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Abstract: The regional emission reduction determines the national emission reduction for one
country, and the differences in regional economic characteristics may result in regional differences
in air pollutant emissions (APEs). In this regard, this study constructs a regional contribution
index of different factors through an extended LMDI (Logarithmic Mean Divisia Index) method
and investigates regional differences in factors driving the changes of China’s major APEs (SO2,
NOx, and PM2.5). It reveals that the regional emission efficiency effect was a key inhibitory factor
on APEs, which was more obvious in the eastern and northern regions. The regional energy
intensity had greater inhibitory effects on SO2 and NOx than on PM2.5, and these inhibitory effects
were more obvious in the eastern region. The regional population structure promoted APEs for
northern, southern, northeastern, and eastern regions, and inhibited APEs for central, southwestern,
and northwestern regions. The regional relative income had a slight effect, which curbed APEs for
northern, eastern, southern, and northern regions. The national economic growth effect was the key
factor in promoting APEs, which was obvious in eastern and northern regions, followed by southern,
central, and southwestern regions. Policy implications are put forward based on empirical results.

Keywords: major air pollutant emissions; regional differences; extended LMDI method;
decomposition analysis; driving factors

1. Introduction

China’s economic development has led to huge energy consumption and great pressures on the
environment. As for the air quality in China, the China Environmental Bulletin said that only 99 cities
met air quality standards in 2017, there are 2311 heavy-pollution and 802 serious-pollution days among
prefecture-level cities, and the number of days with PM2.5 as primary pollutants accounts for about
74.2% [1]. Severe air pollution does harm to human health and causes serious economic losses [2].
For instance, the severe haze in January 2013 caused economic losses of about 2.538 million US dollars
in Beijing, accounting for 0.08% of its gross domestic product (GDP) in the same year [3]; increases
in PM2.5 concentration by 5 micrograms per cubic meter may result in decreases in GDP per capita
by about 2500 Renminbi (RMB) [4]; China’s economic losses caused by PM2.5 in 2016 amounted to
101 billion US dollars, accounting for 0.91% of its GDP in the same year [5]. China issued the pollution
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reduction target for the 13th Five-Year Plan (FYP) (2016–2020) that by 2020 the energy consumption
per 10,000 RMB GDP would be cut by 15% in comparison to 2015, and SO2 and NOx would be within
15.8 and 15.74 million tons, respectively, which are both 15% lower than the level of 2015. There are
regional differences in APEs for China because of its serious imbalances in economic development. As
for the air pollutant reduction, the national reduction target should be reasonably allocated to each
province and municipality as a regional target, to smoothly realize the national emission reduction
target. Therefore, it is urgent and important to study the regional differences in factors that affect APEs
in China, which is conductive to offer references for designing policies according to regional differences
and effectively reduce air pollutant emissions (APEs).

Many previous studies touched on the issues related to air pollutant emission trends and
characteristics [6–9], and the harm to the economy and human health [10–19]. Recently, more attention
has been focused on analyses of factors influencing APEs. Some studies established econometric
models to discuss the relationships between APEs and macroeconomic variables [20–23] and explore
the effects of these macroeconomic variables on APEs [24–27]. Some scholars analyzed sources of
APEs from the sectoral perspective and found that the power and transport sectors were the main
sources [28–30], followed by the agriculture and household sectors [31,32]. The decomposition method
has been widely used to decompose factors influencing energy use or emissions into some effects in
recent times. The structural decomposition analysis (SDA) method decomposes influencing factors
into direct and indirect effects mainly based on input-output data, so this method is conducive to
examine more effects. Compared with the SDA, the Logarithmic Mean Divisia Index (LMDI) does
not produce residual terms, which is better for time series analysis. The current literature applying
the LMDI to investigate the effects on carbon emissions found that the economic structure, energy
structure, industrial structure, income, population size, and renewable energy production capacity
had impacts on carbon emission changes [33–38]. In analyses of APEs, some studies decomposed SO2

emissions using this method. For example, Wu and Zeng (2013) decomposed SO2 emission intensity
and found that the industrial and energy structure adjustment effectively reduced SO2 emissions in the
Shijingshan District, Beijing, China [39]. Yang et al. used this method and pointed out that energy
consumption contributed to SO2 emissions, whereas advanced treatment technologies curbed the
emissions, and the energy mix had a small effect [40]. Wang et al. (2016) analyzed the factors for SO2

in Jiangsu Province, China, and suggested that the end-of-pipe treatment inhibited, but the energy
intensity promoted SO2 emissions [41]. He et al. (2016) decomposed SO2 emissions into the population,
scale, structure, technology, and governance factors, and the results showed that scale factors were
the main promoting effects on SO2 emissions, whereas technology and governance factors curbed
the emissions [42]. Lyu et al. (2016) explored the contributions of effects to PM2.5, NOx, and SO2

from 1997 to 2012, and suggested the economic growth and energy intensity were the key promoting
factors, and the emission efficiency, production structure, and population growth had small effects [43].
Zhang et al. (2019) analyzed influencing factors for PM2.5 concentration in China, and suggested that
emission intensity and energy intensity reduced, but economic output and population promoted PM2.5

concentration [44].
The characteristics of previous studies can be summed up in the following three aspects. First,

input-output data were used to analyze the APEs for different sectors [45,46], and econometric models
were used to explore the influencing factors [47,48]. As econometric methods have some statistical
errors in these analyses, the results may not be accurate. Second, the LMDI can be used to decompose
APEs without residual terms for the time series data, which is more suitable for analyzing influencing
factors, whereas this method was mostly used for decomposing energy consumption, carbon emissions
or single air pollutant (SO2), and was rarely used to comparatively analyze multiple major APEs. Third,
the current studies have concentrated on factors affecting APEs in view of a nation or single region,
but few articles have touched on this issue in view of multi regions to reveal the regional differences
in effects on multiple major APEs, such as SO2, NOx, and PM2.5. In this case, considering that the
regional emission reduction determines the national emission reduction for one country, and the
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differences in regional economic characteristics may result in regional differences in APEs, this study
extends the LMDI method from the multi-regional perspective to examine the regional differences
in influencing factors on SO2, NOx, and PM2.5 in China during 2005–2015. The contributions for this
work are as follows. First, the LMDI method is introduced into the regional decomposition to construct
a contribution index for different factors that drive the changes of major APEs in different regions.
Second, this study reveals the reasons for the regional differences in factors promoting or curbing APEs
through a comparative analysis of these factors. In this regard, this work can provide some insights for
formulating different regional emission reduction policies.

The following sections for this article are organized as follows: Section 2 introduces the method
and data source, Section 3 provides empirical results, Section 4 discusses the main findings, and
Section 5 concludes this study and gives relative policy suggestions.

2. Method and Data

Compared with the econometric analysis, the LMDI does not produce residual terms, so this
method is used for the analysis of factors that drive the changes of major air pollutant emissions.
The LMDI method can be used for either multiplicative or additive decompositions, where the
multiplicative form decomposes the ratio change of emissions whereas the additive form decomposes
the number of emission changes. The multiplicative and additive LMDI methods can be found in the
research by Ang [49]. As for the analysis of influencing factors, the same conclusion can be drawn even
though the results of the two decomposition forms are different. In this study, we used the additive
LMDI method because it is easy to examine the number of APE changes influenced by each factor. The
LMDI method was usually applied to decompose the factors with respect to different energy types
and sectors [50–52], but rarely for different regions. As for different regions, APEs can be expressed as
Equation (1):

AP =
∑
i
(APi/Ei) · (Ei/Gi)·(Gi/Pi) · (P/G) · (Pi/P) ·G

= APIi · EIi ·RIi ·NI−1
· PIi ·G

(1)

The definition for each variable is shown in Table 1.

Table 1. Definition of variables.

Variable Definition

AP Total air pollutants
APi Air pollutants from region i
Ei Fossil energy use for region i
G National GDP
Gi Region i’s GDP
P National population
Pi Population in region i

APIi Air pollutant emission efficiency for region i
EIi Energy intensity for region i
PIi Population proportion for region i
RIi GDP per capita for region i
NI National GDP per capita

Thus, APEs can be decomposed into the effects as follows, applying the additive LMDI method.
Regional emission efficiency effect:

∆APIi = L(APt, AP0) · (ln APIt
i − ln API0

i ) (2)

Regional energy intensity effect:

∆EIi = L(APt, AP0) · (ln EIt
i − ln EI0

i ) (3)
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Regional income effect:

∆RIi = L(APt, AP0) · (ln RIt
i − ln RI0

i ) (4)

National income effect:

∆NI = L(APt, AP0) · (ln NIt
− ln NI0) (5)

Regional population structure effect:

∆PIi = L(APt, AP0) · (ln PIt
i − ln PI0

i ) (6)

National economic growth effect:

∆Y = L(APt, AP0) · (ln Gt
− ln G0) (7)

For the function “L(APt, AP0)” in Equations (2)–(7), it is defined as

L(APt, AP0) =


(APt

i −AP0
i )/(ln APt

i − ln AP0
i ), APt

i , AP0
i

APt
i , APt

i = AP0
i

0, APt
i = AP0

i = 0
(8)

where, superscripts 0 and t are the base and target periods, respectively. The subscript i represents
the region. In this study, the economic significances for regional emission efficiency effect, regional
energy intensity effect, regional income effect, national income effect, regional population structure
effect, and national economic growth effect relatively reflect the variations of APEs led by the changes
of regional APEs per unit fossil energy use, regional fossil energy use per unit GDP, regional per capita
GDP, national per capita GDP, regional population proportion, and national GDP. The total effects can
be given as

∆AP = APt
−AP0 =

∑
i

[∆APIi + ∆EIi + ∆PIi + (∆RIi − ∆NI) + ∆G]. (9)

The assumption is that ∆SI = ∆RI − ∆NI and ∆SI reflects the comprehensive effect of regional
income and national income, which is defined as “regional relative income effect.” Thus, Equation (9)
can be rewritten as

∆AP = APt
−AP0 =

∑
i

(∆APIi + ∆EIi + ∆PIi + ∆SIi + ∆G). (10)

The contribution of total effects (CR) is

CR =
∑

i

(
∆APIi
|∆AP|

+
∆EIi
|∆AP|

+
∆PIi
|∆AP|

+
∆SIi
|∆AP|

+
∆G
|∆AP|

) × 100% =

{
100%, ∆AP > 0
−100%, ∆AP < 0

(11)

Thus, the contributions of different effects are described as follows.
Contribution of regional emission efficiency effect:

CRAPI = ∆APIi/|∆AP| × 100%. (12)

Contribution of regional energy intensity effect:

CREI = ∆EIi/|∆AP| × 100%. (13)
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Contribution of regional population structure effect:

CRPI = ∆PIi/|∆AP| × 100%. (14)

Contribution of regional relative income effect:

CRSI = ∆SIi/|∆AP| × 100%. (15)

Contribution of national economic growth effect:

CRG = ∆G/|∆AP| × 100%. (16)

Equations (12)–(16) indicate one effect increases (decreases) total APEs when its contribution is
positive (negative) [53].

Table 2 shows the definitions for air pollutant emission efficiency, energy intensity, population
structure, and relative income, and their units.

Table 2. Data for the variables used in the study.

Variable Definition Unit

Regional emission efficiency Air pollutants divided by fossil energy
use for a certain region 104t/tce

Regional energy intensity Fossil energy use divided by GDP for a
certain region tce/104RMB

Regional population structure Ratio of regional population to the
national total %

Regional relative income Regional income per capita divided by
national income per capita

The data on provincial air pollutants (NOx, PM2.5, and SO2) in China from 2005 to 2015 were from
the China environment protection database [54] and the emission inventory by Tsinghua University
using an “emission factor method” [55,56]. The data on provincial fossil energy use were collected from
the corresponding periods of the China Statistical Yearbook. The unit of fossil energy use was unified
into 10,000 tons of coal equivalent (104 tce) according to the conversion coefficients from different units
of fossil energy type to tce (2008). The provincial income per capita is denoted by the ratio of provincial
GDP to the provincial population at end of the year; the national income per capita is denoted by
the ratio of national GDP to the national population at end of the year. The basic data on provincial
and national populations at the end of the year, as well as provincial and national GDP, were from
the corresponding periods of the China Statistical Yearbook. The data on provincial and national
GDP were converted into standard prices using the price index (2005 = 100). In addition, Hong Kong,
Macao, Tibet, and Taiwan were not considered because of the lack of relevant data in these regions.

3. Empirical Results

Considering its geographical division, China can be divided into seven regions: the northern
region (Beijing, Hebei, Inner Mongolia, Shanxi, Tianjin), eastern region (Anhui, Fujian, Jiangsu, Jiangxi,
Shandong, Shanghai, Zhejiang), central region (Henan, Hubei, Hunan), southern region (Hainan,
Guangdong, Guangxi), southwestern region (Chongqing, Guizhou, Sichuan, Yunnan), northwestern
region (Gansu, Ningxia, Qinghai, Shaanxi, Xinjiang), and northeastern region (Heilongjiang,
Jilin, Liaoning).

3.1. Holistic Analysis

As Figure 1 indicates, the regional emission efficiency and regional energy intensity effects reduced
national APEs. The reducing effect on SO2 and PM2.5 in regional emission efficiency reduced and then
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grew, whereas this reducing effect on NOx reduced, grew, reduced, and then grew. The reducing effect
on APEs in regional energy intensity grew, reduced, grew, and then reduced, on the whole, and this
reducing effect on SO2 and NOx was stronger than on PM2.5. This is because SO2 and NOx emissions
are mainly from the fossil fuel combustion, whereas PM2.5 has more sources; PM2.5 emissions are
not only from fossil fuel combustion, but also come from the chemical production process, and some
physical process (raw material crushing). The regional population structure and national economic
growth effects increased national APEs. The promoting effect of national economic growth was
stronger than this effect of regional population structure, and presented a weakening, strengthening,
and then weakening trend. The regional relative income effect looks slight, but it has different impacts
on different APEs. The regional relative income had a promoting effect on SO2 and PM2.5 during
2007–2013, and it had a reducing effect in other periods. The regional relative income had a slightly
reducing effect on NOx over the whole study period. As for the total effects on APEs in different
periods, the results indicate that SO2 and PM2.5 presented a downward trend on the whole, except for
the period 2009–2011. This is because at the end of the 11th FYP (2006–2010) and beginning of the
12th FYP (2009–2011), the potentials of previous emission reduction policies were released, and new
policies were not fully formulated. Therefore, SO2 and PM2.5 emissions rebounded. NOx emissions
increased during the period 2005–2011 but rapidly decreased after 2011. This is because no clear policy
for NOx emissions reduction was issued before 2011, but the explicit emission reduction targets and
installation of denitrification devices for power plants and industrial boilers sharply reduced NOx

emissions after 2011.
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Figure 1. Effects on China’s air pollution emissions (APEs) at a national level from 2005 to 2015.

3.2. Regional Analysis

3.2.1. Regional Emission Efficiency Effect

The reducing effect of regional emission efficiency on SO2, NOx, and PM2.5 in most regions
over the whole study period grew and then reduced (Table 3), which is different from the trend
in the whole nation without considering regional divisions. The contribution of regional emission
efficiency effect among all regions was negative during 2005–2007 and 2007–2009, which indicates
that an increase in emission efficiency inhibited APEs (Figure 2a). The inhibitory regional emission
efficiency effect in the eastern and northern regions was relatively greater, followed by the central,
southern and southwestern regions. The statistics from China Statistical Yearbook indicate that the
industrial waste-gas treatment facilities in Shandong, Jiangsu, and Zhejiang (the eastern region), and
Hebei and Shanxi (the northern region) increased by 9500 during 2005–2009, and 476,000 people were
engaged in research and development (R&D) in large- and medium-sized industrial enterprises in
2009. The R&D and industrial pollutant abatement investments in these enterprises accounted for 1.1%
and 6.36% of corresponding regional GDP, respectively. The production technology and end-of-pipe
treatment in these areas were improved, thereby effectively reducing APEs.
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Figure 2. (a) Contributions of regional emission efficiency effect to China’s APEs at a multi-regional
level from 2005 to 2015; (b) Contributions of regional energy intensity effect to China’s APEs at a
multi-regional level from 2005 to 2015; (c) Contributions of regional population structure effect to
China’s APEs at a multi-regional level from 2005 to 2015; (d) Contributions of regional relative income
effect to China’s APEs at a multi-regional level from 2005 to 2015; (e) Contributions of national economic
growth effect to China’s APEs at a multi-regional level from 2005 to 2015.
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Table 3. The trend of reducing the effect of regional emission efficiency on APEs.

SO2
Northern
Region

Eastern
Region

Central
Region

Southern
Region

Southwestern
Region

Northwestern
Region

Northeastern
Region

2005–2007 ↓
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In the period 2009–2011, the reducing effect of regional emission efficiency on APEs reached its
maximum in all regions, and the order of the degree to this reducing effect was: eastern region >

northern region > southern region > central region > northwestern region > northeastern region >

southwestern region (Figure 2a). The emission efficiency effect for each region inhibited PM2.5 more
greatly than it inhibited SO2 and NOx during 2009–2011. This is because a series of measures for
engineering reduction, structural reduction, and management reduction, and the reduction investment
in this period promoted the emission efficiency. For this reason, PM2.5 decreased by 1425 kt (kilotons);
SO2 decreased by 14.29% in this period compared with the level in 2005.

In the periods 2011–2013 and 2013–2015, the contribution of regional emission efficiency effect
was negative, indicating the emission efficiency effect effectively curbed APEs. The curbing effect of
emission efficiency in the eastern and northern regions was still greater than in other regions. This
is because China’s government issued the comprehensive air pollution control plan in September
2012 (http://www.gov.cn/zwgk/2012-12/05/content_2283152.htm), and it declared that the APEs would
be controlled in key areas, such as East and North China, and SO2, NOx, and industrial root and
dust from Jing-Jin-Ji Area, Yangtze River Delta, and Pearl River Delta would decrease respectively
by 12%, 13%, and 10% by 2015. For this reason, the industrial structures in the eastern and northern
regions had been adjusted, with decreases in the proportion of industrial value added by 5.22 and
7.81%, respectively. Meanwhile, these regional governments focused on the combination of cleaner
production and end-of-pipe treatment, decreased fossil energy consumption, and steadily increased
the pollution abatement investment, to reduce APEs. However, the degree of the inhibitory effect of
emissions efficiency weakened during this period, and the reason is that the reduction potential for
this effect was released at the last stage, and this reduction potential became small in this period.

3.2.2. Regional Energy Intensity Effect

Table 4 shows that the reducing effect of regional energy intensity on SO2, NOx, and PM2.5 in
most regions grew during periods 2005–2007 and 2007–2009, reduced during the periods 2011–2013
and 2013–2015; the strongest reducing effect occurred during 2009–2011. The contribution of regional
energy intensity effect was negative among all regions during the period 2005–2007. This indicates that
the energy intensity effect curbed APEs. Especially, the energy intensity effect greatly curbed APEs

http://www.gov.cn/zwgk/2012-12/05/content_2283152.htm
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in the eastern and northern regions (Figure 2b). The reasons for these results are as follows. First,
Shandong and Jiangsu in the eastern region had a high level of heavy industry; the industrial share for
these provinces declined, and the industrial structure was optimized during this period. Meanwhile,
the energy use per 104 RMB GDP declined, and this improved energy efficiency and curbed APEs. The
industrial share for Hebei and Shanxi increased by 1.61 and by 4.13%, and the energy consumption per
104 RMB GDP decreased, respectively, by 7.8 and by 11.4% [18]. Therefore, the energy intensity for the
two provinces decreased significantly, thereby effectively inhibiting APEs. Second, increases in the
industrial proportion and energy consumption per 104 RMB GDP for Qinghai in the northwestern
region promoted its APEs.

Table 4. The trend of reducing the effect of regional energy intensity on APEs.

SO2
Northern
Region

Eastern
Region

Central
Region

Southern
Region

Southwestern
Region

Northwestern
Region

Northeastern
Region
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The regional energy intensity effect in all regions curbed national APEs during 2007–2009. This
curbing effect in the eastern region was the greatest, whereas the curbing effect in the northwest
region was the smallest. The energy intensity effect for Shanxi in the northern region, Shandong and
Jiangsu in the eastern region, Henan and Hunan in the central region, and Liaoning in the northeastern
region effectively reduced APEs. The reason is that increases in the energy-saving investment and
development of low-energy and high-tech industries in these areas effectively reduced energy use per
104 RMB GDP, during this period (Figure 3). However, because of the Western Development Strategy,
increases in the industry proportion and energy use per 104 RMB GDP in the northwestern region
promoted APEs. Especially for Xinjiang, the energy use per 104 RMB GDP increased by 11.6%. Thus,
the curbing effect in the northwest region was the smallest among all regions.
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Figure 3. Energy consumption per 104 Renminbi (RMB) GDP for Shanxi, Shandong, Jiangsu, Henan,
Hubei, Hunan, Liaoning, and Xinjiang from 2007 to 2009.

The regional energy intensity had a relatively greater curbing effect on APEs in the southwestern,
central, and eastern regions during 2009–2011 and 2011–2013. The reason is that the industrial structure
optimization decreases in the industrial proportion (Figure 4), and increases in the investment for
energy-saving and emission-reduction technology improved the energy efficiency in Chongqing (the
southwestern region), Hubei and Hunan (the central region), and Shandong (the eastern region) [49].
The regional energy intensity had a small curbing effect and even a slight promoting effect on APEs in
the southern and northwestern regions. The reasons are as follows. First, the energy intensity effect for
Guangxi in the southern region (2009–2011), and Ningxia, Qinghai and Xinjiang in the northwestern
region (2011–2013) were relatively underdeveloped in their economies and had lower energy utilization
efficiencies in the corresponding period. Second, these provinces entered the heavy industry stage,
and the energy consumption per 104 RMB GDP was almost higher than the national average level
(Figure 5).
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Figure 4. Industrial proportion for Shandong, Hubei, Hunan, and Chongqing from 2005 to 2007.
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Figure 5. Energy consumption per 104 RMB GDP for Guangxi, Ningxia, Qinghai, and Xinjiang from
2009 to 2013.

During 2013–2015, the regional energy intensity had curbing effects on APEs, and this curbing
effect in the southwestern region was the greatest. This is because the regional government actively
carried out industrial restructuring by increasing the tertiary proportion, such as tourism and other
services to lower energy use per 104 RMB GDP during this period [51].

3.2.3. Regional Population Structure Effect

Figure 2c shows the regional population structure had only a small effect on APEs on the whole.
During 2005–2007 and 2007–2009, the contribution of regional population structure effect in the eastern,
southern, northern, and northeastern regions was positive. This indicates the regional population
structure effect in these regions promoted APEs. The contribution of other regions was negative,
thereby reducing APEs.

During 2009–2011, the regional population structure effect promoted APEs in the northeastern,
northern, eastern, and northwestern regions. The regional population structure effect in the
southwestern, central, and southern regions decreased APEs.

During 2011–2013 and 2013–2015, the contribution of regional population structure effect was
positive in the northern, southern, northwestern and northeastern regions and negative for other
regions, but these contributions seemed near-zero. This indicates that the population structure effect
can be considered negligible.

3.2.4. Regional Relative Income Effect

The relative income (compared with the national income) is higher than “1” for the northern and
eastern regions, almost equal to “1” for the northeastern region, and lower than “1” for other regions
(Figure 6). This indicates that the regional income was relatively high for northern and eastern regions,
followed by the northeastern region, and relatively low for other regions. Figure 2d shows that the
regional relative income effect in central, southwestern, and northwestern regions promoted APEs
during 2005–2007. This is because the regional relative income for regions with low per capita income
is easy to increase more rapidly than regions with high per capita income. Moreover, residents with
low income paid more attention to the living standard rather than to environmental quality and would
consume more high-pollution and high-energy-consuming products [57], which promoted APEs. The
contributions of regional relative income effect in northern, eastern, southern, and northeastern regions
were negative, and this indicates this effect decreased APEs in these regions. Residents with a high
income focus more attention on environmental quality improvement and environmental protection,
and are willing to buy environment-friendly products, and accept strict environmental regulations [58],
which resulted in structural changes in the economy and decreases in APEs.
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Figure 6. Regional relative income from 2005 to 2015.

During the periods 2007–2009 and 2009–2011, the contributions of regional relative income effect
in the eastern, southern, and northeastern regions were negative, and this indicates the regional
relative income effect lowered APEs, whereas these contributions in other regions were positive, and it
promoted APEs. The reason for regional relative income effect in the northern region promoting APEs
is that Shanxi (2009–2011) and Inner Mongolia contributed most to APEs. As a coal-rich province,
Shanxi has large coal consumption, leading to APEs. Meanwhile, a large coal heating capacity was
needed for the long winter periods with torrential storms because of extreme weather during 2009–2011,
thereby increasing energy consumption and APEs in Inner Mongolia.

In the periods 2011–2013 and 2013–2015, the effect of regional relative income still increased
APEs in the central and southwestern regions, curbed APEs in the northern and northeastern regions,
decreased and then increased APEs in the eastern and southern regions, and promoted and then
inhibited APEs in the northwestern region. On the whole, the contributions seemed smaller, and even
near-zero during 2013–2015.

3.2.5. National Economic Growth Effect

Figure 2e shows during the periods 2005–2007 and 2007–2009, the national economic growth effect
increased APEs for all regions, and the order of the degree to promoting APEs was eastern region >

northern region > central region > northwestern region > southern region > northeastern region >

southwestern region. The promoting degree to national economic growth effect was most significant
for Shandong and Jiangsu in the eastern region, Hebei in the northern region, and Henan and Shanxi in
the central region. This is because the GDP for these provinces was relatively large. During this period,
the rapid economic growth, increases in industry proportion and unreasonable industrial structure
promoted APEs.

During 2009–2011, the national economic growth effect for all regions on APEs (especially PM2.5)
was enhanced. As the economic growth rate reached the maximum level in this period, the value
added for the secondary industry, accounted for a large proportion, thereby consuming huge fossil
energy and emitting more APEs.

During 2011–2013 and 2013–2015, the contribution of national economic growth went down
significantly, so this promoting effect was steadily weakened. Generally, the promoting effect of
economic growth showed a weakening trend because of the slight decline in the economic growth rate
during the periods.

4. Discussions

The following findings can be obtained through the empirical results.
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4.1. The Regional Emission Efficiency Effect was the Key Curbing Factor

The regional emission efficiency effect was the most significant curbing factor for APEs. The
inhibitory effect on NOx was strengthened and it was weakened on SO2 and PM2.5 and then strengthened
over the study period. The curbing effect of regional emission efficiency was greater in the eastern and
northern regions, followed by the southern and central regions (Table 3 and Figure 2a).

The curbing effect of regional emission efficiency reflects the continuous decline in air pollution
emissions per unit energy consumption and indicates the improvement in end-up-pipe treatment
technology [59,60]. Different emission reduction policies and different emission reduction potentials
for different periods led to the differences in regional emission efficiency effect. For example, the
target was put forward for SO2 emission reduction by 10% at the beginning of the 11th FYP period
(2006–2010) [61], so SO2 emissions and particulate matters decreased by 14.3% and by 30% at the end
of this period. The sharp decreases in SO2 emissions at the beginning of the 11th FYP period resulted
in small SO2 emission reduction potential for the next years. Thus, the inhibitory effect of regional
emission efficiency on SO2 decreased significantly at the end of the 11th FYP period (2006–2010).
During the 12th FYP period (2011–2015), China’s government proposed emission reduction targets
on decreases in SO2 and NOx emissions by 8 and by 10%, and promotions for the construction and
renovation of terminal treatment projects, such as installation of desulphurization and denitrification
equipment [62], so the inhibitory effect of regional emission efficiency on SO2 was strengthened, and
as a consequence, the curbing effect on PM2.5 was strengthened as well. As the denitrification rate
was relatively low before 2006, the emission reduction potential for NOx was great during the 11th
FYP period (2006–2010). The NOx mission reduction target (NOx emission reduction by 10%) for
the 12th FYP period (2011–2015) led to the inhibitory effect of emission efficiency on NOx further
strengthened. Although no clear target on PM2.5 emission reduction was proposed, the electrostatic
precipitation and more advanced equipment were used in reality, which had decreased dust by 99%.
So the emission efficiency improvement for PM2.5 was relatively small, but the emission efficiency
improvement potential for PM2.5 was smaller than this potential for SO2 and NOx [63,64].

At the regional level, different economic characteristics, and different emission reduction facilities,
investments and policies, led to the regional differences in emission efficiency effect. About 90% of fossil
energy was used in the industrial sector in China [17], and the industrial sector covered the highest
proportion of GDP (Figure 7). Thus, the pollution end treatment pattern in the regional industrial sector
had a direct impact on APEs. Figure 8 shows that during the 11th FYP period (2006–2010) most of the
waste-gas treatment facilities were in the eastern and northern regions, followed by the central, south,
and northeastern regions, and the least were in the southwestern and northwestern regions. Moreover,
the northern and eastern regions had high investments in waste-gas treatment (Figure 9), which made
the regional emission efficiency effect effectively inhibited APEs in these regions. Even though the
number of facilities in the northeastern region was similar to the number in the southern region,
the northeastern region had low emission abatement efficiency as an old industrial base with high
proportional industry and fossil energy consumption in China. Thus, increases in reduction facilities
were not sufficient for the northeastern region to effectively improve its emission abatement efficiency.
The comprehensive air pollution control plan issued in September 2012 declared that the Jing-Jin-Ji Area,
Yangtze River Delta, and Pearl River Delta were seriously polluted by compound APEs, and it was
necessary to control SO2, NOx, and particulate matter by installing desulfurization and denitrification
equipment, and upgrading and renovating abatement facilities. Therefore, during the 12th FYP period
(2011–2015), the regional emission efficiency in the northern, eastern, and southern regions had an
obvious curbing effect on APEs. During the whole study period, increases in abatement investments in
large- and medium-sized industrial enterprises, and the relatively high technology level for abatement
treatment in the northern, eastern, and southern regions led to an effectively inhibitory effect of regional
emission efficiency. By contrast, the slight curbing effect of regional emission efficiency was associated
with the low abatement investments for the southwestern, northwest, and northeastern regions.
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Figure 7. Regional industrial proportions from 2005 to 2015.
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Figure 8. Regional waste-gas treatment facilities from 2005 to 2010.
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Figure 9. Regional waste-gas treatment investments from 2005 to 2015.

4.2. The Regional Energy Intensity Effect Curbed APEs

The regional energy intensity effect was the greatest in the eastern region, and relatively small in
southern and northwest regions. The regional energy intensity had an obvious curbing effect on SO2

and NOx than on PM2.5. China’s energy intensity had been declining for a long time, especially in
the industrial sector [65]. For the high output and fossil energy consumption in the industrial sector,
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decreases in energy use per unit output in the industry resulted in significant decreases in APEs, and
this result was supported by Zhang et al. (2015) [66]. During the study period, the degree of curbing the
effect of regional energy intensity declined, which reflects the dropping trend of promotion of China’s
industrial energy efficiency. SO2 and NOx emissions are mainly from fossil fuel combustion, whereas
PM2.5 emissions are not only from fossil fuel combustion but also from physical production processes.
Therefore, the energy intensity had an obvious curbing effect on SO2 and NOx than on PM2.5.

At the regional level, the eastern region actively adjusted its industrial structure and promoted
energy-saving technologies to improve energy efficiency. Thus, the declines in fossil energy
consumption and energy intensity in this region effectively curbed APEs, which is consistent with Song
et al. (2013a,b,c) and Chen et al. (2015) [67–70]. The northwestern region had a huge industrial value,
unreasonable industrial structure, and massive fossil energy consumption. In addition, the energy
use per 104 RMB GDP was relatively high. Thus, more attention should be paid to energy efficiency
promotion in the northwestern region, especially in the Ningxia, Qinghai, and Xinjiang provinces in
this region. The southern region had low total industrial value and total energy consumption, so the
energy intensity effect had a small curbing effect on APEs. The industrial proportion and the energy
consumption in the northern region before 2010 were relatively high, whereas the energy use per
104 RMB GDP greatly decreased; after 2010, increases in fossil energy consumption and declines in
energy use per 104 RMB GDP slowed down the energy efficiency improvement in the region, thereby
weakening the curbing effect of regional energy intensity. On the contrary, the low fossil energy
consumption and high energy use per 104 RMB GDP in China’s central and southwestern regions
before 2010 decreased the curbing effect of energy intensity; whereas the energy efficiency in these
regions after 2010 had been greatly improved, so the curbing effect of energy intensity promoted. The
results by Dong et al. (2018), Huang et al. (2017), and Tan and Lin (2018) showed that industrial
structure optimization, technological input, and energy prices were decisive factors in reducing energy
intensity. In this case, China has a great energy-saving and emission-abatement potential, especially in
the central and western regions with unreasonable industrial structure [70–72].

4.3. The Regional Population Structure and Regional Relative Income had a Small Effect on APEs

The regional population structure effect increased APEs in the northern, southern, and northeastern
regions, whereas it decreased the APEs in the central and southwestern regions, over the whole study
period. The regional population structure had a slight promoting and then curbing effect in the eastern
region, and it was reverse of this in the northwestern region. Data from the China Statistical Yearbook
shows that during 2005–2015, the national population increased by 5.1%, and energy consumption per
capita rose from 0.211 to 0.365 tce, which resulted in increases in total energy use and promotion of APEs.
In view of different regions, the population size in the northern, eastern, southern, and northeastern
regions increased by 14.1, 7.9, 12.8 and 1.8%, respectively, during 2005–2015. The concentrated
population aggravated the energy-intensive product demand [73,74], thereby promoting APEs. The
result that the population structure had a small promoting effect on primary APEs was supported by Lyu
et al. (2016) and Wang et al. (2018) [43,75]. Moreover, the urbanization process was always associated
with housing and infrastructure construction, large demand for energy-consuming commodities, and
heavy vehicle emissions, thereby promoting APEs. Zhou and Liu (2016) also suggested that the
regional urbanization would increase energy consumption and APEs except in the western region [76].
The northwestern region has a relatively small population size during 2005–2011, so a small increased
population led to obvious increased APEs in this region during 2011–2015. The slow population
growth and reasonable urbanization construction in the eastern region effectively reduced APEs in the
period 2011–2015.

The regional relative income effect reduced APEs in the northern, eastern, southern, and
northeastern regions, but promoted APEs in other regions. The promoting or curbing effect of regional
relative income on APEs can be explained by the environmental Kuznets curve theory [24,41,77].
At relative a low-income level, the economic structure changed from agriculture to energy-intensive
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industries, and air pollution was becoming serious accompanied by increases in income; the economic
structure turned to low-pollution services and knowledge-intensive industries after a certain income
level (inflection point), and this then reduced APEs. Moreover, the high-income level was closely
related to high-efficiency environmental technology and active environmental awareness, thereby
improving environmental quality. In this study, the regional relative income effect curbed APEs in
the northern, eastern, southern, and northeastern regions because of slow increases in the relative
income, whereas this effect increased APEs in other regions because of the rapid increases in relative
income [78,79].

4.4. The National Economic Growth Effect was the Key Promoting Factor

The national economic growth effect was the key promoting factor and showed a
weakening–strengthening–weakening trend. This was supported by Chang et al. (2018) and Chen
et al. (2018) [80,81]. This promoting effect was more obvious in the eastern and northern regions,
followed by southern, central, and southwestern regions. China’s economy was affected by the global
economic crisis in 2008. During 2007–2009, the economic growth rate declined, and the proportional
secondary industry decreased. This weakened the promoting effect on APEs. China statistics show
that the economic growth rate in China rose by 3.4% in 2010 compared with the level in 2009 [17],
which led to increases in APEs during this period. During the study period, GDP in the eastern and
northern regions was the highest, accounting for more than 50% of China’s GDP [82], so the promoting
effect of national economic growth on APEs in these regions was obvious. The economic aggregate
in the northwestern and northeastern regions was small, accounting for only about 13% of China’s
GDP [18], which resulted in a relatively small promoting effect on APEs in the regions.

5. Conclusions and Policy Implications

This article introduced the LMDI method into the regional decomposition to construct a
contribution index for different factors that drive the changes of major APEs in different regions and
discussed the reasons for the regional differences in factors promoting or curbing the APEs through
comparative analysis. This work came to these conclusions based on the empirical analysis: (1) the
regional emission efficiency effect was the most significant curbing factor for APEs; the curbing effect
of regional emission efficiency was great for eastern and northern regions, followed by southern and
central regions, whereas it was small for southwest, northwestern, and northeastern regions. (2) The
curbing regional energy intensity effect was greater on SO2 and NOx than on PM2.5; this curbing effect
was great in the eastern region and small in the southern and northwestern regions. (3) The regional
population structure had a small promoting effect on APEs on the whole, and it promoted APEs for
northern, southern, northeastern, and eastern regions, whereas it curbed these pollutants for central,
southwestern, and northwestern regions. (4) The regional relative income effect had a small impact on
APEs; it reduced APEs for northern, eastern, southern, and northern regions, but promoted APEs for
other regions. (5) The national economic growth effect was the key promoting factor for APEs; the
promoting effect of national economic growth was most obvious in the eastern and northern regions,
followed by southern, central, and southwestern regions.

The findings of this article can point to the following policy implications. (1) Strengthening the
curbing effect of emission efficiency is needed by combining cleaner production with end-up-pipe
treatment. On the one hand, there is a need to encourage clean production by using advanced clear
production technologies and processes; on the other hand, air pollution treatment facilities and relative
capital investment should be increased to improve terminal abatement capability. Different measures
should be adopted in different regions. For the eastern region with the obvious curbing effect of
emission efficiency, more attention should be paid to cleaner production through strengthening the
process control, improving the energy use efficiency, and enhancing the clear industry proportion.
For the central and western regions with a small inhibition effect of emission efficiency, more policy,
technology, and funding supports are needed to improve the terminal abatement capacity. (2) The
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energy intensity should be decreased further. China’s government should emphasize the industrial
restructuring and supply-side reform for industries with high fossil energy use. It is needed to promote
inter-regional cooperation to realize inter-regional technology innovation in energy conservation and
emission reduction. More attention should be focused on low energy use efficiency in some industrial
sectors [82]. (3) The regional population transfer should be focused on, and some measures should
be taken to inhibit the unbalanced population mobility and adjust the current regional population
structure, and it is necessary to narrow the regional income gap because the regional population
structure and regional relative income effect changes in APEs. (4) The government should coordinate
the regional economy to narrow the gap between different regions so as to effectively reduce APEs.
As China’s APEs are mainly from the industrial sectors [83], more attention should focus on the
improvement of industry structure, especially for the regions with a huge economic aggregate.
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