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Abstract: The Chinese government has implemented a number of environmental policies to promote
the continuous improvement of air quality while considering economic development. Scientific
assessment of the impact of environmental policies on the relationship between air pollution and
economic growth can provide a scientific basis for promoting the coordinated development of these
two factors. This paper uses the Tapio decoupling theory to analyze the relationship between regional
economic growth and air pollution in key regions of air pollution control in China—namely, the
Beijing–Tianjin–Hebei region and surrounding areas (BTHS), the Yangtze River Delta (YRD), and
the Pearl River Delta (PRD)—based on data of GDP and the concentrations of SO2, PM10, and
NO2 for 31 provinces in China from 2000 to 2019. The results show that the SO2, PM10, and NO2

pollution in the key regions show strong and weak decoupling. The findings additionally indicate that
government policies have played a significant role in improving the decoupling between air pollution
and economic development. The decoupling between economic growth and SO2 and PM10 pollution
in the BTHS, YRD, and PRD is better than that in other regions, while the decoupling between
economic growth and NO2 pollution has not improved significantly in these regions. To improve the
relationship between economic growth and air pollution, we suggest that the governments of China
and other developing countries should further optimize and adjust the structure of industry, energy,
and transportation; apply more stringent targets and measures in areas of serious air pollution; and
strengthen mobile vehicle pollution control.

Keywords: decoupling analysis; economic growth; air pollution; key regions of air pollution control;
air quality

1. Introduction

Since China’s economic reform, the country’s economy has developed rapidly. How-
ever, this development has been accompanied by the excessive consumption of resources
and the deterioration of environmental quality. For example, industrialization has had a
deleterious impact on ambient air quality [1,2]. Many factors related to economic growth
have an impact on pollutant emissions, such as fossil energy consumption, electricity con-
sumption, urbanization, and globalization [3,4]. In the 21st century, the conflict between
economic development and environmental protection has become prominent. In particular,
the emission of air pollutants from the consumption of large amounts of fossil energy has
a significant impact on human health [5,6]. This has had serious impacts on the general
public and has become a major bottleneck for China’s sustainable development. As of 2019,
57% of China’s cities still failed to meet the threshold of air quality standards, with the
Beijing–Tianjin–Hebei region (BTH) and surrounding areas and the Fen–Wei Plain being
especially highly polluted [7]. Protecting ecosystems while maintaining steady economic
development has become an enormous challenge for the Chinese government. As the
ministry in charge of air pollution prevention and control, the Ministry of Ecology and
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Environment is researching how to formulate scientific and rational environmental poli-
cies that can not only reduce pollution emissions but also promote the improvement of
environmental quality without negatively affecting economic development.

During the 21st century, China has made great efforts to reduce air pollution by
promulgating and implementing laws, regulations, and environmental policies and im-
plementing emission reduction projects for atmospheric pollutants such as sulfur dioxide
(SO2), nitrogen oxides (NOx), and soot. Since 2012, China has made a strategic decision to
promote the construction of an “ecological civilization”, putting forward the concept that
“clear waters and green mountains are as good as mountains of gold and silver”. In June
2013, China promulgated and implemented the Action Plan for the Prevention and Control
of Air Pollution (the Action Plan), which emphasizes the key regions for atmospheric gover-
nance, i.e., the BTH, Yangtze River Delta (YRD), and Pearl River Delta (PRD) [8,9]; in 2018,
China promulgated the “Three-Year Action Plan to Beat Air Pollution” (the Three-Year
Action Plan), an updated version of the Action Plan, and the country has since made great
efforts to optimize the industrial structure, energy structure, transportation structure, and
land-use structure and adjust the key regions. To further focus on areas with more severe
air pollution and to strengthen regional joint prevention and control [10], the Three-Year
Action Plan promotes air quality improvement while pushing economic restructuring and
upgrading to achieve high-quality development. Furthermore, since 2000, China has been
making continuous efforts to “decouple” air pollution from economic growth. Its long-term
goal is to build a “Beautiful China” that achieves sustainable development and highly
developed ecological civilization by 2035.

Decoupling, a physical concept developed in the 1960s, refers to the lack of a response
relationship between two or more physical quantities that are correspondingly related.
Used by economists in the late 20th century to analyze the correlation between resource
consumption as well as waste discharge and economic output, the decoupling coefficient
is used to measure the extent to which environmental pollution is linked to economic
growth [11]. Some scholars put forward that decoupling is the best measure for studying
the relationship between economic development and emissions of greenhouse gases or air
pollutants [12].

The decoupling theory has two models: (1) the model proposed by the Organization
for Economic Cooperation and Development [13] uses the end-to-end ratios of environ-
mental pressures to economic ratios to characterize decoupling in order to indicate the
relationship between economic development and environmental pollution [14]; (2) the
model proposed by Tapio uses a new decoupling coefficient based on the concept of elastic-
ity [15], which reflects the decoupling among variables based on their response variable and
the timeframe and divides the decoupling into eight types. This new decoupling coefficient
has been widely used in studies of the relationship between economic growth and the state
of the environment: Wang and Jiang studied the decoupling elasticity between China’s
economy and carbon dioxide (CO2) emissions and found that the decoupling elasticity
showed a downward trend from 2002 to 2014, and the decoupling state was categorized by
expansive negative decoupling and weak decoupling [16]. Additionally, by analyzing data
from different provinces, Cohen et al. found that China’s emissions decoupling elasticity is
higher than that of developed countries and lower than that of major developing countries
and predicted that China’s emissions will continue to decouple as its economy grows [17].
Through research on the decoupling of economic growth and SO2 emissions in China,
Russia, Japan, and the United States, Wang et al. found that, in the United States and Japan,
SO2 emissions were more decoupled from economic growth than in China and Russia
and that the change of environmental governance policy has a significant impact on a
country’s decoupling between economic growth and pollution emissions [18]. Moreover,
by examining the decoupling between economic output and carbon emissions in Beijing
and Shanghai, Wang et al. found that Beijing was more decoupled than Shanghai [19],
while Wang concluded that the Beijing–Tianjin–Hebei region was categorized by weak
decoupling of economic growth from carbon emissions [20].
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In China, the decoupling between environmental pollution and the economy mainly
has the following characteristics: (1) Focusing on the field of carbon emissions, there are
relatively few studies on the decoupling of economic growth from environmental pollution.
(2) The scope of current research is mostly limited to the whole country, or some provinces
or cities, such as the study of Yu et al. on the whole of China [21] and the studies of Lai et al.
and Ji et al. on the provinces of Hunan, Guangdong, and Yunnan, respectively [22,23].
Furthermore, Wang et al. and Xu et al. studied the relationship between air pollutant
emissions and economic growth in the cities of Tianjin and Panzhihua [24,25]. Regional
development differences are an essential feature of China’s economy, with different regions
being at different stages of economic development [26]. The same pattern applies to air
pollution in China: in recent years, the severity of air pollution has significantly varied
among different regions [27]. However, there have been relatively few studies of the decou-
pling between environmental pollution and the economy at the regional scale. Zhang et al.
and Shi et al. investigated 31 Chinese provinces and studied the decoupling between
economic development and environmental pollution among Eastern, Central, Western,
and Northeastern China [28,29]. Only Xi et al. conducted a study on the decoupling
between industrial growth and environmental pollution in the Bohai Economic Rim [26].
(3) Atmospheric pollutant emissions are often used to represent environmental pressure,
while the atmospheric concentration of pollutants is less used. Sulfur dioxide, soot, and
PM2.5 are the most widely used air pollution indicators [30–32]. Only Xia et al. performed
a comprehensive analysis of SO2, soot, and NOx, which are the primary air pollutants in
China [33]. Based on the above studies, this article selects the relationship between air
pollution and economic growth as the research topic, targeting the Chinese provinces that
are most economically developed, densely populated, and heavily polluted, and which
share common industrial characteristics. This paper analyzes the concentrations of SO2,
inhalable particles (PM10), and nitrogen dioxide (NO2) at the regional scale. The main
research questions are as follows: (1) What is the impact of China’s environmental policies
on the relationship between economic growth and air pollution? (2) What is the impact
of selecting key regions for atmospheric pollution control on the relationship between
economic growth and air pollution in these regions? (3) What are possible problems with
China’s efforts to build an ecological civilization?

In summary, China’s severe air pollution is a major obstacle to its sustainable economic
and social development, as the key regions for atmospheric governance are the most
prominent areas of contradictions. To date, there has been no systematic analysis of the
relationship between economic growth and air pollution in the key regions. Therefore,
this paper aims to perform a systematic evaluation of the relationship between economic
growth and air pollution in the key regions and to obtain an in-depth understanding of the
achievements and problems associated with China’s air pollution prevention and control
policies for promoting regional economic development and air quality improvement.
Furthermore, practical policy recommendations are put forward for China and other
developing countries to coordinate high-quality economic development and the high-level
protection of the ecological environment.

2. Materials and Methods
2.1. Research Areas

The Action Plan and Three-Year Action Plan list the BTH, the YRD, and the PRD,
and the Fen–Wei Plain as key regions for air pollution prevention and control. These
regions cover 12 municipalities and provinces that are economically developed and densely
populated, namely Beijing, Tianjin, Hebei, Shanxi, Shanghai, Jiangsu, Zhejiang, Anhui,
Shandong, Henan, Guangdong, and Shaanxi. In 2019, 7 of these 12 provinces, such as Bei-
jing and Shanghai, ranked in the top 10 in China in terms of gross domestic product (GDP)
per capita, while 10 of these provinces, such as Shanghai and Tianjin, ranked in the top 10
in China in terms of population density [34,35]. The aforementioned 12 regions are among
the most polluted regions in China; for example, in the BTH and the Fen–Wei Plain, air



Sustainability 2021, 13, 6600 4 of 22

pollutant emissions per unit area are about four times the national average [9]. In the above
12 provinces, the conflicts between economic development and environmental protection
and human health are prominent, and, hence, it is vital to carry out relevant research.

To facilitate data analysis, this paper studies the following three major areas based on
the Action Plan and the Three-Year Action Plan: (1) the BTHS, including the cities/provinces
of Beijing, Tianjin, Hebei, Shanxi, Henan, Shandong, and Shaanxi; (2) the YRD, including
the provinces of Shanghai, Jiangsu, Anhui, and Zhejiang; and (3) the PRD, including
Guangdong Province. In addition to the above 12 provinces, the remaining 19 provinces of
China are considered as non-key regions for atmospheric governance, i.e., non-key regions
(Figure 1). Moreover, considering the large scale of BTHS, this paper analyzes Beijing
and Shaanxi (two typical provinces in BTHS) separately so that the results will be more
beneficial for targeted policymaking.

Figure 1. A map showing the key regions for atmospheric governance in China. BTHS: the Beijing–Tianjin–Hebei region
and surrounding areas, including the provinces of Beijing, Tianjin, Hebei, Shanxi, Henan, Shandong, and Shaanxi; YRD: the
Yangtze River Delta region, including the cities/provinces of Shanghai, Jiangsu, Anhui, and Zhejiang; and PRD: the Pearl
River Delta region.

2.2. Materials

In the field of empirical research on the decoupling of economic growth from envi-
ronmental pollution, GDP and GDP per capita are often used as indicators of economic
growth. There are two main types of environmental pollution data: (1) data of industrial
pollutant discharge (e.g., industrial waste gas and wastewater discharge); and (2) data of
pollutant concentration (e.g., atmospheric pollutant concentration), whose accuracy and
reliability are better than those of the emission data. The focus of air environmental man-
agement in China has changed from the total discharge volume of pollutants control to air
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quality improvement. Monitoring data are the most objective indicator of air quality, which
directly affects human health. Therefore, this paper chooses pollutant concentration data
as an indicator of environmental pressure, which not only meets the current environmental
management needs but also ensures that the data are intuitive and reliable.

This paper uses the GDP and GDP per capita of 31 provinces from 2000 to 2019 as
indicators of economic development. The GDP data and population data were derived
from the official website of the National Bureau of Statistics of China. GDP was calculated
at a constant price level, using 2000 as the base period to counteract the effects of inflation.
Among the six basic air pollutants, this paper selects the concentrations of SO2, PM10, and
NO2 to reflect air pollution. This decision was made for two reasons: (1) The continuity and
integrality of the data. This study collected data spanning from 2000 to 2019, yet PM2.5 and
O3 have only been monitored in China since 2013. Thus, insufficient data were available to
use these two substances in this study. (2) The status of air pollution in China. SO2 and
PM10 are two key pollutants that have been the focus of air pollution control in China over
the past 20 years. Additionally, compound pollution problems caused by PM2.5 and ozone
(O3) have become increasingly prominent in China in recent years, considering that the
emissions of SO2, particulate matter (PM), NO2, volatile organic compounds (VOCs), and
ammonia (NH3) have also increased in recent years [9,36]. The concentrations of SO2 and
PM10 can directly reflect the emissions of SO2 and PM, while the concentration of NO2 is
closely related to the emission of NOx. The concentration data were all obtained from the
Ministry of Ecology and Environment of the People’s Republic of China (Table 1).

Table 1. The indicators that were used to assess the decoupling between economic growth and air pollution.

Parameter Selected Indicator Data Source Indicator Description

Economic growth

GDP Annual GDP and population
figures for 31 provinces, as acquired

from the website of the National
Bureau of Statistics of the People’s

Republic of China

GDP was calculated at a constant
price level, using 2000 as the base
period, to counteract the effects

of inflation

GDP per capita

Environmental pressure
(air pollution level)

Annual average
concentration of SO2 Ministry of Ecology and

Environment of the People’s
Republic of China

Data for 2013 were excluded in this
analysis due to changes in

monitoring statistical norms

Average annual
concentration of PM10

Average annual
concentration of NO2

2.3. Methodology
2.3.1. Conceptual Framework

Based on the Tapio Decoupling Model and regression analysis, this paper uses the
GDP and GDP per capita and SO2, PM10, and NO2 concentration data to analyze the
economic development and air pollution in the key regions of air pollution control in
China. It also assesses the decoupling relationship between air pollution and economic
development and its trend. Moreover, policy recommendations are put forward based on
the analysis of the impacts of China’s air pollution prevention and control policies on the
abovementioned decoupling results (Figure 2).
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Figure 2. The conceptual framework of this study.

2.3.2. Tapio Decoupling Model

The Tapio Decoupling Model is based on the decoupling elasticity theory, which
studies the relationship between economic development and environmental quality. The
decoupling coefficient reflects the sensitivity of environmental pollution change to the
change in economic growth. According to the Tapio Decoupling Model, the decoupling of
environmental pollution from economic growth can be expressed as a decoupling coeffi-
cient, which is calculated by dividing the percentage change of environmental pollution by
the percentage change of GDP or GDP per capita in a given period [14] as follows:

Tt+1 = %∆Et+1/%∆Gt+1 = (∆Et+1/Et)/(∆Gt+1/Gt) (1)

where Tt+1 represents the decoupling coefficient at time t + 1; ∆Et+1 and ∆Gt+1 represent
the change of environmental pollution and the change of economic growth at time t + 1, re-
spectively; while Et and Gt represent the level of environmental pollution and the economic
growth at time t, respectively.

2.3.3. Classification of Decoupling

Based on the positive/negative change of environmental pollution and economic
growth and using elasticity values of 0, 0.8, and 1.2 as the critical values, the decoupling
coefficient was calculated using Formula (1). Then, the relationships between economic
growth and environmental pollution were categorized into decoupling, connecting, and
negative decoupling [15]. Decoupling was sorted into eight types according to the degree
of superiority or inferiority: strong decoupling, weak decoupling, expansive connection,
expansive negative decoupling, recessive decoupling, recessive coupling, weak negative
decoupling, and strong negative decoupling. These eight types were represented in four
quadrants (Table 2).
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Table 2. The Tapio decoupling coefficients and classifications of types of decoupling.

Quadrant ∆Et+1 ∆Gt+1 Decoupling Type Decoupling
Coefficient Meaning

IV <0 >0 Strong decoupling T < 0 GDP increases and emissions decrease

I >0 >0
Weak decoupling 0 < T ≤ 0.8 GDP increases and emissions increase

Expansive connection 0.8 < T ≤ 1.2 GDP increases and emissions increase at the
same rate

Expansive negative
decoupling T > 1.2 GDP increases and emissions increase more

than GDP

III <0 <0
Recessive decoupling T > 1.2 GDP decreases and emissions decrease more

than GDP

Recessive coupling 0.8 < T ≤ 1.2 GDP decreases and emissions decrease at the
same rate

Weak negative decoupling 0 < T ≤ 0.8 GDP decreases and emissions decrease less
than GDP

II >0 <0 Strong negative decoupling T < 0 GDP decreases and emissions increase

2.3.4. Data Preprocessing

Given that China has only been monitoring PM10 and NO2 concentrations at a large
scale since 2001, to ensure the data’s validity, this paper selects the average annual concen-
tration of SO2 from 2000 to 2019 and the yearly average concentration of PM10 and NO2
from 2001 to 2019 for analysis. Additionally, in 2012 and 2013, China implemented new
Ambient Air Quality Standards (GB 3095-2012) and the Technical Regulation for Ambient
Air Quality Assessment (HJ 663-2013), which tightened the requirements for the validity of
monitoring data and statistics. As a direct result of this, the number of monitoring sites
that were used in the evaluation changed significantly between 2012 and 2013, leading to
discrepancies and poor comparability for pollutant concentration statistics between these
two years. Therefore, to guarantee the continuity and comparability of data analysis and
reduce outliers induced by various statistical methods, the 2013 data are excluded from the
result analysis.

3. Results
3.1. Economic Growth
3.1.1. National Level

Between 2000 and 2019, the national economy maintained a high growth rate, with the
annual growth rates of GDP and GDP per capita staying above 6.4% and 5.8%, respectively
(Figure 3). From 2000 to 2007, the growth rates of GDP and GDP per capita increased from
9.7% to 14.6% and from 9.2% to 13.9%, respectively. However, in 2008–2012, the growth
of these parameters slowed markedly, with GDP and GDP per capita falling from their
peaks in 2007 to 10.3% and 9.6%, respectively, in 2012. In 2014–2019, the growth of these
parameters decreased but remained stable at around 6%.

3.1.2. Key Regions

Throughout 2000–2019, the economy of the three key regions maintained a high
growth rate, with annual growth rates of GDP and GDP per capita of 6.1% and 4.6%,
respectively; these growth rates are roughly the same as those of the whole country during
the same period. The period of 2001–2007 was a period of high growth, with the annual
GDP growth rate reaching a maximum value of 14.9% (PRD in 2007) and the GDP per
capita growth rate reaching a maximum value of 14.3% (BTHS in 2005). In 2008–2012, there
was a marked slowdown in economic growth, with the PRD having the slowest growth
rate; in this region, the annual growth rates of GDP and GDP per capita in 2012 were
8.2% and 7.3%, respectively. From 2014 to 2019, the rate of economic growth continued to
slow in all regions except for the PRD, where the GDP per capita declined significantly in
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2018–2019, with the growth rates of the other regions being close to the national average
level, with an average difference of less than 1%.

Figure 3. The growth rates of (a) GDP and (b) GDP per capita in the key regions (BTHS, YRD, PRD) and typical provinces
(Beijing, Shaanxi) of China, 2001–2019.

3.1.3. Typical Provinces

Between 2000 and 2019, the economic growth rates of Beijing and Shaanxi showed
completely different trends. From 2001 to 2007, Beijing’s economy maintained high growth,
with the annual growth rates of GDP and GDP per capita remaining above 7%. In 2008,
the growth rate dropped sharply, with the annual growth rate of GDP per capita dropping
to 3.2%. From 2009 to 2019, Beijing’s GDP growth rate showed a downward trend, with
the lowest annual growth rate of 6.1% being observed in 2019, while the growth rate of
GDP per capita increased each year, peaking at 7.5% in 2018. Beijing is the only region
considered in this study where the GDP per capita growth rate increased each year between
2010 and 2019. This phenomenon may be related to the slowdown in population growth
in Beijing during this period; Beijing’s population growth declined from 5.5% in 2010 to
0% in 2019. The trend of Shaanxi’s economic growth was roughly the same as the national
average, with the GDP and GDP per capita reaching their respective peaks of 16.4% and
16.1% in 2008 and their respective minima of 6.0% and 6.1% in 2019.

3.2. Analysis of the Decoupling of Economic Growth from SO2 Concentration
3.2.1. Evolution of SO2 Concentration

From 2000 to 2019, the average concentration of SO2 in China showed a sharp decline,
dropping by 75.6% between 2000 and 2019. The national average SO2 concentration slowly
rose from 2001 to 2003, with an increase of 13.9% in 2003. From 2004 to 2012, it maintained
a steady downward trend, with the maximum annual decrease of 9.1% occurring in 2012.
From 2014 to 2019, the average national SO2 concentration decreased to a larger degree
than in previous years, with the largest decline of 22.1% being observed in 2018. For the key
regions (Figure 4a), the SO2 concentrations also decreased significantly between 2000 and
2019, with decreases of 79.5%, 64.4%, and 53.8% in BTHS, YRD, and PRD, respectively. The
declines between 2014 and 2017 were larger than those in previous years, with decreases of
20.1%, 15.9%, and 26.2%, respectively. Between 2018 and 2019, the SO2 concentrations in
the BTHS and YRD regions continued to decline significantly, reaching the highest annual
decreases of 30.8% and 23.8%, respectively, in 2018, while the PRD’s decline was smaller.
For the typical provinces (Figure 4b), the trend of SO2 concentration decline was stable
between 2000 and 2019, with Beijing experiencing a decrease of 40.0% in 2015 and Shaanxi
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experiencing a reduction of 25.0% in 2019, which are higher than the national average
decrease in SO2 concentration.

Figure 4. The variation trend of the average annual SO2 concentration in (a) the key regions and (b) the typical provinces of
China, 2001–2019.

3.2.2. Decoupling Analysis

The decoupling coefficients between SO2 pollution and GDP as well as GDP per capita
in China’s key regions and typical provinces from 2001 to 2019 are shown in Figure 5. The
change trends of the decoupling coefficients of SO2 concentration and GDP as well as GDP
per capita are basically the same for all of the studied areas. In the following, GDP per
capita is taken as an example. The following characteristics were observed: First, from a
nationwide perspective, China has a good level of decoupling between SO2 pollution and
economic development. Except for 2003, all other years have strong and weak decoupling,
of which strong decoupling years accounted for 89.4%. The decoupling coefficient showed
a clear downward trend, from a peak of 1.20 in 2003 to the lowest value of −3.56 in 2018.
Second, the following was found for the key regions (Figure 5c): (1) Decoupling was very
good. Except for 2001, 2003, and 2004, the decoupling was either strong or weak, and from
2012 to 2019, the decoupling was strong. (2) Decoupling improved markedly between
2014 and 2019. The decoupling coefficient declined remarkably from 2004 to 2005, from
expansive negative decoupling to strong decoupling or weak decoupling. Additionally,
there was another significant decline between 2014 and 2015. The decoupling coefficients in
the BTHS and PRD regions reached their lowest levels of −5.06 and −3.87, respectively, in
2018, while that of the PRD reached its lowest level of −3.88 in 2015. (3) From 2014 to 2019,
the decoupling in the BTHS and YRD regions was better than the national average and
that of the PRD. During this period, the average decoupling coefficients in the BTHS, YRD,
and PRD regions and the whole country, were −2.97, −2.63, −1.75, and −2.42, respectively.
From 2017 to 2019, the decoupling coefficient in the PRD region was significantly higher
than those of the BTHS and YRD regions, which contributed significantly to its high
average level from 2014 to 2019. Third, for the typical provinces (Figure 5d), from 2014
to 2019, Beijing’s decoupling was generally significantly better than the national average.
From 2018 to 2019, the decoupling in Shaanxi improved significantly, with the decoupling
coefficient dropping significantly. In 2019, the decoupling coefficient in Shaanxi maintained
a downward trend despite the overall rebound in the whole country, reaching a record low
of −4.41; this was the first time since 2016 that it was below the national average (−2.38 in
2019), and the difference (2.03) was the largest ever.
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Figure 5. The decoupling coefficients between SO2 pollution and (a) GDP in key regions, (b) GDP in typical provinces,
(c) GDP per capita in key regions, and (d) GDP per capita in typical provinces of China, 2001–2019.

3.2.3. Trend Analysis

According to the regression analysis of SO2 concentration and GDP per capita in the
three key regions from 2001 to 2019 (Figure 6), the R2 values of the fitting curves between
SO2 concentration and GDP per capita in the three key regions are all more than 0.6,
showing a strong correlation. With the increase of GDP, the SO2 concentration in the three
key regions generally showed a steady downward trend; this indicates that, in recent years,
SO2 pollution in these key regions has been gradually reduced alongside economic growth,
and the relationship between the two is well-coordinated, which is mutually confirmed by
the results of the decoupling analysis.

3.3. Analysis of the Decoupling of Economic Growth from PM10 Concentration
3.3.1. Evolution of PM10 Concentration

From 2001 to 2019, the overall PM10 concentration in China showed a steady down-
ward trend, falling by a total of 44.2%. From 2003 to 2005, there was a significant decline,
with decrease rates of 12.0% and 11.1% in 2005 and 2015, respectively (Figure 7a). Between
2001 and 2019, the PM10 concentration decreased by 33.6%, 46.7%, and 27.9% in the BTHS,
YRD, and PRD regions, respectively. From 2002 to 2017, there was generally a steady
decline in all three regions. From 2018 to 2019, the concentration continued to decline in
the BTHS and YRD regions, while in the PRD region, it first declined and then rose. For the
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typical provinces (Figure 7b), the PM10 concentration in Beijing dropped sharply from 2014
to 2019, except for a rebound in 2014 due to frequent sandstorms and a dry climate [37];
meanwhile, in Shaanxi, there was a rising trend from 2014 to 2016 and a falling trend from
2017 to 2019. In Shaanxi, there was a decline of 4.5% in 2019, which was lower than the
national annual average over 2014–2019, besides 2017.

Figure 6. The trend of SO2 concentration and GDP per capita in key regions of China, 2001–2019.

Figure 7. The variation trend of the annual average PM10 concentration in (a) key regions and (b) typical provinces of China,
2002–2019.

3.3.2. Decoupling Analysis

The decoupling coefficients between PM10 pollution and GDP as well as GDP per
capita in China’s key regions and typical provinces from 2002 to 2019 are shown in
Figure 8. The change trends of the decoupling coefficients between PM10 concentration
and GDP as well as GDP per capita are basically the same. In the following, GDP per
capita is taken as an example. The following characteristics were observed: First, from a
nationwide perspective, China has a good level of decoupling between PM10 pollution and
economic development. Except for 2002 and 2010, strong decoupling years accounted for
88.9% of years from 2001 to 2019. Decoupling improved from 2014 to 2019. Before 2014,
the decoupling coefficient did not fall below −0.9; however, it dropped significantly from
2014 to 2019, with the lowest value of −1.55 occurring in 2015. Second, the following was
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found for the key regions (Figure 8c): (1) Decoupling was very good between 2002 and
2019. Except for the PRD in 2003 and 2017, which showed expansive negative decoupling,
all years and regions had either strong or weak decoupling, and after 2014, the decoupling
was strong in the BTHS. (2) Decoupling improved in all three regions between 2014 and
2019. In all regions, the mean value of the decoupling coefficient between 2014 and 2019
was lower than that between 2002 and 2012. The decoupling coefficient reached its lowest
value in 2018, 2015, and 2015 in BTHS (−1.20), YRD (−1.57), and PRD (−2.17), respectively.
(3) From 2014 to 2019, the decoupling coefficients in the BTHS and YRD regions were lower
than the national average and that in the PRD. From 2014 to 2019, the average decoupling
coefficients in the BTHS, YRD, and PRD regions and the whole country, were −0.85, −0.89,
−0.42, and −0.79, respectively. Similar to the case of SO2, the PRD’s decoupling coefficient
was higher than those of the two other regions from 2017 to 2019, thus increasing its
average level from 2014 to 2019. Third, for the typical provinces (Figure 8d), except for
2014, Beijing’s decoupling coefficients were lower than the national average from 2014 to
2019. Shaanxi’s decoupling improved significantly from 2017 to 2019, with the decoupling
coefficient decreasing considerably during this time; in 2019, it maintained a downward
trend despite the overall rebound in the whole of China, reaching a minimum of −0.80.
Between 2014 and 2019, it was lower than the national average (−0.27), besides 2017.

Figure 8. The decoupling coefficient between PM10 pollution and (a) GDP in key regions, (b) GDP in typical provinces,
(c) GDP per capita in key regions, and (d) GDP per capita in typical provinces of China, 2002–2019.

3.3.3. Trend Analysis

According to the regression analysis between PM10 concentration and GDP per capita
in the three key regions from 2001 to 2019 (Figure 9), the R2 values of the fitting curves
between PM10 concentration and GDP per capita in the YRD and PRD regions are both
more than 0.7, showing a strong correlation. However, the R2 value in the BTHS region
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is only 0.25, indicating a weak correlation. With increasing GDP, the PM10 concentration
in the three key regions generally showed a steady downward trend. This result suggests
that, in recent years, PM10 pollution in the key regions has gradually reduced alongside
economic growth, which is mutually confirmed by the results of the decoupling analysis.

Figure 9. The trend of PM10 concentration and GDP per capita in key regions of China, 2001–2019.

3.4. Analysis of the Decoupling of Economic Growth from NO2 Concentration
3.4.1. Evolution of NO2 Concentration

From 2001 to 2019, the concentration of NO2 in China experienced an overall slow
decline with fluctuation, decreasing by 9.2%. From 2002 to 2012, there was no noticeable
change trend, with the total change being below 4.1%. From 2014 to 2019, the variation was
slightly larger than that in the previous years. Meanwhile, for the key regions (Figure 10a),
the concentration of NO2 did not change remarkably between 2001 and 2019, with a total
decrease of 5.2%, 1.2%, and 5.7% in the BTHS, YRD, and PRD regions, respectively. For the
typical provinces (Figure 10b), the concentration of NO2 in Beijing had a clear downward
trend between 2001 and 2019, decreasing by 47.9%, with the largest annual decline of 25.5%
occurring in 2008. The NO2 concentration in Shaanxi fluctuated within a narrow range,
with the magnitude of the fluctuation increasing in 2014–2017 and decreasing significantly
in 2018–2019. In 2019, the concentration of NO2 in Shaanxi maintained a downward trend
despite the overall rebound in the BTHS region, with a year-on-year decrease of 3.0%,
which was the first time that Shaanxi’s NO2 concentration fell below the national average
during 2012–2019.

3.4.2. Decoupling Analysis

The decoupling coefficients between NO2 concentration and GDP as well as GDP
per capita in China’s key regions and typical provinces from 2002 to 2019 are shown in
Figure 11. The change trends of the decoupling coefficients between NO2 concentration
and GDP as well as GDP per capita are basically the same. In the following, GDP per
capita is taken as an example. The following characteristics were observed: First, from
a nationwide perspective, China has a good level of decoupling between NO2 pollution
and economic development. Between 2002 and 2019, the decoupling was either strong
or weak, with strong decoupling accounting for 66.7% of years. However, there was no
sign of improvement between 2014 and 2019, as 50% of the years did not reach strong
decoupling during this period, with the decoupling coefficients of 2017 and 2019 being
the highest ever. Second, for the key regions (Figure 11c), the following was observed:
(1) Overall, the decoupling was good between 2002 and 2019. Except for the YRD and PRD,
which showed expansive negative decoupling in 2003, 2010, and 2017, the other years and
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regions experienced either strong or weak decoupling; strong decoupling accounted for
about two-thirds of the total years (note that this proportion was not as high as for SO2
and PM10). (2) No significant improvement in decoupling occurred between 2014 and 2019.
During this period, the three key regions failed to achieve strong decoupling in 50% of the
years, and the maximum difference in the average decoupling coefficient was 0.15 from
2002 to 2012. (3) From 2014 to 2019, the decoupling in the BTHS and YRD regions was
slightly better than that of the PRD as well as the national average. Meanwhile, the average
decoupling coefficients in the BTHS, YRD, and PRD regions and the whole country, were
−0.23, −0.11, −0.05, and −0.16, respectively. Third, for the typical provinces (Figure 11d),
from 2014 to 2019, Beijing’s decoupling coefficient was lower than the national average,
except that it was affected by the rebound of NO2 concentration in 2014. From 2018 to 2019,
there was a marked improvement in the decoupling in Shaanxi, with a year-on-year decline
of −0.53 in 2018, the largest decrease observed in the period 2002–2019. The decoupling
coefficient remained negative in 2019, when the national average decoupling coefficient
rebounded; in this year, Shaanxi’s decoupling coefficient was below the national average
for the first time in 2014–2019.

Figure 10. The variation trend of the average annual NO2 concentration in (a) key regions and (b) typical provinces of
China, 2002–2019.

Figure 11. Cont.



Sustainability 2021, 13, 6600 15 of 22

Figure 11. The decoupling coefficient between NO2 pollution and (a) GDP in key regions, (b) GDP in typical provinces,
(c) GDP per capita in key regions, and (d) GDP per capita in typical provinces of China, 2002–2019.

3.4.3. Trend Analysis

According to the regression analysis between NO2 concentration and GDP per capita
in the three key regions from 2001 to 2019 (Figure 12), the R2 value of the fitting curve
between NO2 concentration and GDP per capita in the PRD is larger than 0.5, showing a
strong correlation. However, the R2 values in the YRD and BTHS regions are both less than
0.1, showing no correlation. This shows that, in recent years, NO2 pollution in the YRD
and BTHS regions has not been reduced alongside economic growth, which confirms that
NO2 pollution is a prominent shortcoming associated with economic development in the
key regions.

Figure 12. The trend of NO2 concentration and GDP per capita in key regions of China, 2001–2019.

4. Discussion
4.1. Impact of China’s Environmental Policy on the Decoupling between Economic Growth
and Air Pollution

China’s SO2 and PM10 emissions mainly come from coal-based fossil fuel and biomass
combustion, with coal-fired power stations and energy-intensive industries contributing
the most [9,38,39]. NO2 emissions mainly come from NOx produced by fossil fuels, high-
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temperature biomass combustion, and automobile exhaust [40–42]. Since the beginning
of the 21st century, China has issued several national environmental protection plans, air
pollution prevention plans, and control plans. Some important measures have been carried
out, including the control of SO2 and soot emission from coal-fired power stations and steel
and nonferrous metal smelting industries and the elimination of energy-intensive and high-
emission industries, thus significantly reducing pollutant emissions and promoting the
sustained improvement of air quality [43]. From 2001 to 2019, year-on-year declines in SO2,
PM10, and NO2 concentrations occurred in 17 years, 16 years, and 12 years, respectively,
accounting for 89.4%, 88.9%, and 66.7% of years, respectively. Since 2012, China has made
a strategic decision to promote the construction of an “ecological civilization”, which has
provided both the central government and local governments with stronger will, clearer
objectives, better legislation, and more incentive measures and enforced stricter actions to
improve air quality. In 2018, the National Conference of Ecological Environment Protection
put forward the idea that “clear waters and green mountains are as good as mountains
of gold and silver”, which provides ideological guidance for atmospheric control. The
essence of “clear waters and green mountains are as good as mountains of gold and silver”
is to realize the coordination of economic growth and environmental protection. Guided
by this new development concept and the strategy of promoting ecological civilization
construction, in 2013, the State Council of the People’s Republic of China for the first time
promulgated a national air pollution prevention and control policy, namely, the Action
Plan. This changed the status quo in which the former State Environmental Protection
Administration of the People’s Republic of China was the only department in charge of air
pollution prevention and control [44,45]. The same applies to the Three-Year Action Plan
promulgated in 2018. Both policies comprehensively address key industries such as coal-
fired power stations and highly polluting and energy-consuming enterprises such as iron
and steel, civil bulk coal, and coal-fired boilers, promoting the optimization and adjustment
of the structure of industry, energy, transportation, and land-use at the national level.

The measures set out in the Action Plan and the Three-Year Action Plan have achieved
remarkable results. Compared with 2013, China’s SO2, PM10, and NOx emissions in 2017
were lower by 59%, 36%, and 21%, respectively, indicating a significant improvement in
air quality [36]. In 2019, the concentration of SO2 in China was equivalent to that in devel-
oped countries such as Europe and the United States, with a decrease of nearly two-thirds
compared with 2013, while the concentration of PM10 was lower by nearly 30% compared
with that in 2013 [45]. Since 2000, China’s air quality has continued to improve, and its
economy has not been affected by the increasing investment in air pollution control or the
strengthening of the management and control of industrial enterprises. During the same
period, China has maintained strong economic growth, with GDP and GDP per capita ris-
ing year by year, which has promoted the decoupling between air pollution and economic
development in the country. The analysis performed in this study showed that the concen-
trations of SO2 and PM10 have both reduced alongside economic growth in recent years,
showing a good state of decoupling. This has prompted a significant optimization of the
decoupling between air pollution and economic development in China. From 2001 to 2019,
the years with strong decoupling between SO2, PM10, and NO2 pollution and economic
development accounted for 89.4%, 88.9%, and 66.7% of years, respectively, indicating a
good relationship between economic development and environmental protection.

Previous quantitative research on air pollution prevention and control policies across
the Taiwan Strait showed that the Action Plan and the Three-Year Action Plan have resulted
in a significant decline of PM2.5 concentrations. These policies have mainly focused on
enhancing energy-saving and emission-reduction approaches and intensifying the op-
timization and adjustment of industrial and energy systems to promote low-emission
development in China. Aside from controls for industries with high energy consumption
and high pollution, the elimination of backward production capacity, and coal consumption
control, the Three-Year Action Plan also emphasized the development of green industries
and set goals for the proportion of low-carbon and efficient energy consumption [46].
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Therefore, we believe that the environmental policies that have been implemented in China
over the past 20 years, and especially the strategic decision to promote ecological civiliza-
tion construction, have strongly and continuously promoted the decoupling of economic
development from air pollution. Such changes demonstrate that China’s environmental
policy allows the continuous improvement of its citizens’ living standards brought about
by economic development while realizing the gradual improvement of the environment,
especially air quality. Meanwhile, some empirical studies have shown that environmental
degradation has a significant negative impact on economic growth, which supports the
findings of the present study [2].

It is also important to note that China faces great pressure to achieve steady economic
growth and sustained improvement in air quality due to the COVID-19 pandemic and the
complicated domestic and international situations that this has created. We suggest that
the Chinese government should promote ecological civilization construction, continue to
promote the concept that “clear waters and green mountains are as good as mountains
of gold and silver”, and adhere to the new concept of green development. Additionally,
we suggest that the Chinese government formulate and implement an air governance
policy at the national level and that a new action plan for the prevention and control of air
pollution be issued to promote sustained improvement in air quality and balance economic
development and ecological environment protection.

4.2. Impact of the Selection of Key Regions on Regional Decoupling

The results of this paper indicate that, from 2014 to 2019, the decoupling of economic
development from air pollution in the BTHS and YRD was better than the national average.
From 2014 to 2019, in the BTHS and YRD, the decoupling coefficients between SO2 pollution
and GDP per capita were, respectively, 0.55 and 0.21 lower than the national average, and
the decoupling coefficients between PM10 and GDP per capita were, respectively, 0.04
and 0.10 lower than the national average. In 2018, China adjusted the key regions of air
pollution control by excluding the PRD and adding several cities in Shaanxi within the
Fen–Wei Plain key regions. This adjustment had a direct impact on the regional decoupling
between economic development and air pollution: First, the decoupling in the PRD after
2017 was significantly worse than the national average. From 2018 to 2019, the average
decoupling coefficients between SO2 and PM10 and economic growth were 1.36 and 0.39
higher than the national average, respectively. Second, from 2018 to 2019, the decoupling
in Shaanxi improved significantly and was remarkably better than the national average
level. In 2019, the decoupling coefficients between SO2 and NO2 pollution and GDP per
capita were the lowest since 2014 (−4.41) and the second-lowest since 2014 (−0.52), while
the decoupling coefficient for PM10 was the lowest since 2014 (−0.80), which were all lower
than the national average.

The above results can be attributed to the fact that the Three-Year Action Plan and
the Action Plan have different priorities for the goals and policies in the key regions. As
mentioned above, the Action Plan is the first comprehensive plan for the prevention and
control of air pollution promoted at the national level and places a high priority on the three
key regions (the BTHS, YRD, and PRD regions) and formulating more stringent targets and
measures [9,44]. Furthermore, preferences are given to the key regions regarding science
and technology, capacity funding, and capacity building. For instance, the National Joint
Research Center for Tackling Key Problems in Air Pollution Control was established in
2017. This research center organized nearly 2000 scientists and first-line researchers to
carry out concentrated research on the causes and control of heavy air pollution in the
BTHS region and set up a team of experts to carry out a “customized strategy for each city”
campaign and offer technical guidance, which expanded to Xi’an, Xianyang, and other
cities in the Fen–Wei Plain in 2018. Since 2017, the central government has invested more
than 20 billion yuan to support key regional cities in carrying out clean heating campaigns
in winter and took the lead in launching a national atmospheric photochemical monitoring
network in the BTH, YRD, and other regions in 2018 [45,47]. Moreover, since 2017, China
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has conducted intensified supervision in key regions to organize, urge, and guide local
governments to rectify major environmental problems. The abovementioned measures
have played a key role in reducing the air pollutants in the key regions, which has been
better than the national average reduction. In 2020, the decline rate of aerosol optical depth
(AOD) and the atmospheric SO2 and NO2 columns in the BTH, YRD, and PRD regions
were all higher than the national average in 2015, according to satellite remote sensing
data, which are consistent with data from the national ambient air quality monitoring
network [48]. Xi et al. found that the decoupling between industrial development and air
pollutant emissions in the Beijing–Tianjin–Hebei region is better than that in central and
southern Liaoning (which is a non-key region) [26]. Therefore, we believe that China’s
implementation of stricter management and effective measures through the designation of
priority areas for air pollution control will significantly improve the coordination between
air pollution and regional economic development.

In future research, it is suggested that the planning of a new air pollution control
action plan should involve the comprehensive analysis of the current general air pollution
situation and a scientific delimitation of the key regions of air pollution control. Addition-
ally, the central government should also strengthen supervision and support for non-key
regions and provide policy guidance and financial and technical support. For example, it
could extend the “customized strategy for each city” campaign to cities in non-key regions,
strengthen scientific and technological support for air pollution control, guide and promote
the improvement of urban air quality in non-key regions, and simultaneously optimize the
decoupling of economic development from air pollution.

4.3. Analysis of the Causes of Insignificant Improvement of NO2 Decoupling

The results of this paper suggest that, from 2014 to 2019, the decoupling of economic
development from NO2 pollution was not significantly improved, unlike the decoupling
of economic development from SO2 and PM10 concentrations. We believe that this is due
to the fact that the NO2 concentration in China did not decrease significantly from 2001
to 2019. During this period, China made great efforts to reduce NOx emissions through
measures such as the ultralow-emission retrofitting of thermal power stations and the
steel industry, the comprehensive renovation of coal-fired boilers, and emission control of
mobile sources. However, NOx emissions are related to every aspect of residential living
and production, which makes the reduction of NOx difficult and costly [44]. Many studies
have shown that the most significant contribution to the reduction of NOx emissions in
China in recent years has come from industrial enterprises. Due to the rapid growth of
motor vehicle numbers and other factors, the effect of NOx emission reduction from mobile
sources is not significant. Between 2015 and 2020, NOx emissions in China decreased by
16%; however, this reduction was much less than that in SO2 [9,36,48,49]. The success
of NOx control in Beijing is instructive of how to improve the decoupling between NO2
pollution and economic development. Since 1998, Beijing has taken the lead in China
to regulate motor vehicle emissions by formulating and implementing more stringent
local standards for motor vehicle emissions and oil quality than the national average, the
elimination of old vehicles, and the vigorous promotion of new energy vehicles. These
actions have effectively reduced vehicle exhaust pollution and significantly reduced total
NOx emissions. In the past 20 years, the total amount of pollutants from various mobile
sources, including NOx, has decreased dramatically in Beijing, although the number of
motor vehicles has increased threefold. Between 1998 and 2017, the amount of NOx emitted
by motor vehicles in Beijing decreased by 55%, resulting in a 37.8% reduction in NO2
concentration during the same period [44,50,51]. Thus, a significant improvement was
made in the decoupling of economic development from NO2 pollution. Since Beijing has
maintained a GDP per capita growth rate of over 5.0% since 2011 except for 2014, it has
achieved a strong decoupling between NO2 pollution and economic development.

Additionally, this study showed that Beijing’s decoupling coefficient between NO2
pollution and GDP per capita reached −7.86 in 2008, which is the lowest decoupling



Sustainability 2021, 13, 6600 19 of 22

coefficient in any year among the studied regions. In the same year, Beijing’s decoupling
coefficients between SO2 and PM10 and GDP per capita experienced a similar abrupt sharp
drop. This phenomenon may be due to the fact that Beijing’s GDP per capita growth rate
slowed down in 2008, accompanied by a sharp drop in the concentration of air pollutants.
These changes can be attributed to the fact that Beijing hosted the Olympic Games in 2008:
First, many Olympic investment projects launched before 2008 exerted a huge depressing
effect on the economy. In 2008, the Olympic-related projects under construction were
completed or coming to an end, which had little impact on the GDP growth. This, in
combination with factors such as sudden and severe natural disasters in China, caused
Beijing’s GDP growth to slow in 2008 [52,53]. Second, the Olympic Games attracted much
foreign labor, which promoted population growth in Beijing. In 2008, Beijing’s resident
population grew by 5.7%—the highest yearly increase ever recorded—which dragged
down the GDP per capita growth. Third, to control air pollution before the Olympic Games,
Beijing had implemented enhanced control measures such as vehicle traffic restrictions,
resulting in a significant year-on-year reduction in the concentrations of various pollutants
during 2008; for example, the NO2 concentration declined by 25.5% in that year, the
highest yearly drop ever recorded. Additionally, an assessment performed by the United
Nations Environment Programme showed that temporary motor vehicle control measures
taken during the Olympics resulted in a 46% reduction in NOx emissions compared to the
baseline [54].

Therefore, we believe that the control of motor vehicle emissions directly determines
the effectiveness of NOx emission reduction and NO2 pollution control. In the future,
China should focus on mobile sources such as motor vehicles and vessels, vigorously
promulgate efforts to reduce NOx emissions, continue to deepen the adjustment of the
traffic and transportation structure, promote the “Railway Transition” (the transfer of
highway transport to railway transport), improve emission standards for motor vehicles
and vessels, strengthen the supervision of motor vehicle and vessel exhausts, promote
new-energy vehicles and vessels, and improve rail transportation and the electrification
and cleanliness of transportation.

5. Conclusions and Policy Recommendations

This paper focuses on regions of China where the contradiction between the environ-
ment and economic growth is most prominent. Using nearly 20 years of environmental air
quality monitoring data, it systematically and comprehensively assesses the relationship
between air pollution and economic development in key regions of air pollution control
and summarizes the experience in air pollution prevention and control. Thus, it provides
a scientific basis for China and other developing countries to coordinate high-quality
economic development and the high-level protection of the ecological environment. In
the 21st century, China has implemented several state-level air pollution control policies
and taken effective measures to reduce air pollutant emissions. Thus, China has achieved
sustained improvement in air quality while maintaining rapid economic growth, and
the relationship between air pollution (SO2, PM10, and NO2) and economic growth has
been fully decoupled. Since 2012, the country has made the strategic decision to promote
the construction of an “ecological civilization”, which has changed the old status quo of
“treatment after pollution” and opened a new development path of prioritizing ecological
conservation and boosting green development. Economic development and environmental
protection have been taken into account at the national level, and efforts have been made
to promote economic transformation and high-quality development through pollution
control. In this context, China has promulgated the Action Plan and the Three-Year Action
Plan to promote the decoupling of SO2 and PM10 pollution from economic growth across
the country. In these two plans, the state focuses on key regions of atmospheric governance
(the BTHS, YRD, and PRD regions) and gives strong support in areas such as science and
technology, capacity funding, capacity building, and supervision, and consequently, the
decoupling of economic growth from air pollution in these key regions are more optimized
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than that in other regions. Although the overall decoupling of economic development
from air pollution in China is good, it is worth noting that the decoupling of economic
growth from NO2 pollution has not improved significantly in recent years due to the
limited effectiveness of NOx emission reduction from mobile sources (e.g., motor vehicles),
which has become a shortcoming in China’s plan to achieve a comprehensive decoupling
of economic development from air pollution.

In addition, this paper puts forward the following suggestions: First, China and other
developing countries should change from the development path of “pollution first, control
later” and turn to a sustainable development path of “prioritizing ecological conservation
and boosting green development”. They should also intensify the optimization and ad-
justment of industry, energy, and transportation; eliminate backward production capacity;
and promote the use of renewable energy instead of fossil energy. Second, national-level
air pollution prevention and control policies with legal force and executive force should
be formulated in China and other developing countries, focusing on geographical areas
where air pollution problems are most prominent with more stringent goals and measures.
Moreover, support for technology, capital, and capacity building should be increased. The
vigorous improvement of regional air quality could set a demonstrative example that
could be followed by other areas. Third, it is recommended to strengthen the control of
motor vehicle pollution by steadily improving the quality of motor oil, accelerating the
elimination of old vehicles, and improving motor vehicle emission standards. Additionally,
new-energy vehicles should be vigorously promoted, and efforts should be made to reduce
NOx emissions and promote the steady decline of NO2 concentration.
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