expenditure in public finance expenditure

lnrdint Share of scientific research and technical service personnel in total employees
Energy consumption lnenercons Share of coal consumption in energy consumption
Energy intensity lnenerint Share of total energy consumption in regional GDP
Investment intensity lninvestint Share of fixed asset investment in regional GDP

TABLE 2 | Descriptive statistics.

Obs Min Max Mean Std. Dev

lnpm 320 2.801 4.867 3.978 0.376
lnpgdp 320 0.921 3.242 1.951 0.430
lnpopdens 320 1.061 2.148 1.890 0.137
lntechexp 320 −6.160 −2.314 −4.228 0.794
lnrdint 320 −6.104 −0.629 −4.223 0.710
lnenercons 320 −2.108 0.353 −0.480 0.382
lnenerint 320 −1.085 0.946 −0.336 0.393
lninvestint 320 −1.773 1.722 −0.360 0.427

1In view of the lack of data on total urban energy consumption and coal
consumption in China Urban Statistical Yearbook and China Energy Statistical
Yearbook, and considering the similarity of energy consumption structure in each
province, the data of each province are used to approximate and replace the cities in
the province.
2http://www.cnemc.cn/
3http://www.tianqihoubao.com/
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Next, Geary’s C index is used to test the Global Spatial
Autocorrelation of urban haze pollution in China, measured
according to Eq. 11. Unlike Moran’s I index, the value of
Geary’s C index greater than one indicates a negative
correlation, equal to one indicates no correlation, and less
than one indicates a positive correlation.

Geary’C � (n − 1)∑n
i�1∑n

j�1wij(xi − xj)2
2(∑n

i�1∑n
j�1wij)[∑n

i�1(xi − �x)2] (11)

Using the abovemethod, this paper measures the global Moran’s I
and Geary’s C values of PM2.5 in 160 cities. Moran’s I is
significantly positive under all three weighting schemes, while
Geary’s C is significantly less than one for all of them. This
indicates a significant positive spatial correlation characteristic of
haze pollution in 160 cities. Therefore, the spatial characteristics
of haze pollution should be fully considered; otherwise, it will lead
to biased estimation results (Table 3).

Local Spatial Autocorrelation
The local spatial autocorrelation can be visually portrayed by
plotting the Moran scatter plot. As shown in the Moran scatter
plot of PM2.5 in 2014 and 2015 (Figure 2), haze pollution has a
significant positive spatial correlation and spatial agglomeration
effect. That is, for cities with more serious haze pollution, there
are usually one or more cities with more serious haze pollution

adjacent to them (i.e., high-high positive correlation). Similarly,
cities with lighter haze pollution gather together (i.e., low-low
positive correlation). In addition, according to the local Moran’s
I, about 110 out of 160 cities have positive local Moran’s I for both
PM2.5, further indicating the existence of significant spatial
clustering characteristics haze pollution.

Bivariate Moran’s I Index
Bivariate Moran’s I index is used to explore the spatial correlation
between the explained variable and explanatory variables, which
is used as a basis for adding spatial lagged terms of explanatory
variables in the spatial Durbin model as described earlier (Lee,
2001; Anselin, 2010), the index can be expressed as:

Ikl � Z′
kWZl

Z′
kZk

(12)

In Eq. 12, Zk denotes the normalized Yk values (explanatory
variables) and Zl denotes the normalized Xl values (explanatory
variables), i.e., Zk � [Yk − μk]/σk, Zl � [Xl − μl]/σ l. Yk and Xl

denote the corresponding values, μk and μl denote the mean
values, σk and σl denote the variance of the corresponding values,
and W is the spatial weight matrix normalized by row. Table 4
reports the results.

Model Diagnostic Tests
Before performing the spatial econometric regression, the model
is selectively tested by applying the great likelihood estimation

TABLE 3 | Global spatial autocorrelation.

Year W1 W2 W3

Moran’s I Geary’s C Moran’s I Geary’s C Moran’s I Geary’s C

2014 0.103*** 0.927*** 0.336*** 0.678*** 0.166*** 0.869***
2015 0.130*** 0.886*** 0.365*** 0.677*** 0.190*** 0.815***

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively.

FIGURE 2 | Local Moran’s I of PM2.5 concentration (W3).

Frontiers in Environmental Science | www.frontiersin.org April 2022 | Volume 10 | Article 8936507

Jia and Pei Haze Pollution and Sustainable Development

https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles


and obtaining the likelihood ratio LR. After that, the original
hypotheses (H0: β = 0 andH0: β+αρ = 0) are tested by applying the
Wald test and LR test. In addition, the spatial Hausman Test is
applied to select fixed effects or random effects. In addition,
model selection can also be performed based on the great
likelihood value of the model, i.e., Likelihood (Lee and Yu,
2010), and the AIC criterion (Akaike, 1974). Table 5 shows
the results, and the Wald test and L.R. test for all three
weights significantly reject the original hypotheses of (H0: β =
0 andH0: β+αρ = 0), indicating that the SDMmodel is optimal. In
addition, the Hausman test for the SDM model with all three
weights is significantly positive, rejecting the random effect.
Meanwhile, the Likelihood values of the fixed effects are all
greater than the random effects, and the AIC values are all
smaller than the random effects, so the fixed effects are more
suitable. In summary, this paper selected the SDM model with
fixed effects for regression analysis.

Regression Results
This paper conducts regression analyses for the POLS model, the
spatial random effects SDM model (SDM-RE), and the spatial
fixed effects SDMmodel (SDM-FE) for PM2.5 under three spatial
asymmetric weighting schemes, respectively, and the results are
shown in Table 6. Among them, according to the identification
results based on the Bivariate Moran test, model (1) and model
(2) contain the spatial lagged terms W·lnpopdens, W·lnenercons,
W·lninvestint, W·lnenerint, W·lnrdint, and W·lntechexp of the
explanatory variables. Model (3) and model (4) contain
W·lnpgdp, W·lnpopdens, W·lnenercons and W·lnenerint. Model

(5) and model (6) contain W·lnenercons, W·lnenerint, and
W·lntechexp. Table 6 shows the regression results. Due to the
choice of the fixed-effects SDM model in the above model
selection, the regression results of model (3), model (5), and
model (7) are used in the analysis below.

According to Table 6, the coefficient of W·lnpm passes the
significance test at the 10% significance level among the three
spatial weighting schemes, which fully indicates that there are
significant spatial clustering characteristics and interaction effects
of haze pollution in China at present, that is, the increase of
PM2.5 concentration in other cities will further aggravate the
degree of haze pollution in this city. Under the effect of
asymmetric spatial interaction, haze pollution shows a more
significant diffusion effect, and the interaction effect of haze
pollution among cities becomes increasingly significant.
Therefore, combating haze requires regional joint prevention
and control by cities, and the effect of haze prevention and
control policies of individual cities or a few cities are
becoming less and less obvious. Since haze pollution is
essentially a socio-economic problem, identifying the socio-
economic influences on haze pollution is essential to
improving the current haze pollution prevention and control
policies.

Based on the regression results below, we further analyze each
factor: 1) Economic development. As shown in columns (3), (5),
and (7) of Table 6, the primary terms of economic development
are all positive, and the secondary terms are all negative. Except
for model (5), which is insignificant, model (3) andmodel (5) pass
the 1% significance level, indicating an inverted U-shaped curve

TABLE 4 | Results of Bivariate Moran’s I.

W1 W2 W3

2014 2015 0/1 2014 2015 0/1 2014 2015 0/1

lnpm-lnpgdp −0.004 −0.023*** 0 0.098*** 0.081*** 1 −0.003 −0.028** 0
lnpm-lnpopdens −0.011* −0.013* 1 0.045* 0.058** 1 0.058 0.041 0
lnpm-lntechexp −0.024*** −0.053*** 1 −0.003 −0.046* 0 −0.075*** −0.107*** 1
lnpm-lnrdint 0.043*** 0.044*** 1 0.017 0.069** 0 0.013 0.033** 0
lnpm-lnenercons 0.104*** 0.119*** 1 0.112*** 0.120*** 1 0.115*** 0.136*** 1
lnpm-lnenerint 0.112*** 0.120*** 1 0.200*** 0.213*** 1 0.197*** 0.219*** 1
lnpm-lninvestint 0.009* 0.038*** 1 0.021 0.081*** 0 0.010 0.032*** 0

Note: The third column 0/1 of each weight matrix indicates whether the spatial Durbin term is added, added if it is significant in both 2014 and 2015. Adding is 1, not adding is 0. ***, **, and *
indicate significant at 1, 5, and 10% significance levels, respectively.

TABLE 5 | Model diagnostic test.

W1 W2 W3

SDM-RE SDM-FE SDM-RE SDM-FE SDM-RE SDM-FE

Log likelihood 139.604 549.218 115.343 491.037 149.230 541.593
AIC −243.207 −1066.437 −198.687 −954.074 −268.4593 −1057.186
Wald-spatial-lag 40.30*** 47.99*** 114.65*** 15.95*** 42.43*** 21.34***
LR-spatial-lag 44.36*** 52.83*** 95.91*** 15.79*** 40.92*** 25.98***
Wald-spatial-error 44.76*** 52.50*** 32.52*** 21.03*** 49.96*** 24.05***
LR-spatial-error 78.18*** 61.90*** 14.91*** 24.72*** 84.53*** 18.38***
Hausman 52.24*** 11.22* 32.15***

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively.
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between haze pollution and economic development under the
asymmetric interaction. It is consistent with the classical EKC
hypothesis that the haze pollution level tends to increase and
decrease with increasing levels of economic development. On the
surface, the haze pollution level decreases after reaching a peak as
the economy continues to develop, so there is no need to prevent
and control the increasing haze pollution in economic
development. However, it is worth noting that we further
calculate the inflection point of the inverted U-shaped curve
(in the model (7), for example), which is 150.03 million yuan, and
only a few of the 160 sample cities exceeded the inflection point.
The cities that exceeded the inflection point in 2014 were Daqing,
Dongying, Yangquan, Ordos, and Karamay, and in 2015 were
Dongying, Daqing, Yantai, Shenzhen, and Ordos, and about 97%
of the cities did not cross the inflection point. Therefore, we
cannot expect that haze pollution can be improved just by
developing the economy, which requires that we should be
aware that the management of haze pollution is a long-term
and complex process and focus on continuously improving the
prevention and control policies of haze pollution while
developing the economy. 2) Population density. Observing the
regression results of model (3), model (5), and model (7) in
Table 6, it can be found that the regression coefficients of
population density show significant positive correlations. It
indicates that there is a significant positive correlation between
population density and haze pollution. In other words, the higher
the population density, the more serious the haze pollution. With
the accelerated urbanization process, the population is rapidly
concentrated in cities, especially in large and medium-sized cities,
and the population density is too large to exceed the carrying
capacity of the urban environment. In addition, the increase in

fossil energy consumption and traffic congestion caused by the
over-concentration of the population are also important reasons
for the increase in haze pollution. 3) Technological progress.
According to Table 6, R&D intensity has a positive impact on
haze pollution under all three spatial weighting schemes, but
none of them is significant except for the regression coefficient of
the model (7). This paper indicates that the current R&D
investment in China is not strong enough, and technological
progress does not have a significant positive effect on haze
pollution. It also indicates that the directional pair of R&D
investment is at odds with improving haze pollution. In
addition, in terms of science and technology expenditure, the
regression coefficients of models (3), (5), and (7) are significantly
negative, indicating that the current government financial
investment in science and technology has played a beneficial
role in improving haze pollution. Therefore, in the future
economic development process, the investment in technology
dedicated to improving haze pollution should be strengthened,
such as increasing the support for new energy and other green
technologies and other measures. 4) Energy consumption. The
regression coefficients of models (3), (5), and (7) are all positive,
and they pass the 1% significance level except for model (7). This
result indicates that the current energy consumption structure of
China is not reasonable enough, and the coal-based energy
consumption structure aggravates the haze pollution. 5)
Energy intensity. From the regression results, it can be seen
that the regression coefficients are positive and insignificant
except for model (5). This indicates that the energy
consumption of China’s 10,000 Yuan GDP is gradually
decreasing, but it still aggravates haze pollution. Therefore, it
is necessary to strengthen energy conservation and emission

TABLE 6 | Estimation results of the spatial panel model.

POLS W1 W2 W3

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

SDM-RE SDM-FE SDM-RE SDM-FE SDM-RE SDM-FE

W·lnpm 0.318 0.864** 0.661*** 0.415*** 0.616*** 0.331*
lnpgdp −0.296 0.164 0.732*** −0.037 0.251 0.037 0.622***
lnpgdp2 0.055 −0.039 −0.136*** −0.008 −0.041 −0.016 −0.114**
lnpopdens 1.351*** 1.054*** 0.498*** 0.969*** 0.656*** 0.994*** 0.406**
lnenercons 0.290*** 0.100* 0.201** 0.245*** 0.462*** 0.052 0.100
lninvestint −0.030 −0.021 −0.047** −0.026 −0.036* 0.007 −0.034*
lnenerint 0.331*** 0.061 0.126 0.068 0.499*** 0.093 0.002
lnrdint 0.015 −0.002 0.014 0.003 0.025 0.014 0.07***
lntechexp 0.047** −0.039** −0.047*** 0.008 −0.047*** −0.010 −0.037**
W·lnpgdp −0.164 −0.272**
W·lnpopdens 6.305*** 3.560 −1.062*** −0.096
W·lnenercons 1.934*** 2.758*** −0.394** −0.036 0.526** 1.953***
W·lninvestint −0.111 −0.110
W·lnenerint 1.122** 3.325*** 0.399*** 0.736** 0.855*** 0.606
W·lnrdint −0.321 −0.785***
W·lntechexp −0.083 −0.215** −0.068 −0.054

Year fixed YES YES YES YES YES YES YES
City fixed YES YES YES YES YES YES YES
Obs 320 320 320 320 320 320 320
R2 0.601 0.643 0.721 0.657 0.709 0.671 0.734
Inflection point 14.749 21.348 15.303

Notes: ***, **, and * indicate significance at the 1, 5, and 10% levels, respectively. Standard errors are not reported due to space limitations.
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reduction and enhance the use of clean energy and new energy to
further reduce the energy consumption of 10,000 Yuan GDP. 6)
Investment intensity. The regression coefficients of investment
intensity in models (3), (5), and (7) are significantly negative,
indicating that increasing investment in fixed assets is beneficial
to improving haze pollution.

Given that the above regression coefficients can only roughly
estimate the effect of each factor on haze pollution and cannot
accurately explain its direct and indirect effects on haze pollution,
this paper, thus, performs effect decomposition on each
explanatory variable, as shown in Table 7. Given that the
effect decomposition results under the three weight matrices
are in the same direction under the same influencing factor,
and the spatial weight W3 can better fit the asymmetric
interaction effects of haze pollution, the spatial weight W3 is
used as an example for analysis in the later section.

The effect decomposition results in Table 7 show that: 1) The
direct effect of population density (lnpopdens) is 0.425, which is
significantly positive, showing that the increase of population
density will significantly aggravate the haze pollution in the area.
The indirect effect is also positive but insignificant, showing that
the positive effect of population concentration in the region on
haze pollution in other cities is insignificant, leading to a
significant positive total effect. This fully indicates that with
the current gradual acceleration of urbanization, the over-
saturation of the population in megacities and large cities will
exacerbate urban haze pollution while also producing spatial
spillover effects on other cities. Although the spatial spillover
effect is not too obvious at present, with the further increase of
urbanization level, the population of big cities will flow to second-
tier and even third-tier cities. Suppose the urban population
structure is not reasonably adjusted. In that case, it will also
aggravate the haze pollution in other areas. 2) The direct effect of
science and technology expenditure (lntechexp) is −0.038, which
is significantly negative, while the indirect effect and the total
effect are simultaneously negative, indicating that an increase in
the proportion of science and technology expenditure in the
government’s fiscal expenditure helps to improve the haze
pollution in the region and beyond. However, the indirect, and
total effects are not significant, which may exist because
government fiscal expenditure has certain regional
characteristics, and it is difficult to impact other regions. 3)

The direct effect, indirect effect, and the total effect of R&D
intensity (lnrdint) are significantly positive, but the indirect effect
is not significant. 4) The direct and indirect effects of energy
consumption (lnenercons) are significantly positive, showing that
the unreasonable energy consumption structure will not only
aggravate the level of haze pollution in this region but also
increase the level of haze pollution in other regions. Hence,
the total effect is also significantly positive. 5) The direct
effect, indirect effect, and total effect of energy intensity
(lnenerint) are all positive but insignificant, indicating that the
current energy consumption of 10,000 Yuan GDP in China’s
cities is not very reasonable, and further energy saving and
emission reduction are needed to reduce the energy
consumption of 10,000 Yuan GDP. 6) The direct effect of
investment intensity (lninvestint) is significantly negative,
which indicates that fixed-asset investment helps to reduce
haze pollution in this city. However, its indirect effect is not
significant, which shows that the current investment structure is
not very reasonable and cannot produce spillover effects.

Examining the above factors together, from the direct effects of
each influencing factor, investment intensity and science and
technology investment are conducive to reducing haze pollution
in the region, while high population density, unreasonable energy
consumption structure, and deviation in the direction of R&D
intensity exacerbate the level of haze pollution in the region. All
factors are insignificant except that energy consumption will
significantly aggravate the indirect effects of haze pollution in
other cities. Through the above analysis, we can clearly
understand that there is still disunity in the prevention and
control of haze pollution in China, which is the main reason
why the implementation effect of joint prevention and control
policies in China is far below the expected level.

CONCLUSION AND POLICY
RECOMMENDATIONS

The regional haze pollution in China has shown an increasingly
serious and expanding coverage, while the real world is composed
of asymmetric spatial relationships, and asymmetric spatial
interaction is more consistent with the reality of haze
pollution, which implies that there is a large asymmetric

TABLE 7 | Estimation results of decomposition of the effects.

lnpopdens lnenercons lninvestint lnenerint lnrdint lntechexp

W1 Direct effect 0.503*** (0.171) 0.191** (0.089) −0.047** (0.018) 0.119 (0.091) 0.017 (0.018) −0.047*** (0.013)
Indirect effect 1.776 (1.428) 1.396*** (0.363) −0.035 (0.157) 1.720*** (0.455) 0.436*** (0.163) −0.094 (0.060)
Total effect 2.280 (1.45) 1.587*** (0.358) −0.082 (0.162) 1.838*** (0.462) 0.420** (0.168) −0.142** (0.060)

W2 Direct effect 0.679*** (0.199) 0.462*** (0.101) −0.037 (0.021) 0.511*** (0.103) 0.025** (0.020) −0.048*** (0.016)
Indirect effect 0.321 (1.016) 0.190 (0.418) −0.024 (0.019) 1.458*** (0.516) 0.017 (0.018) −0.032* (0.019)
Total effect 0.999* (1.065) 0.652** (0.443) −0.061 (0.037) 1.969*** (0.545) 0.043** (0.036) −0.080*** (0.030)

W3 Direct effect 0.425** (0.171) 0.115* (0.094) −0.035* (0.018) 0.006 (0.103) 0.070*** (0.018) −0.038*** (0.014)
Indirect effect 0.256 (0.294) 3.180*** (1.172) −0.019 (0.019) 0.772 (0.781) 0.042 (0.048) −0.108 (0.120)
Total effect 0.681* (0.380) 3.295*** (1.168) −0.054* (0.031) 0.778 (0.751) 0.112** (0.054) −0.147 (0.120)

Notes: According to the results of the effect decomposition calculated in Table 6model (3), (5), and (7), other decomposition results are not reported due to the limitation of space, and
readers can request the results from the author. ***, **, and * indicate significant at 1, 5, and 10% significance level, respectively.
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spatial interaction of haze pollution in a large spatial scale.
Therefore, this paper identifies the spatial asymmetric
interaction effects of haze pollution under the framework of
time series econometric analysis and then constructs three
asymmetric spatial weight matrices to reveal the socio-
economic influences of haze pollution more accurately using a
spatial panel Durbin model and combining with effect
decomposition techniques. It is found that there is exactly a
significant asymmetric spatial interaction of haze pollution in
China. Taking the identification of variance decomposition
scheme as an example, the influence of Beijing on haze
pollution in Tianjin is 0.329%, while the effect of Tianjin on
Beijing is 0.553%. At this stage, economic development and haze
pollution show an inverted U-shaped curve, consistent with the
EKC-Hypothesis. However, it is important to emphasize that
most cities have not yet crossed the inflection point and are still at
the stage where haze pollution increases with economic growth.
Under the asymmetric spatial interaction, high population
density, unreasonable energy consumption structure, and high
energy consumption of 10,000 Yuan GDP all aggravate haze
pollution, while fixed-asset investment and technology
expenditure help reduce haze pollution. However, except for
the energy consumption structure, the spatial spillover effects
of all the above factors are not significant.

The above conclusions provide important policy
implications for China to improve and implement more
effective socio-economic prevention and control policies and
effectively fight the defense of the blue sky. Above all,
reconfigure the scope of joint prevention and control. Based
on the accurate identification of the spatial asymmetric
interaction of haze pollution, the scope of regional joint
prevention and control of haze pollution based on the urban
perspective are further expanded and redefined, and establish
higher-level environmental protection regulatory agencies
beyond administrative divisions. The precise definition of the
scope of joint prevention and control is the primary link in haze
pollution prevention and control. Without proper joint
prevention and control of haze pollution, the subsequent
treatment will not be smooth. At the same time,
environmental incentives should be standardized to avoid the
phenomenon of gain without pain. Furthermore, the
establishment of long-term governance mechanism
construction from the socio-economic factors of influence.
Haze pollution is ultimately a socio-economic problem and

needs to be solved by socio-economic means. Layout a
reasonable population size, prevent excessive concentration
of population to large cities, a reasonable layout of the urban
population, and to the second and third-tier cities diversion.
Continue to promote the transformation and restructuring,
especially the continuous adjustment of energy consumption
structure, improve energy use efficiency while reducing the
percentage of coal in the energy consumption structure.
Improve policies to support the development of green
industries, expand the improvement of haze reduction
technologies, and increase the proportion of public finance
expenditures on science and technology. The most important
thing is to carry out a region-wide cooperation system.
According to the conclusion of the study, the current socio-
economic influencing factors of haze pollution only function in
the region and do not effectively play its spatial spillover effect.
Finally, explore sustainable development models that meet
national characteristics and accelerate green and
technological cities’ construction. Integrate the concept of
sustainable development into the planning and construction
of cities, steadily promote circular development and green
development, advocate green travel, and accelerate the
promotion and policy support of clean energy and new
energy vehicles. To achieve the win-win goal of sustainable
reduction of haze pollution and transforming the economic
development mode to sustainable development, which is the
core meaning of the sustainable development concept in dealing
with the eternal relationship between environmental protection
and economic development. Therefore, haze control is a long-
term process, and it is a long way to go.
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