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Abstract: This study empirically evaluates the impact of air pollution on China’s economic growth,
based on a province-level sample for the period 2002–2017. Air pollution is measured by the concen-
tration of fine particulate matter (PM2.5), and economic growth is measured by the annual growth rate
of gross domestic product (GDP) per capita. A panel data fixed-effects regression model is built, and
the instrumental variables estimation method is utilized for quantitative analyses. The study reports
a significant negative impact of air pollution on the macroeconomic growth of China. According to
our instrumental variables estimation, holding other factors constant, if the concentration of PM2.5

increases by 1%, then the GDP per capita growth rate will decline by 0.05818 percentage points. In
addition, it is found that the adverse effect of atmospheric pollution is heterogeneous across different
regions. The effect is stronger in the eastern region and in provinces with smaller state-owned
enterprise shares, fewer governmental expenditures for public health services, and fewer medical
resources. The study results reveal that air pollution poses a substantial threat to the sustainable
economic growth of China. Taking actions to abate air pollution will generate great economic benefits,
especially for those regions which are heavily damaged by pollution.

Keywords: air pollution; PM2.5; economic growth rate; GDP per capita; China

1. Introduction

Air pollution is a severe threat to sustainable development in many regions around
the world [1–3]. Previous medical and environmental studies have solidly confirmed that
air pollution damages human health heavily. Air pollution also has a series of considerable
economic consequences. The literature has investigated the influences of air pollution on
several aspects of economic activities, including labor productivity [4,5], housing prices [6],
wage premiums [7], population mobility [8,9], and the tourism industry [10,11]. How-
ever, the impact of air pollution on the growth of the aggregate economy has not been
well studied.

It is important to understand the linkage between air pollution and economic growth,
as good air quality and economic growth are both essential components of sustainable
development. Traditionally, studies on the link between environmental pollution and eco-
nomic growth have been conducted within the framework of the environmental Kuznets
curve (EKC). According to the EKC hypothesis, economic development initially leads to
environmental degradation, but, after a certain income level, the degree of environmental
pollution reduces. In the EKC model, changes in environmental quality are considered to
be a consequence or byproduct of economic growth. However, the relationship between
economic growth and pollution is not unidirectional. Given that many economic activ-
ities are influenced by the surrounding pollution, pollution likely affects the economic
growth rate.

The research objective of this study is to empirically analyze whether and to what
extent air pollution exerts impacts on macroeconomic growth in China. This research
has an apparently realistic background. China is chosen as the target country of research,
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because China’s high economic growth rate and severe air pollution problems are both
worthy of attention. Although China had successfully maintained a high gross domestic
product (GDP) growth rate for decades, the growth rate gradually diminished during the
past decade. It is unsure whether China can hold its leading role as a growth engine of
the world. Besides its economic sustainability issue, the environmental sustainability of
China is also of interest. The poor air quality in some industrialized and population-dense
Chinese cities is widely known. China has taken great efforts to prevent and control air
pollution, and an improvement in air quality can be observed in recent years. However,
China is currently still on the list of heavily polluted countries. What is the relation between
these two phenomena (i.e., declining economic growth rate and severe air pollution in
China)? This research will provide helpful insights.

This study offers marginal contributions to the literature in several aspects. (1) This
study provides explicit evidence that air pollution has a substantial adverse influence
on China’s regional economic growth. On the basis of econometric regression estimates,
this research offers a quantitative evaluation on the magnitude of air pollution’s impact,
which enables us to estimate the economic benefits of pollution abatement. (2) Our analysis
focuses on the effect of atmospheric pollution on the growth rate of the economy. This
feature distinguishes our research from the previous several studies that analyzed the effect
of pollution on the level of GDP or GDP per capita. (3) This study also evaluates whether
there are heterogeneities in different periods and across different districts. This study
obtains a novel finding that the effect of air pollution is not uniform across all districts
but dependent on the economic structures and features of the specific regions. (4) The
regression analyses in this study confirm that the endogeneity issue of air pollution should
be taken into account when using econometric models. Comparing the estimation result
of a standard panel data fixed-effects estimation with that of an instrumental variables
estimation shows that, if we incorrectly ignore the endogeneity of air pollution, the adverse
impact of air pollution will be underestimated.

The remainder of this article is organized as follows. Section 2 develops the research
hypothesis and reviews the existing literature. The empirical model and data are pre-
sented in Section 3. Section 4 provides the detailed estimation results. Finally, Section 5
discusses the research findings, concludes the paper, and offers information for future
research directions.

2. Hypothesis Development and Literature Review
2.1. Hypothesis Development

It is widely known that air pollution poses public health risks. For instance, air
pollution causes a higher incidence of many illnesses and unhealthy symptoms, includ-
ing attention deficits [12,13], cardiovascular problems [14], cognitive impairment [15,16],
headaches [17], irritability [18], mental depression [19], respiratory diseases [20,21], and
so on. Air pollution results in a substantial global burden of diseases, higher morbidity,
and increased mortality [22,23]. The health damages created by air pollution have severe
economic consequences. In particular, previous studies have reported that air pollution re-
duces productivity, causes a loss of human capital, and strongly depresses some industries
which are dependent on a clean environment.

As the health status of laborers becomes worse as a result of atmospheric pollution,
productivity in economic activities declines. Laborers in poor health cannot work in a
sufficiently efficient way. The previous labor economics literature has confirmed that
air pollution has largely reduced the labor productivity in different industries across the
world [4,5]. In addition, a recent study by Zhao and Yuan [24] reported that air pollution
has an inhibitory effect on the total factor productivity (TFP) in China. As labor productivity
and TFP are key determinants of economic growth [25–28], the damage of air pollution on
productivity indicates that economic growth is harmed.

Air pollution also causes a loss of human capital, as some high-skilled laborers may
choose to leave polluted areas and human cognitive abilities are damaged by pollution.
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The environmental literature has found that the degree of perception and concern about
atmospheric pollution rises with the increasing education level of individuals [29–31]. This
implies that highly skilled laborers, such as scientists and technicians, who are usually
well-educated on average, may be significantly responsive to the air pollution issue. Some
of these individuals are likely to leave polluted regions, as previous studies have detected
that air pollution affects people’s mobility and residence decisions [6,8,9]. The leaving
of laborers with high education levels results in a loss of human capital in the society.
Moreover, the medical literature has identified that air pollution causes a decline in human
cognitive abilities [15,16]. In consequence, pollution has an implicit damage on human
capital in industries requiring high cognitive performance. For instance, Luo et al. [32]
reported that air pollution in China reduces inventors’ annual new patent output, reflecting
a decrease in innovative abilities of researchers. Given the importance of human capital
in sustainable economic growth [33–35], a loss of human capital induced by atmospheric
pollution implies that economic growth is reduced.

Furthermore, air pollution directly depresses the development of certain industries
that substantially rely on a clean environment. A particularly notable example is tourism.
Given the fact that good environmental quality is an indispensable characteristic of attrac-
tive tourist destinations [36–40], tourism is heavily hurt by air pollution [10,11,41]. Air
pollution inhibits sightseeing activities, damages the tourist experience, poses potential
health risks, and, thus, reduces the competitiveness of a tourism destination [37–39,42–44].
The number of tourist arrivals and amount of tourism revenue both decline in air-polluted
regions [45,46], as many tourists are unwilling to visit polluted areas. Potential tourists
have explicitly been aware of and concerned with the air pollution in China [10,47]. The
tourists’ perception of air pollution has apparently reduced their willingness to visit China
and the trip satisfaction [48–50]. As tourism is an economic growth engine in numerous
districts [51,52], air pollution depresses economic growth through its damage to tourism.
In addition to tourism, the sustainable development of agriculture is also severely hin-
dered by air pollution [53–55], as crop yields and the diversification of wild species are
adversely impacted.

In short, air pollution reduces economic productivity, causes human capital loss, and
directly hampers the development of several environment-dependent industries. Although
people might partially mitigate the damage of air pollution by taking some protective
actions (e.g., building better infrastructure to prevent the indoor intrusion of outdoor
pollution, using more air purifiers and masks, and being more informed to avoid staying in
severely polluted areas and periods), these actions come at the cost of economic resources
and daily inconvenience, while the harmfulness of pollution can hardly be eliminated
completely. On the basis of the above analyses, it is reasonable to conjecture that air
pollution impedes economic growth. Thus, the research hypothesis in this study was
established as follows:

Hypothesis 1. Air pollution has a negative impact on economic growth.

2.2. Literature Review

Many previous studies, such as Atici [56], Dinda [57], Dong et al. [58], Farhani et al. [59],
Gokmenoglu et al. [60], Luo et al. [61], Millimet et al. [62], and Zhang et al. [63], have
analyzed the environmental Kuznets curve, which discusses the variations of pollutant
emissions and environmental quality at different economic development states, reflected
by the levels of per capita income. However, the impact of pollution on economic growth
has not been sufficiently investigated in the literature.

Some studies have analyzed the influence of carbon dioxide (CO2) emissions on
economic growth; however, the findings were inconclusive. For instance, Abdouli and
Hammami [64] investigated the situation in 17 Middle Eastern and North African (MENA)
countries, Omri et al. [65] explored a global panel of 54 countries, and Omri et al. [66]
analyzed 12 MENA countries. They all reported a significant negative impact of CO2
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emissions on economic growth. Differing from their findings, the study by Ghosh [67]
focused on India and reported that no statistically significant long-term effect of carbon
emissions on economic growth was detected. Similar conclusions were obtained by Ozturk
and Acaravci [68] for Turkey, Zhang and Cheng [69] for China, and so on. Some studies
have reported a positive effect of carbon emissions on economic growth. For example,
Azam et al. [70] found that the impact of CO2 emissions on economic growth was positive in
the US, China, and Japan, although it was negative in India. Ahmad and Du [71] reported a
positive influence of carbon emissions on economic growth in Iran. Muhammad [72] found
that carbon emissions stimulated economic growth in developed and MENA countries.

It is notable that the scale of CO2 emissions may not perfectly reflect the degree of
ambient air pollution affecting human lives, as the actual concentration of air pollutants
is greatly shaped by meteorological and geographical conditions. The volume of carbon
emissions is tightly relevant to the intensity of energy use and the degree of energy effi-
ciency in one region but may not be a satisfactory indicator of the density of pollutants in
ambient air.

A few studies have explicitly used the measured density of atmospheric pollutants to
denote the degree of air pollution. Dechezleprêtre et al. [73] took a sample of European
regions over the period 2000–2015 and reported that a 1 µg/m3 increase in the density of
fine particulate matter (PM2.5) caused a 0.8% reduction in real GDP. Sinha [74] reported
that nitrogen dioxide (NO2) and sulfur dioxide (SO2) emissions significantly harmed
the regional income levels for a panel of 139 Indian cities during the period 2001–2013.
Hao et al. [75] estimated the impact of PM2.5 pollution on the level of GDP per capita in
Chinese cities between 2013 and 2015. They reported a significant negative impact: a 1%
increase in PM2.5 concentration was found to trigger the GDP per capita to decline by
around 0.3–0.8%, depending on the model specifications used. Zhao and Sing [76] further
reported that dust and SO2 emissions in neighboring cities generated a negative spillover
effect on the GDP of local Chinese cities. On the other hand, Gan et al. [77] reported that
the spatial spillover effect of atmospheric pollution is positive. Jiang et al. [78] found
no significant impact of SO2 emissions on local GDP but reported a positive impact of
air pollution in neighboring cities, based on the data for 28 cities in China during 2006–
2015. These six studies provided findings that air pollution affects the level of economic
development. However, we cannot simply say that the impact of air pollution on economic
growth has been confirmed by these above-mentioned studies. It should be noted that the
dependent variable used in these studies was the level of GDP or GDP per capita. Thus, the
estimated regression coefficient of air pollution essentially evaluated its contemporaneous
impact on economic scale, rather than the long-run effect on economic growth [73]. Taking
the economic growth rate as the dependent variable in the regression equation is more
consistent with that used in the economic growth literature (e.g., [79–85]). In our study,
we use this kind of model setup and examine the effect of air pollution on the regional
economic growth rate in Chinese provinces.

In brief, the existing literature has several gaps. (1) Based on the prior studies, although
it is not difficult to infer intuitively that air pollution might negatively affect economic
growth, there is not enough empirical evidence to directly verify this intuition. Particularly,
we lack detailed studies to quantify the effect of air pollution. (2) As mentioned before,
several previous studies used the level of GDP (per capita) as the dependent variable in
regression models. However, the theory of economic growth pointed out the importance of
inspecting the growth rate of GDP (per capita). The several above-mentioned studies did
not consider this. (3) Different districts may own disparate macroeconomic structures and
features, which influence the magnitude of air pollution’s impact. The existing literature
did not pay sufficient attention to the heterogeneous effects of air pollution.

2.3. Key Feature of This Study

The key feature of this study, which differentiates ours from the previous research,
is that we use the GDP (per capita) growth rate, instead of the GDP (per capita), as the
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dependent variable in the econometric regression model. This point is crucial, as models
using different dependent variables tell different stories. To clarify this, let us consider the
following two simplified models:

Model I: GDPt = a0 + a1×AirPollutiont (a0 > 0, a1 < 0),

Model II: GDPGrowthRatet = b0 + b1×AirPollutiont (b0 > 0, b1 < 0)
and GDPt = GDPt−1×(1 + GDPGrowthRatet),

where GDPt refers to the scale of GDP in period t, GDPGrowthRatet is the growth rate of
the GDP, and AirPollutiont is the degree of air pollution which negatively affects GDP or
its growth rate.

First, we consider the scenario described by Model I. In this scenario, a change in the
degree of air pollution alters the scale of the GDP but not the growth rate. This scenario
has at least two important implications regarding economic growth. (1) Holding other
things constant, in order to continuously increase the GDP, the region has to reduce its air
pollution endlessly. If air quality reaches a level that the region can hardly further improve,
the growth of the GDP will stop. (2) Another important implication is that the GDP in
regions with bad air quality can quickly catch up with that in regions with good air quality
by reducing air pollution. This is because variations in air pollution cause corresponding
shifts in the scale of GDP, as reflected by Model I. We use Figure 1 to illustrate these two
implications visually.

Figure 1. An illustrative case of a world in which air pollution affects the GDP scale. Abbreviation: GDP (gross domestic product).

Suppose that there are two regions (A and B) and fifteen periods. These two regions
are identical in the beginning, and Regions A and B improve their air quality in Periods
6 and 11, respectively. As shown in the figure, these two regions are totally the same
and unchanged in the first five periods. In Period 6, Region A reduces its air pollution
and maintains improved air quality afterwards. Thus, from Period 6, the GDP size of
Region A is constant and larger than that in Periods 1–5. The air quality in Region B is
not improved until Period 11. From Period 11, Region B has good air quality, analogous
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to that in Region A. Therefore, the GDP of Region B catches up with Region A in Period
11 and keeps a constant scale afterwards. Overall, in the world of Model I, a reduction
in air pollution contemporaneously expands the GDP scale, but sequential growth of the
economy is not guaranteed.

Next, we consider the scenario described by Model II. In this scenario, a change in
the degree of air pollution alters not only the scale of the GDP but also its development
trend. This circumstance has two important implications regarding economic growth.
(1) Holding other things constant, in order to continuously increase the GDP, the region
should maintain air quality at a satisfactory level, such that the economic growth rate
is positive. Different from the world of Model I, the region does not need to reduce air
pollution endlessly. Even though the local air quality cannot be further improved in the
future, the GDP will still grow. (2) As air pollution changes the economic growth rate,
which has an accumulative effect, the gap of GDP scale between regions with different air
qualities will expand increasingly over time. This indicates that regions which reduce air
pollution earlier can establish an advantage in GDP expansion, compared to other regions
which reduce their air pollution later. The earlier the regions improve their air quality, the
better. The GDP of regions with relatively severe air pollution cannot easily catch up with
the regions which reduce pollution earlier. We use Figure 2 as a visual example of these
two implications.

Figure 2. An illustrative case of a world in which air pollution affects the GDP growth rate. Abbreviation: GDP (gross
domestic product).

We assume that there are two regions (A and B) and fifteen periods. The two regions
are completely identical in the beginning. Region A and B ameliorate their air quality in
Periods 6 and 11, respectively. As demonstrated by the graph, during Periods 1–5, the
situations in the two regions are the same and invariant. In Period 6, Region A improves
its air quality and maintains better air quality afterwards. Hence, from Period 6, Region A
has a higher GDP growth rate and its GDP scale increasingly expands. The air quality in
Region B is not made better until Period 11. From Period 11, Region B also has good air
quality, similar to that in Region A. In consequence, during Periods 11–15, the GDP growth
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rate of Region B is as high as that of Region A. However, because the GDP scale of Region
A is significantly larger than Region B, the same GDP growth rate in two regions implies
that Region B cannot catch up with Region A, in terms of GDP scale. Overall, in the world
of Model II, a reduction in air pollution not only enlarges the GDP scale, but also has a
persistent impact on future economic growth.

The discussion above makes it clear that it is important to distinguish whether air
pollution affects GDP scale or GDP growth rate. As the previous literature has analyzed the
impact of air pollution on the Chinese GDP [75–78], we focus on the influence of pollution
on GDP growth rate in this study.

3. Model and Data
3.1. Model

Our research sample has a panel data structure with two dimensions: the time and the
cross-region dimension. Thus, our empirical analyses utilize a classical regression model
with two-way fixed-effects, which is standard in panel data econometrics. The model is
formulated by the equation

Growthit = αAirPollutionit + Xitβ + si + vt + εit, (1)

where the dependent variable Growthit refers to the annual economic growth rate in
province i in year t. The core explanatory variable of interest is AirPollutionit, the level of
air pollution. The vector Xit is a vector of control variables; si and vt refer to the province-
and time-fixed effects, respectively; and εit is the error term. The coefficients α and β will
be estimated using regression methods. Based on these coefficients, we can evaluate the
effects of different explanatory variables. In particular, we concentrate on the impact of air
pollution, captured by the coefficient α.

3.2. Variable
3.2.1. Dependent Variable

This study intends to assess the influence of atmospheric pollution on economic
growth. Thus, following the empirical literature on economic growth, such as the studies of
Alesina et al. [79], Chikalipah and Makina [80], Davis and Hopkins [81], Feeny et al. [82],
Hermes and Lensink [83], Njikam [84], and Rioja and Valev [85], we take the annual growth
rate of the real GDP per capita as the dependent variable. In the robustness analysis section,
we consider the growth rate of the GDP as an alternative dependent variable.

It is notable that the dependent variable is the growth rate of GDP per capita, not the level
of GDP per capita. This distinguishes our model setup from that of Dechezleprêtre et al. [73],
Gan et al. [77], Hao et al. [75], Jiang et al. [78], Sinha [74], and Zhao and Sing [76], who
took the logarithmic value of GDP or GDP per capita as the dependent variable. From a
long-run perspective, it is even more important to examine the influence of air pollution
on the growth potential of an economy, compared to its effect on the contemporary level
of economic development. Therefore, focusing on the rate of growth is prevalent in the
economic growth literature. We follow this tradition.

3.2.2. Core Explanatory Variable of Interest

The core explanatory variable in this study is AirPollution, the level of air pollution.
Previous studies have verified that PM2.5 is one of the most crucial atmospheric pollutants
in Chinese regions [86,87]. Therefore, we use the annual population-weighted average
concentration of PM2.5 (µg/m3) in each Chinese province to denote the degree of pollution.
To address the scaling problem, the logarithmic value of PM2.5 concentration is used as the
explanatory variable. Thus, the changes in air pollution are expressed in percentage points.

The sample average PM2.5 concentration is 45.993 µg/m3. This pollution level is
substantially higher than the desirable level of 10 µg/m3 as suggested by the World Health
Organization (WHO)’s Air Quality Guidelines. The standard deviation of pollution level is
18.029 µg/m3, indicating apparent differences among different provinces. The minimum
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value is 5.7 µg/m3, observed in Tibet in 2003. The maximum is 88.8 µg/m3, recorded in
Beijing in 2006.

We use Figure 3 to briefly demonstrate the distribution of PM2.5 pollution among
different provinces in Mainland China. We calculate the average PM2.5 concentration
during the sample period 2002–2017 for every province and use different colors in the
graph to indicate different severities of pollution. As shown in the figure, two areas have
the highest degree of pollution, with average PM2.5 concentration exceeding 60 µg/m3.
One area consists of several provinces around Beijing City, which is located in North China
and features high population density; the other area is Xinjiang, which is located in the most
northwest part of China and contains some vast deserts. The area with the best air quality,
with average PM2.5 concentration below 20 µg/m3, includes three provinces located in
Southwest and South China. These three provinces are Tibet, Yunnan, and Hainan, which
are all famous for their beautiful natural sceneries.

3.2.3. Control Variable

There are 11 important control variables included in the vector X: Education, Capital-
Formation, FinancialDevelopment, FinancialOpenness, TradeOpenness, Road, Government-
Size, Population, GDPPerCapita, IndustrialStructure, and SolidWasteEmission.

Education is an indicator of the average education level of laborers. Human capital,
majorly accumulated through education and training, is crucial for sustainable economic
growth [88–91]. Thus, it is expected that education level has a positive effect on economic
growth. We use the average value of schooling years of laborers as a proxy for the level
of education.

CapitalFormation refers to the value of the capital formation rate, namely the ratio of
fixed capital investment to GDP. As capital is a kind of indispensable production input, we
expect that capital formation boosts economic growth in China. Previous studies, such as
those of Adams [92], Bal et al. [93], and Uneze [94], have also reported a positive effect of
capital formation on economic growth in different countries.

FinancialDevelopment is an indicator for financial development, indexed by the ratio
of bank credits to GDP. Although some studies have reported a positive impact of financial
development on economic growth, many researchers have found that the impact may be
non-linear or dependent on the specific economic environment [85,95–97]. Thus, we do not
have a specific expectation for the sign of this variable’s coefficient.

FinancialOpenness is an indicator of financial openness. We use the foreign direct
investment (FDI) per capita (CNY, in constant 2010 price) as a proxy for this variable. The
literature has reported inconsistent findings about the impact of financial openness [84,98].
Almfraji and Almsafir [99] conducted a literature review and found that the estimated
impact of FDI was positive in some studies but was negative or null in other research.

TradeOpenness is an indicator of trade openness, which is measured by the ratio
of international trade volume to GDP. Given the fact that China has a great volume of
international trade with many countries, trade openness may affect China’s economic
growth and, thus, should be considered as a control variable. The previous literature has
reported mixed evidence about the impact of trade openness on GDP growth [100–103].

Road is an indicator of the abundance of the transportation infrastructure, proxied
by the road length (km) per area (km2). It has been widely confirmed that infrastructure
plays an beneficial role in regional economic development [104–107]. We expect that the
estimated coefficient of this variable will have a positive sign.
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Figure 3. Average PM2.5 concentration (2002–2017) in different provinces of Mainland China. Abbreviation: PM2.5

(fine particulate matter). Data source of PM2.5 concentration: Atmospheric Composition Analysis Group at Dalhousie
University, Canada.

GovernmentSize refers to government size, measured by the ratio of fiscal expenditures
to local GDP. This variable captures the role of the local government in regional economic
growth. According to the literature, the impact of government size on economic growth is not
clear-cut [108]. While some studies, such as those of Afonso and Furceri [109] and DiPeitro
and Anoruo [110], have reported a negative impact, Asimakopoulos and Karavias [111] and
Chiou-Wei et al. [112] reported a non-linear relationship. Given the importance of gov-
ernment in making macroeconomic and development policies in China, it is possible that
government size has a positive influence on China’s economic growth.

Population is the size of population within the province. Population change has
important impacts on economic growth [113,114]. On the one hand, the agglomeration
effects arising from a large population size may promote economic growth. On the other
hand, numerically, population growth reduces the value of GDP per capita, if the scale of
GDP cannot expand faster than the population. Thus, the effect of population on economic
growth is ambiguous.

In addition, we control the variables describing the general economic status of each
region. Two variables are included as control variables: GDPPerCapita, the logarithmic
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value of real GDP per capita (CNY, in constant 2010 price), and IndustrialStructure, the
industrial structure proxied by the share of non-agricultural value added in GDP.

Finally, we consider that other types of pollutants may also affect economic growth.
In the model, we control the pollution of solid wastes by using the variable SolidWaste-
Emission, which measures the solid waste emissions (tons) per capita.

3.3. Data

The air pollution data were derived from the Atmospheric Composition Analysis Group
at Dalhousie University, Canada. The data file is available at the web page: http://fizz.phys.dal.
ca/~atmos/martin/?page_id=140, accessed on 1 March 2021. van Donkelaar et al. [115,116]
and Hammer et al. [117] provided details about the methodology used to calculate the value
of annual average PM2.5 concentration within an area. The data of dependent variables
and control variables were obtained from the database of the EPS China Data, accessible at
its website: http://www.epschinadata.com, accessed on 1 March 2021. The EPS platform
has collected and stored numerous data from different statistical reports and yearbooks
offered by the official statistical departments.

The research sample covers all 31 provinces in Mainland China. Based on the data
availability, the sample spans a time interval of 16 years, between 2002 and 2017. There are
496 observations in total. Table 1 reports the definitions and summary statistics of variables
employed in this study.

Table 1. Summary statistics.

Variable Definition Obs Mean SD Min Max

Growth Annual growth rate (%) of real GDP per capita 496 10.253 2.951 −2.300 23.600

AirPollution
Air pollution, measured by logarithmic value of the
annual population-weighted average PM2.5
concentration (µg/m3)

496 3.719 0.533 1.740 4.486

Education Education level, measured by the average schooling
years of laborers 496 8.495 1.225 3.738 12.503

CapitalFormation Capital formation rate, measured by the ratio of fixed
capital investment to GDP 496 0.646 0.248 0.237 1.507

FinancialDevelopment Financial development, measured by the ratio of bank
credits to GDP 496 1.639 0.719 0.751 5.587

FinancialOpenness Financial openness, measured by foreign direct
investment per capita (CNY, in constant 2010 price) 496 1.661 2.660 0.063 20.469

TradeOpenness Trade openness, measured by the ratio of international
trade volume to GDP 496 0.298 0.349 0.012 1.668

Road Transport infrastructure, measured by road length (km)
per area (km2) 496 7.285 4.850 0.324 21.146

GovernmentSize Government size, measured by the ratio of fiscal
expenditures to GDP 496 0.232 0.180 0.079 1.379

Population Logarithmic value of population (10,000 persons) 496 8.076 0.863 5.576 9.306

GDPPerCapita Logarithmic value of GDP per capita (CNY, in constant
2010 price) 496 10.107 0.674 8.407 11.661

IndustrialStructure Industrial structure, measured by the share (%) of
non-agricultural value added in GDP 496 88.053 6.272 62.100 99.638

SolidWasteEmission Solid waste emissions (tons) per capita 496 2.079 3.022 0.017 25.267
Abbreviations: CNY (Chinese Yuan), GDP (gross domestic product), Max (maximum), Min (minimum), Obs (observations), PM2.5 (fine particulate
matter), SD (standard deviation).

4. Results

In this section, we report the estimated impact of air pollution on GDP growth. In
Section 4.1, the estimation results of the fixed-effects model are reported. In Section 4.2, we
deal with the endogeneity issue by utilizing the instrumental variables approach, which
provides more reliable estimates. In Section 4.3, we explore the heterogeneous effects of air
pollution in different periods and regions.

http://fizz.phys.dal.ca/~atmos/martin/?page_id=140
http://fizz.phys.dal.ca/~atmos/martin/?page_id=140
http://www.epschinadata.com


Sustainability 2021, 13, 9056 11 of 27

4.1. Results of Fixed-Effects Estimation
4.1.1. Baseline

The estimation result of Equation (1) is shown in column (i) of Table 2. The coefficient
of AirPollution was −2.108 and statistically significant at the 5% level. In other words,
it was found that air pollution significantly harmed economic growth. According to the
estimated coefficient, holding other factors constant, if the concentration of PM2.5 rises by
1%, then the annual growth rate of GDP per capita will decline by 0.02108 percentage points.

Some of the control variables also help explain economic growth in China. As ex-
pected, the level of education (Education) had a positive coefficient, although it was not
statistically significant. Capital investment (CapitalFormation) significantly promoted
economic growth. This reflects the importance of investment in China’s rapid economic ex-
pansion. The expansion of bank credits (FinancialDevelopment) demonstrated a significant
negative effect. The degree of financial openness (FinancialOpenness) had a significant
positive effect. This supports the opinion that FDI benefits China’s economic development.
Trade openness (TradeOpenness) did not have a significant influence on economic growth.
Transportation infrastructure (Road) had a positive coefficient; however, this coefficient was
not statistically significant. Government size (GovernmentSize) demonstrated a significant
positive impact, reflecting the active role of government in the Chinese economy. Popula-
tion size (Population) has a significant negative effect, indicating that the economies with
larger population scales tend to grow more slowly. GDP per capita (GDPPerCapita) had
a negative coefficient, indicating the existence of economic convergence among different
regions; namely, economies with relatively low per capita incomes tend to grow at faster
rates than relatively rich economies. The proportion of non-agricultural value added in
GDP (IndustrialStructure) had a significant positive correlation with economic growth rate,
in line with the phenomenon that economic growth is accompanied by the process of indus-
trial structure updating. The coefficient of solid waste emissions (SolidWasteEmission) was
significantly negative, implying that solid waste pollution also harms economic growth.

4.1.2. Robustness Check

In this subsection, we check whether the estimated significant negative coefficient
of AirPollution in column (i) was robust to the selection of economic growth indicator,
existence of possible outliers, and measurement of air pollution.

Previously, we used the annual growth rate of real GDP per capita to measure the
economic growth. Here, we used the growth rate of real GDP as the dependent variable in
Equation (1) and re-estimated the coefficients. The results are presented in column (ii). The
estimated coefficient of AirPollution was −1.972 and was still statistically significant at the
10% level. The coefficients of control variables were also similar to that in column (i).

In order to abate the disturbances from possible outliers, we winsorized the observa-
tions with the top 2.5% or bottom 2.5% values of economic growth rate. The estimation
results for this winsorized sample are reported in column (iii). It is shown that this study’s
main finding about the adverse impact of air pollution held. The coefficient of AirPollution
was −1.505 and statistically significant at the 10% level.

In previous regressions, we used the concentration of PM2.5 as the indicator of atmo-
spheric pollution. Here, we examined whether our study result is sensitive to the selection
of pollution indicator. Given that SO2 is also a crucial pollutant in China, we used the SO2
concentration to represent the severity of air pollution. The SO2 data were downloaded
from the platform of EPS China Data (http://www.epschinadata.com, accessed on 1 March
2021). As the governmental department of environmental protection only reported SO2
concentration for a few cities, we failed to calculate the annual average value for the whole
province. Thus, we used the value of SO2 concentration in the capital city of a province
to proxy the degree of pollution in that province, considering that the capital city is typi-
cally also the economic center and the city with the most population in the corresponding
province. We reported the estimation result in column (iv). The estimated coefficient of
AirPollution was −1.375 and significant at the 1% level.

http://www.epschinadata.com
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Table 2. Estimated impact of air pollution on economic growth rate based on fixed-effects estimation.

Robustness Analysis

Variable Baseline y = GDP Growth Rate Based on Winsorized
Sample

AirPollution = SO2
Concentration

(i) (ii) (iii) (iv)

AirPollution −2.108 ** −1.972 * −1.505 * −1.375 ***
[0.953] [0.994] [0.783] [0.428]

Education 0.706 0.577 0.618 1.553 *
[0.536] [0.478] [0.504] [0.824]

CapitalFormation 6.583 *** 7.148 *** 4.471 *** 6.291 ***
[1.624] [1.714] [1.145] [1.806]

FinancialDevelopment −1.959 ** −1.380 −1.391 −1.978
[0.936] [1.058] [0.862] [1.512]

FinancialOpenness 0.491 *** 0.293 *** 0.440 *** 0.0964
[0.146] [0.102] [0.144] [0.113]

TradeOpenness −2.609 −1.969 −2.116 −1.998
[1.779] [1.551] [1.688] [2.012]

Road 0.0184 0.0814 −0.038 −0.0302
[0.087] [0.099] [0.082] [0.140]

GovernmentSize 10.42 *** 9.498 ** 8.733 ** 23.43 **
[3.584] [3.487] [3.422] [9.236]

Population −14.92 *** −9.877 *** −14.14 *** −18.26 ***
[3.416] [3.005] [2.946] [5.227]

GDPPerCapita −10.410 *** −7.110 *** −7.722 *** −13.80 **
[2.241] [2.499] [1.779] [5.154]

IndustrialStructure 0.198 *** 0.146 * 0.174 *** 0.00689
[0.071] [0.072] [0.059] [0.127]

SolidWasteEmission −0.116 ** −0.126** −0.0768 ** −0.0622
[0.048] [0.054] [0.028] [0.073]

Province-fixed effect Yes Yes Yes Yes
Time-fixed effect Yes Yes Yes Yes

Observations 496 496 496 496
Provinces 31 31 31 31
R2 0.770 0.784 0.773 0.564

Note: (1) ***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively. Heteroscedasticity-robust standard errors are reported in
parentheses. (2) Abbreviation: GDP (gross domestic product), SO2 (sulfur dioxide).

Overall, the robustness checks in columns (ii)–(iv) of Table 2 provide explicit and
consistent evidence that air pollution had a significant negative correlation with economic
growth in China.

4.2. Results of Instrumental Variables Estimation
4.2.1. Baseline

We intend to confirm the causal effect of air pollution on economic growth. Therefore,
we need to make sure that the estimated coefficient of AirPollution does not merely reflect
a correlation between AirPollution and Growth. One important thing is that we should
control the influences of potential confounding factors (e.g., capital formation, FDI, level of
GDP per capita, and industrial structure) which affect both AirPollution and Growth. We
have done this by including a set of important control variables in the regression model.

Although we excluded the influences of those control variables, the previous results of
the fixed-effects model may still have suffered from the potential endogeneity issue. As the
expansion of economic activities generates air pollutant emissions, there probably exists a
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reverse causality from economic growth to air pollution. For example, the reciprocal interac-
tion between economic growth and air quality has been confirmed in the travel and tourism
sector. While air pollution influences tourism, the development of tourism industries
reversely affects air quality, because tourist activities consume resources and emit pollu-
tants [118–122]. This results in the endogeneity of the explanatory variable in our regression
model and causes a bias in the coefficient estimate. The instrumental variable (IV) estima-
tion is an effective approach to mitigate the endogeneity problem. Credible IVs should meet
two conditions: First, the IVs should strongly influence the endogenous explanatory vari-
able. Second, the IVs should not have a direct correlation with the dependent variable, ex-
cept through their links with the endogenous variable. In our research, three meteorological
indicators—the annual average wind speed, vapor pressure, and humidity—are selected as
useful IVs. First, the environmental literature has already confirmed that these meteorologi-
cal conditions largely influence the concentration of pollutants in ambient air. For example,
Alifa et al. [123], Calkins et al. [124], Koutrakis et al. [125], and Pearce et al. [126] analyzed
the considerable influence of wind speed. Aw and Kleeman [127], Pearce et al. [126], and
Seinfeld [128] discussed the significant correlation between vapor pressure and air pollution.
He et al. [129], Koutrakis et al. [125], Wang and Ogawa [130], and Wise and Comrie [131]
reported that humidity strongly affects air pollution. Second, there is no apparent evidence
that economic growth is directly impacted by these meteorological conditions. Thus, both
conditions for the selection of reliable IVs are met.

We instrumented AirPollution by the meteorological variables and used the stan-
dard IV-2SLS (two-stage least squares) method to estimate Equation (1). (The mete-
orological data were obtained from the China Meteorological Data Service Center at
http://data.cma.cn/en, accessed on 1 March 2021). The IV estimation result is demon-
strated in column (i) of Table 3.

In the first-stage regression, the variables of wind speed and vapor pressure both had
negative coefficients, and humidity had a positive coefficient. All three of these coefficients
were statistically significant at least at the 10% level, indicating that the three IVs indeed had
a significant influence on air pollution, as suggested by previous environmental research.
The associated Cragg–Donald Wald F statistic and Kleibergen–Paap rk Wald F statistic
were both significant at the 10% level, showing that the selected IVs were not “weak IVs”.
The Hansen J statistic was not statistically significant. The insignificant value of the Hansen
J statistic suggests that the regression model was not overidentified. Overall, these statistics
demonstrate that the IVs were valid instruments and properly used in the estimation.

In the second-stage regression, the estimated coefficient of AirPollution was −5.818,
which was statistically significant at the 5% level. This shows that air pollution, indeed,
had a substantially adverse impact on the economic growth rate after we effectively tackled
the endogeneity issue by employing the IV approach. The research hypothesis in this
study was, therefore, validated. The number suggests that, holding other factors constant,
if air pollution can be abated by 1%, the annual economic growth rate will increase by
0.05818 percentage points. It is notable that the magnitude of the coefficient (−5.818) from
the IV estimation was much larger than that (−2.108) from the fixed-effects estimation
without addressing the endogeneity issue. The endogeneity test χ2 statistic of 2.892 was
significant at the 10% level, clearly rejecting the null hypothesis that air pollution can be
regarded as exogenous. This implies that the endogeneity problem, indeed, existed and that
it was necessary to use the IV method to obtain a more reliable estimate for AirPollution.
The coefficients of control variables were generally similar to those in Table 2, and not
discussed here to save space.

http://data.cma.cn/en
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Table 3. Estimated impact of air pollution on economic growth rate based on instrumental variables estimation.

Robustness Analysis (IV Estimation)

Variable Baseline (IV
Estimation)

y = GDP Growth
Rate

Based on
Winsorized Sample

AirPollution = SO2
Concentration

(i) (ii) (iii) (iv)

AirPollution −5.818 ** −6.373 ** −5.258 ** −3.718 **
[2.677] [2.579] [2.544] [1.467]

Education 0.445 0.267 0.353 1.482 ***
[0.358] [0.356] [0.337] [0.527]

CapitalFormation 6.335 *** 6.854 *** 4.220 *** 5.659 ***
[1.037] [1.076] [0.706] [1.350]

FinancialDevelopment −2.168 *** −1.627 ** −1.602 *** −2.259 **
[0.695] [0.722] [0.613] [0.942]

FinancialOpenness 0.518 *** 0.325 *** 0.468 *** 0.0483
[0.093] [0.085] [0.083] [0.116]

TradeOpenness −3.043 *** −2.484 *** −2.555 *** −3.009 **
[0.968] [0.793] [0.929] [1.314]

Road −0.00503 0.0536 −0.0617 −0.0903
[0.050] [0.050] [0.046] [0.081]

GovernmentSize 11.67 *** 10.97 *** 9.989 *** 34.27 ***
[2.379] [2.357] [2.151] [9.208]

Population −16.07 *** −11.24 *** −15.30 *** −21.80 ***
[2.241] [2.332] [1.920] [3.834]

GDPPerCapita −10.20 *** −6.861 *** −7.510 *** −14.09 ***
[1.308] [1.365] [1.006] [2.445]

IndustrialStructure 0.164 *** 0.104 ** 0.139 *** 0.0369
[0.053] [0.053] [0.046] [0.072]

SolidWasteEmission −0.136 *** −0.150 *** −0.0973 *** 0.0106
[0.034] [0.037] [0.031] [0.086]

Province-fixed effect Yes Yes Yes Yes
Time-fixed effect Yes Yes Yes Yes

First-stage regression coefficient
Wind Speed −0.0960 * −0.0960 * −0.0960 * −0.921 ***
Vapor Pressure −0.0777 *** −0.0777 *** −0.0777 *** -
Humidity 0.780 *** 0.780 *** 0.780 *** -

Cragg-Donald Wald F statistic 10.001 * 10.001 * 10.001 * 18.456 *
Kleibergen-Paap rk Wald F statistic 10.700 * 10.700 * 10.700 * 17.610 *
Hansen J statistic 3.120 1.450 4.263 -
Endogeneity test χ2 statistic 2.892 * 5.447 ** 3.346 * 2.997 *
Observations 496 496 496 496
Provinces 31 31 31 31
R2 0.800 0.792 0.799 0.602

Note: (1) ***, **, and * represent the significance levels of 1%, 5%, and 10%, respectively. Heteroscedasticity-robust standard errors are reported in
parentheses. (2) Abbreviations: GDP (gross domestic product), IV (instrumental variable), SO2 (sulfur dioxide). (3) The first-stage regression coefficients,
Cragg–Donald Wald F statistic, and Kleibergen–Paap rk Wald F statistic are the same in columns (i)–(iii).

4.2.2. Robustness Check

To further verify the IV estimation results, we also conducted several robustness
checks, analogous to those in columns (ii)–(iv) of Table 2. In column (ii) of Table 3, we used
the GDP growth rate as the dependent variable and repeated the IV estimation procedure.
We obtained a coefficient of −6.373 for AirPollution, which was not far from that in column
(i). In column (iii), we winsorized the sample at the cutoff point of GDP per capita growth
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rate of top or bottom 2.5%. The estimation using the winsorized sample provided a
coefficient of −5.258 for AirPollution, quite close to that in column (i). In column (iv),
we used the SO2 concentration as air pollution indicator. In the first-stage regression, we
only utilized the wind speed as instrument variable, because vapor pressure and humidity
did not demonstrate a significant correlation with SO2 concentration. Accordingly, we
did not report the Hansen J statistic because the equation was exactly identified (i.e., the
number of instrument variable equals the number of endogenous variable). Using SO2
as the pollution indicator, the estimated coefficient of AirPollution became −3.718, which
was also significantly negative.

All in all, the robustness checks for IV estimation in columns (ii)–(iv) of Table 3
all support our previous statement that air pollution impeded economic growth. The
magnitudes of the estimated coefficients—−6.373, −5.258, and −3.718—were still much
larger than those reported for the fixed-effects model.

4.3. Heterogeneity Analysis

The previous analyses have shown an overall adverse influence of air pollution on
China’s economic growth. However, the impact of air pollution may not be homogeneous
during all periods in all regions. In this subsection, we analyze the heterogeneous effects
of pollution in different periods and districts. We examine whether the situation differed
before and after 2008; before and after 2014; in the eastern, central, and western regions;
and in provinces with different shares of state-owned enterprises, different levels of gov-
ernment health expenditures, and different availability of medical resources. The results
suggest no evident changes along the time dimension but substantial differences among
different regions.

The heterogeneity analysis is based on the following regression model:

Growthit = α1 AirPollutionit + α2 AirPollutionit × Dit + Xitβ + si + vt + εit, (2)

where Dit is a binary dummy variable that equals 1 or 0, contingent on some specific
conditions which will be defined later. The equation is estimated using the instrumental
variables method.

4.3.1. Before- versus after-2008 Period

First, we examine whether there was a difference between the before- and after-2008
periods. The global financial crisis in 2008 largely altered the economic structures of
many countries. Thus, we conjecture that the effect of air pollution on economic growth
might change after the crisis. In order to empirically examine that, we define the dummy
variable in Equation (2) as follows: DA f ter2008

it = 1 if t ≥ 2008, and 0 otherwise. The effects of
pollution before and after 2008 are measured by the parameter α1 and (α1 + α2), respectively.

Column (i) of Table 4 shows the estimation result. The value of α1 was −4.759 and
statistically significant. The value of α2 was 0.507, which was small in magnitude compared
to the value of α1. Moreover, α2 was not statistically significant. Therefore, we can conclude
that the effects of pollution before and after 2008 were essentially similar.

4.3.2. Before- versus after-2014 Period

Next, we check the difference between the before- and after-2014 periods. The year
2013 was a turning point in terms of the public awareness and concern for air pollution
in China [132]. On 9 September 2013, the “Air Pollution Prevention and Control Action
Plan” was announced by the State Council of China. Then, the whole country implemented
stronger policies to deal with the air pollution problem. Therefore, we conjecture that the
effects of pollution in periods before and after 2014 may not be the same. We define the
dummy variable in Equation (2) as follows: DA f ter2014

it = 1 if t ≥ 2014, and 0 otherwise.
Column (ii) of Table 4 shows the estimation result. The value of α1 was −5.854,

which was statistically significant. The value of α2 was −0.0209, which was quite small
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in magnitude and not statistically significant. Thus, it can be concluded that there was no
difference between the before- and after-2014 periods.

Table 4. Heterogeneous effects of air pollution in different periods and regions.

Variable
Before or After

2008
Before or After

2014
East or Center

and West Region
Smaller or Larger

State-Owned
Enterprises Share

Fewer or More
Governmental

Health Expenditures

Fewer or More
Medical

Resources

(i) (ii) (iii) (iv) (v) (vi)

AirPollution −4.759 * −5.854 ** −7.015 * −7.201 ** −7.408 ** −7.268 **
[2.620] [2.709] [3.681] [2.987] [3.303] [2.874]

AirPollution ×
DA f ter2008 0.507

[0.361]

AirPollution ×
DA f ter2014 −0.0209

[0.280]

AirPollution ×
DCenter&West 5.019 *

[3.040]

AirPollution ×
DLargerSOEShare 4.349 *

[2.353]

AirPollution ×
DMoreGovHealthExpenditures 5.898 **

[2.368]

AirPollution ×
DMoreMedicalResources 4.591 *

[2.487]

Other control
variables Yes Yes Yes Yes Yes Yes

Province-fixed
effect Yes Yes Yes Yes Yes Yes

Time-fixed effect Yes Yes Yes Yes Yes Yes

Observations 496 496 496 496 496 496
Provinces 31 31 31 31 31 31
R2 0.807 0.800 0.809 0.800 0.802 0.801

Note: ** and * represent the significance levels of 5% and 10%, respectively. Heteroscedasticity-robust standard errors are reported in parentheses. In
order to save space, the coefficients of control variables are not reported in the table.

4.3.3. Eastern versus Central and Western Region

Thirdly, we classify our sample provinces into two groups according to their geo-
graphical locations. The first group contains 11 provinces located in the eastern region.
The second group contains 20 provinces located in the central and western regions. The
grouping of provinces is based on the official classification of the National Bureau of Statis-
tics of China. As the eastern region of China has significantly higher levels of economic
development, urbanization, and population density, compared to the central and western
regions, we expect to observe a stronger impact of atmospheric pollution in the eastern
region. We define the dummy variable in Equation (2) as follows: DCenter&West

it = 1 if the
province i is in the central and western regions, and 0 if it is in the eastern region.

Column (iii) of Table 4 reports the estimated coefficients. The value of α1 was −7.015,
which was statistically significant. The value of α2 was 5.019, which was also significant.
These coefficients imply that there was a substantial difference between the eastern and
other regions. If the PM2.5 concentration rises by 1%, the economic growth rate will reduce
by 0.07015 percentage points in the eastern region and 0.01996 (=0.07015 − 0.05019) per-
centage points in the central and western regions. Therefore, it is verified that the adverse
influence of air pollution on macroeconomic growth is stronger in the eastern region.

4.3.4. Smaller versus Larger State-Owned Enterprises Share

Here, we examine whether the share of state-owned enterprises (SOEs) in the economy
matters. In China, numerous economic activities are conducted or influenced by SOEs.
Compared to non-SOEs, SOEs are generally less efficient and more heavily intervened in
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by governments. Thus, a smaller proportion of SOEs in the economy indicates a larger
degree of marketization, resource mobility, and economic vitality. The linkage between air
pollution and economic growth may be influenced by the share of SOEs. As the official
data sources did not provide information about the aggregate output of SOEs and non-
SOEs, we measured the share of SOEs by the ratio of annual investments of SOEs to
total investments in the whole province. We define the dummy variable in Equation (2)
as follows: DLargerSOEShare

it = 1 if the average share of SOEs during the sample period in
province i is equal to or above the sample median, and 0 otherwise.

Column (iv) of Table 4 reports the estimated coefficients. The values of α1 and α2
equaled −7.201 and 4.349, respectively. Both of them were statistically significant. These
coefficients indicate an obvious difference between the regions with different shares of
SOEs. In a province with a relatively small SOEs share, a 1% increase in PM2.5 con-
centration makes the economic growth rate decline by 0.07201 percentage points. In a
province with a relatively large SOEs share, the economic growth rate will reduce by
0.02852 (=0.07201 − 0.04349) percentage points. The negative effect of air pollution on
economic growth is stronger in the regions with smaller SOEs shares.

4.3.5. Fewer versus More Governmental Health Expenditures

The impact of air pollution may not be homogeneous in all regions. As discussed
previously, the negative influence of air pollution on economic growth is largely grounded
in its harmfulness to human health. Therefore, it is natural to consider that an improvement
in public health services may help mitigate the damage of air pollution to economic growth.
For instance, suppose that pollution causes a higher incidence of respiratory diseases of
laborers. The patients living in provinces with a better public health service system can
get better medical treatments and be cured sooner. Thus, in these regions, the loss of labor
productivity caused by air-pollution-induced respiratory diseases will be relatively small.
Following this logic, we conjecture that the negative impact of air pollution on economic
growth is weaker in regions with better public health services.

In China, the government plays a determinant role in the provision of public health
services. Hence, we focus on the part of public health services financed by the government.
We calculate the scale of public health spending from the fiscal budget as a ratio to total
government expenditures. A high ratio indicates that the government spends a large
proportion of fiscal budget on public health services, implying a strong willingness to
provide good services to the public. Ceteris paribus, we can reasonably believe that the
higher the ratio, the better the public health services in the corresponding region. The
dummy variable in Equation (2) is defined as follows: DMoreGovHealthExpenditures

it = 1 if the
average ratio of public health spending to total government spending during the sample
period in province i is equal to or above the sample median, and 0 otherwise.

Column (v) of Table 4 reports the estimation result. The values of α1 and α2 were
−7.408 and 5.898, respectively. Both of them were statistically significant. These coefficients
show an evident difference between the regions with different levels of public health
services. In a province with the local government spending a small proportion of fiscal
spending on public health services, a 1% rise in PM2.5 concentration causes the economic
growth rate to reduce by 0.07408 percentage points. In a province with the government
spending a large share of fiscal budget on public health, the economic growth rate will
decrease by 0.0151 (=0.07408 − 0.05898) percentage points. The negative impact of air pol-
lution on economic growth is severer in the regions with fewer governmental expenditures
for public health services.

4.3.6. Fewer versus More Medical Resources

Given that the adverse health effect of atmospheric pollution is a major reason of
the negative air pollution–economic growth linkage, the availability of medical resources
within the region matters. Holding other factors constant, in districts with more medical
resources, residents can obtain better healthcare services and, thus, are less damaged by
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air pollution. Accordingly, we conjecture that the inhibitory impact of air pollution on
macroeconomic growth is weaker in provinces with more medical resources.

We measure the availability of medical resources using the ratio of the number of
beds in healthcare institutions to the local population. A higher ratio indicates more
availability of medical resources. The dummy variable in Equation (2) is defined as follows:
DMoreMedicalResources

it = 1 if the average availability of medical resources during the sample
period in province i is equal to or above the sample median, and 0 otherwise.

Column (vi) of Table 4 shows the estimated coefficients. The values of α1 and α2
equaled −7.268 and 4.591, respectively. Both coefficients were statistically significant. If
PM2.5 pollution increases by 1%, the economic growth rate in areas with fewer medical
resources will decrease by 0.07268 percentage points, and that in areas with more medical
resources will decrease by 0.02677 (=0.07268 − 0.04591) percentage points. An explicit
quantitative distinction exists between the regions with a different abundance of medical
resources. The inhibitory impact of air pollution is stronger in provinces with fewer
healthcare resources.

The heterogeneity analyses discussed above provide three findings. (1) The impact of
air pollution on economic growth was always negative. After we classified the samples
into different periods and different regions, we observed a negative effect in all subsamples.
(2) There is no significant heterogeneity along the time dimension. The estimated impacts
of air pollution in before- and after-2008 periods are similar. The estimated impacts in
before- and after-2014 periods are also similar. (3) There are some quantitative differences
along the geographical dimension. The harmful influence of air pollution is stronger in
China’s eastern region and in provinces with smaller state-owned enterprises shares, fewer
governmental expenditures for public health services, and fewer healthcare resources.

5. Discussion, Conclusions, and Directions for Future Research
5.1. Discussion

China’s economic growth has gradually slowed down in recent years. The blue-solid
curve in Figure 3 shows the annual growth rate of the real GDP per capita of China over the
past ten years (2010–2019). As can be seen from the graph, an evident decline in economic
growth rate has been observed. It is of widespread concern whether and to what extent
China can maintain its economic growth miracle in the future. Our study suggests that
the air pollution problem poses a substantial threat to the economic growth of China. This
finding has a clear policy implication: even from a purely economic perspective, China
should implement effective policies to mitigate the atmospheric pollution problem. The
aim of promoting economic growth and the desire to have clean air are not contradictory.
According to our IV estimation (column (i) of Table 3), if the concentration of PM2.5 can be
diminished by 10%—which is not an unrealistic target—the annual growth rate of GDP
per capita will be improved by 0.5818 percentage points. This is, indeed, a large benefit.
The actions of environmental protection have a substantial positive economic outcome.
The orange-dashed curve in Figure 4 displays the estimated growth rate of GDP per capita
after an imagined 10% reduction in air pollution, which is substantially higher than the
actual level.

The estimated impact of air pollution on economic growth rate in this study allows
us to appraise the accumulative benefits of air pollution abatement in terms of GDP and
GDP per capita. For example, let us consider what would happen if China had reduced the
concentration of PM2.5 by 10% since 2010. As already demonstrated in Figure 4, in such
a scenario, the annual growth rate of GDP per capita would be 0.5818 percentage points
higher than its actual value observed in the data. Therefore, the level of GDP per capita in
every year since 2010 would also be higher than the actual level. Figure 5 demonstrates
the estimated GDP per capita under the air-pollution-reduction scenario versus the actual
level during the period 2010–2019. It is notable from the graph that, as time goes on, the
gap between the actual and the estimated levels becomes larger. In 2019, the actual GDP
per capita of China was USD 8255 (in constant 2010 price), while the estimated value
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reached USD 8714, which is over 5.6% larger than the actual level. It is also convenient to
calculate the variations of GDP. In 2019, China’s actual GDP was around USD 11.5 trillion
(in constant 2010 price). If PM2.5 had been reduced by 10% since 2010, the GDP would
have reached the scale of USD 12.1 trillion. The difference of USD 0.6 (=12.1 − 11.5) trillion
is so large that it is close to the economic scale of Poland or Sweden. The more China
abates air pollution, the larger are the benefits, in terms of GDP or GDP per capita, that
can be acquired. Moreover, as demonstrated previously in Figure 2, the earlier the country
reduces air pollution, the larger is the scale of GDP expansion that can be obtained. In
other words, if China can effectively improve its air quality earlier, the benefits will be
more substantial.

Figure 4. Annual growth rate of GDP per capita of China during 2010—2019. Abbreviation: GDP (gross domestic product).
Data source of GDP per capita growth: World Bank’s World Development Indicators database.

Prior studies have revealed that several Chinese economic sectors were greatly harmed
by poor air quality in direct and indirect ways. A noticeable industry that garnered much
attention is that of tourism. Becken et al. [10], Xu and Reed [48,49], and Yang and Chen [50],
among others, emphasized the significant negative influences of atmospheric pollution
on tourist arrivals and receipts in China. The agricultural losses due to air pollution are
also substantial, as reported in the literature. For example, Wei et al. [133] estimated that,
during the year of 2008, the damage costs in agriculture caused by industrial SO2 pollution
were around $1.43 billion, not to mention other kinds of air pollutants. As air pollution
causes a great number of socioeconomic costs due to pollution-induced diseases, hospital
admissions, mortality, and medical expenditures [134], there are observable reductions in
the efficiency and productivity in a range of labor-intensive industries, such as call centers,
garment processing, and textiles [5,135,136]. Some high-technology industries may also be
affected because the accumulation of human capital and the advancement in innovation
and R&D are impeded by pollution [32,137].
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Figure 5. Level of GDP per capita of China during 2010–2019. Abbreviation: GDP (gross domestic product). Data source of
GDP per capita: World Bank’s World Development Indicators database.

China has undertaken much effort to reduce air pollution in recent years. Many actions,
including technological innovation, citizen engagement, and top-down policy initiatives,
have been implemented [138]. Chinese residents demonstrated a strong public willingness
to pay for air pollution mitigation [139]. Although air pollution has been reduced, the
current air quality remains unsatisfactory. According to the data from World Bank’s World
Development Indicators, in 2017, 99.998% of the Chinese population was exposed to PM2.5
pollution levels exceeding the World Health Organization (WHO) guideline value (i.e.,
10 µg/m3), and 81.239% of the population was exposed to levels over the WHO Interim
Target-1 value (i.e., 35 µg/m3). While air pollution is especially serious in China’s eastern
areas, which have dense population, a high urbanization rate, and intensive economic
production, significant pollution levels are also widespread across northern and central
China [140–142]. Given the seriousness of the atmospheric pollution problem in China,
the country has significant potential to improve its air quality. For instance, the deeper
de-carbonization of the energy system will be very helpful [143]. Based on the results of
our study, it is expected that, if China is able to reduce its air pollution effectively in the
future, a great volume of economic activities can be stimulated and the country’s economic
development can reach a higher level. This study offers some useful policy implications,
which are stated as follows.

First, it is economically beneficial for China to improve air quality as soon as possible.
Abating air pollution can increase GDP growth rate and hence bring about large long-term
accumulative welfare in terms of the expansion of economic scale. As long as the benefit of
pollution abatement is greater than its cost, the government should make long-run plans
for industrial structure adjustment and upgrade, implement regulations on high pollution
enterprises, and develop environmentally friendly sectors and a circular economy in order
to reduce pollution.

Second, different regions should strengthen the cross-regional coordination and take
cooperative measures to prevent and control pollution. It is observed that the impact of
air pollution on economic growth is always negative across different regions, although
some heterogeneities are detected. Therefore, the adverse impact of pollution should be a
concern of all Chinese regions. The efforts of a small number of districts are not enough
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to solve the problem in the whole country. The effective mechanism for cross-regional
cooperation, such as those already built in the Beijing-Tianjin-Hebei region and the Yangtze
River Delta, is indispensable.

Third, stronger policy supports should be provided to the provinces in which the
damage of air pollution is severer. For instance, more favorable tax policies, greater public
subsidies, and deeper green finance reforms aimed to develop renewable and clean energies
and environmental protection industries could be encouraged. The analyses on different
subsamples of this study suggest that the influence of atmospheric pollution on regional
macroeconomic growth is substantially stronger in the eastern provinces and in provinces
where the shares of state-owned enterprises are smaller, the local governments spend a
smaller portion of the fiscal budgets on providing public health services, and medical
resources are less abundant. The areas with a stronger impact of air pollution should pay
more attention and bear more responsibility. Our analyses also indicate that, in order to
mitigate the adverse effect of air pollution, the governments should increase the budget
of public health service expenditures and provide supports to expand the local medical
resources. These actions will not only benefit residents’ health but also promote local
economic growth. These are important, especially when there are difficulties in improving
air quality in the short run.

5.2. Conclusions and Directions for Future Research

In summary, this study empirically examined the influence of air pollution on the
regional economic growth in Chinese provinces, on the basis of a sample during 2002–2017.
The results showed the significant negative impact of air pollution on economic growth,
and thus, the research hypothesis in this study was confirmed. It was estimated that the
annual growth rate of real GDP per capita declines by 0.05818 percentage points as a result
of a 1% increase in PM2.5 concentration. Therefore, the purpose of promoting economic
growth actually requires the government to tackle the air pollution issue. In addition, it
is found that the adverse effect of atmospheric pollution is qualitatively consistent but
quantitatively heterogeneous across different regions.

This research has several limitations, which provide opportunities for future studies.
(1) This research selected China as the target country and conducted an analysis on the
basis of a Chinese sample. It is also very important to investigate similar scenarios in some
other highly polluted developing countries, such as Bangladesh, India, Mongolia, and
Pakistan. Lessons and experience from these countries will definitely be valuable. In future
studies, scholars can investigate the influences of air pollution on economic growth in other
countries and examine whether our findings based on Chinese data are also applicable to
other regions. (2) This research analyzed the influence of air pollution at the province level.
Given the fact that China has a vast territory, the different cities and counties may be highly
heterogeneous even within one specific province. Thus, the effect of air pollution may not
be uniform over a whole province. In the future, researchers can collect more detailed city-
or county-level data, in order to provide deeper insights into how regional characteristics
mediate the impact of pollution on economic growth. (3) In this study, we considered the
regional macroeconomy as a whole without inspecting individual industries and sectors
separately. It is possible that air pollution influences the growth of different industries
unequally. Future studies could distinguish different industrial sectors to evaluate the
impact of pollution. This can provide a more accurate understanding and help us identify
the most crucial industries. (4) This study focused on the pollution in air and did not
compare the relative importance of different pollution types. Some useful implications
might be obtained if diverse pollution categories, such as air pollution, water pollution,
solid wastes, and noise, can be included in a more complete model. By utilizing such
a model, future researchers can provide a list of priorities to abate different pollutants.
(5) The regression model in this study did not consider the possibility of cross-sectional
dependence. As air pollution and economic activities might have spatial spillover effects,
ignoring cross-sectional dependence possibly results in inaccurate estimates. In the future,
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researchers can construct a more sophisticated model, which incorporates cross-sectional
dependence and instrumental variables estimation, to re-examine the impact of pollution.
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