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a b s t r a c t

Emissions of the fine particulate matters (diameter of 2.5 mm or less) caused by both the primary particle
emissions and the precursor emission sources such as sulfur dioxide and nitrogen oxides, have
contributed significantly to poor urban air quality in China, and have attracted tremendous public
attention over the past few years. This study provides an interdisciplinary study to investigate the key
contributors driving air pollution emissions changes in China from 1997 to 2012, by applying the Log-
arithmic Mean Divisia Index method. The decomposition results are presented in both multiplicative and
additive approaches to show the relative and absolute contribution of each factor in affecting emission
changes. Changes in total particulate matter emissions are attributed to variations in primary particle,
sulfur dioxide and nitrogen oxides emissions. It is manifested that the economic growth effect and en-
ergy intensity effect have always been the two key drivers in affecting the changes in air pollutant
emissions over the period. The effects of emission efficiency, production structure and population growth
contribute less significantly to overall emission changes, and the impacts of different factors vary among
different pollutants. Since current strategies and policies in combatting particulate matter emissions are
inefficient, this paper provides a guideline for the Chinese Government to deal with the air pollution
problem for sustainable development in China.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

China is among the most rapidly urbanizing countries in the
world. The economic growth-driven urbanization process in China,
and its relationship with the continuous industrialization, has led
to numerous problems such as urban sprawl, severe environmental
degradation and pollution. Specifically, urban air pollution is of
major environmental concern (Wang, 2009).

The rampant smog that appeared more frequently in past years
has revealed problems associated with China's urbanization. In the
f Government, Harvard Uni-

velopment, University of East
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winter of 2013, the heavy smog covered 70major cities in the north
of China, veiling 15% of the national territory in total (Xinhua News,
2013). The Chinese government has striven to resolve the issue, but
effects, to date are currently not as positive as had been hoped. The
adverse weather conditions have to some extent contributed to
forming the smoggy days, but fundamentally, the phenomenon is
primarily due to the pollution as a consequence of China's indus-
trialization and urbanization. Over exploitation of resources,
considerable reliance on industrial sectors (Appendix Figure A1)
and coal (Appendix Figure A2), the blind pursuit of high GDP
growth and mass population migration that further increases the
density of urban areas have resulted in unsustainable urbanization
in China.

Partly encouraged by the worldwide drive for clean air, by the
end of 2014, Beijing's leaders had done all that was currently
possible to ensure the capital's skies were clean for the
AsiaePacific Economic Co-operation (APEC) summit and to ensure
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the world that the problem was receiving intensive consideration.
During APEC, thousands of factories surrounding Beijing were
commanded to close, car volume was restricted and millions of
people were forced to take a mandatory holiday. The use of the
newly coined phrase ‘APEC blue’ for the occasion, firmly under-
lined China's clean air intentions. Clearly the smog control could
not be achieved “over night” and the current measures in place
were still embryonic. It is believed that potential effects of the
massive scale of urbanization in China will stimulate more daring
and radical smog abatement strategies and emission targets in the
future.

This study quantified the socioeconomic drivers of PM2.5
emissions. PM2.5 (particulate matter smaller than 2.5 mm) is the
major component of smog. It is well noted that urbanization has
considerable impact on national PM2.5 concentrations (Han et al.,
2014), hence production-related PM2.5 emissions are used as the
indicator of China's urban sustainability. PM2.5 is both a primary
and secondary air pollutant. The primary sources of PM2.5 emis-
sion are from industrial process, diesel vehicles, and coal com-
bustion (Guan et al., 2014a, b). According to Zheng et al. (2005), a
substantial proportion of ambient PM2.5 concentration in China is
contributed by primary sources of PM2.5 emissions. The second-
ary sources are the results of oxidation of other chemicals such as
sulfur dioxide (SO2), nitrogen oxides (NOx), volatile organic
compounds (VOCs), and ammonia (NH3) (Megaritis et al., 2013). It
is difficult to directly analyze secondary PM2.5 emissions due to
the uncertainties of association with atmospheric chemistry
modeling. In this study, therefore, SO2 and NOx emissions are
considered as precursors of the total PM2.5 emissions. SO2 is
predominately emitted from coal combustion due to the high
sulfur content, while NOx is primarily contributed by traffic
exhaust.

In this study, there are five key driving forces of the change of
PM2.5 emissions: emission efficiency (10 kilo-ton/PJ), energy in-
tensity (PJ/10 thousand yuan), production pattern, economic
growth (10 thousand yuan/10 thousand people) and population
growth (10 thousand people). The magnitude of each factor in
driving PM2.5 emission changes is quantified by Index Decompo-
sition Analysis (IDA) using the Logarithmic Mean Divisia Index
(LMDI) method (Ang, 2004), so that potential bottom-up smog
mitigation policies can be initiated to facilitate sustainable urban-
ization in China.

This study first reviews the historical and current situation of
world urbanization, with particular focus on China. Air pollution
problems, especially smog, resulting from urbanization process are
summarized and illustrated by worldwide cases. Next, a review of
previous studies on China's PM2.5 emissions and researches on the
change of SO2 emissions in China through the LMDI method are
given. Socioeconomic factors affecting China's primary PM2.5, SO2
and NOx emissions changes between 1997 and 2007 are quantified,
and results are then presented and discussed. At the end of the
study, conclusions are drawn and recommendations on a suitable
path for urbanization in China are made, based on the effect of each
socioeconomic driver of PM2.5 emissions.

2. Literature review

There have been numerous studies on airborne particulate
matters in China. Some Chinese scholars have measured the
chemical composition as well as the possible sources of PM2.5 in
order to reduce the emissions in some cities of China, especially
in more developed areas such as Beijing and Shanghai (Zhao
et al., 2013; Duan et al., 2006; Huang et al., 2006; Liu et al.,
2012b). An overview of the formation mechanism and control
measures of combustion particulate matters in China is given in
Yao et al. (2010). Other researchers have focused on the human
health impacts of fine particle matter. Recently, there has been
an increasing number of studies investigating the spatial-
temporal variations of PM2.5 concentrations in Chinese cities
(Hao and Liu, 2016; Yang and Christakos, 2015; Chai et al.,
2014). Zhang et al. (2015) and Guan et al. (2014a, b) have
studied the socioeconomic drivers of China's primary PM2.5
emissions by conducting structural decomposition analysis on a
consumption basis. Xu and Lin (2016) have applied the panel
data and IPAT model to study the contributing factors and
mitigation strategies of regional pollution emissions in China.
Although Fujii et al. (2013) studied the technological factors
affecting air pollution abatement from 1998 to 2009 in China,
there is still a lack of knowledge of the socioeconomic drivers of
PM2.5 emissions from a production perspective in more recent
years.

Identification and quantification of the socioeconomic factors
contributing to PM2.5 emission variations in China can be essen-
tial not only for PM2.5 mitigation and human health impact
control, but also for making recommendations regarding sus-
tainable development in China. Techniques available for con-
ducting such analyses include structural decomposition analysis
(SDA) (Rose and Casler, 1996) and index decomposition analysis
(IDA) (Ang, 2004; Liu et al., 2012a), both of which have been
applied extensively in analyzing socioeconomic drivers of energy
consumption variations and CO2 emission changes in China (Guan
et al., 2009; Dhakal, 2009; Liu et al., 2012b; Feng et al., 2012;
Chong et al., 2012，Liu et al., 2012c; United Nations, 2014; Xie
et al., 2015, Ang and Liu, 2007b, Guan et al., 2014b, Zhang,
2013a.), yet barely for other air pollutant emissions. Input-
output tables are needed to perform the inputeoutput struc-
tural decomposition analysis (SDA), and it is not as simple and
flexible as index decomposition analysis (IDA). IDA is an analytical
tool originated from energy studies, which has been applied in
several energy-related fields, such as energy demand analysis,
national energy efficiency monitoring, and energy-related gas
emission analysis (Ang, 2004). In the literature, a variety of index
decomposition methods have been developed, most of which can
be classified into Laspeyres index and Divisia index methods
(Ang, 2004). According to Ang (2004), the LMDI method which is
developed based on Divisia index is the most preferred method,
as it passes a number of basic tests for a good index number. The
decomposition is perfect, which means that there is no residual
term that other methods may produce. The multiplicative and
additive decomposition results are linked by a simple formula,
and they are also consistent in aggregation (Ang, 2005). It can
also deal with zero value better than other methods (Ang and Liu,
2007).

Up to date, there have been some studies on the socioeconomic
drivers of air pollutant emissions in China employing the Index
Decomposition Analysis. For example, Zhao et al. (2010) applied
LMDI (I) and (II) methods, decomposing the change in SO2 in-
tensity (emission volume per unit of gross industrial output)
during 1998e2006 into industrial structure shift effect, production
intensity effect and government control effect. They discovered
that the SO2 emission intensity declined despite an increase in the
total SO2 emission volume during the period. The main driver
reducing SO2 emissions intensity was the decline in SO2 produc-
tion intensity, which may be attributed to technological
improvement. Industrial structural adjustment and governmental
emission control needed to be intensified to further reduce SO2
emissions intensity in the future. Han et al. (2011) included the
scale effect into their decomposition analysis to quantify the un-
derlying drivers of SO2 emission changes between 2005 and 2008.
They concluded that the scale effect did not help to reduce SO2
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emissions while structural variation did. Zhang (2013a, b)
decomposed the SO2 emission intensity between 2001 and 2010,
and attributed the reduction in emissions intensity to the
improvement in energy efficiency, process-integrated prevention
and end-of-pipe control. He concluded that during the decade the
reduction of SO2 emission density was primarily due to end-of-
pipe treatment, which did not require change in the production
process but relied on relatively mature technology. However,
China needs to enhance the whole process treatment by such as
utilizing more clean energy and green raw materials and
upgrading processing technology for emissions reduction. How-
ever, the research subjects of these studies focused predominantly
on SO2 emissions, and a lack of study has been done on primary
PM2.5 and NOx emission changes.

As a result, comparing with previous studies, this paper has four
main contributions. First, to the best of our knowledge, this study is
the first investigation of the socioeconomic drivers of the primary
PM2.5, SO2 and NOx emission changes in China by applying the
Index Decomposition Analysis method. Second, our decomposition
analysis provides both additive and multiplicative results, which
helps to identify the absolute and relative effect of each factor in
driving emission changes. Third, this paper uses the ‘time series
decomposition’ approach, which, according to Ang et al., is able to
improve the decomposition results. Lastly, this article provides
sectorial results to pinpoint the effects of developments of primary,
secondary and tertiary industries in driving emission changes at
national level.

3. Methods and data

The calculations of emission contributions are based on index
decomposition analysis. According to Ang (2005), let V be an energy
or environmentally related aggregate. Assume that there are n
factors driving the changes in V over time and each is associated
with a quantifiable variable whereby there are n variables: X1, X2,…
Xn. Let subscript i be a sub-category of the aggregate, and Vi is
expressed as the product of X1,i, X2,i, … and Xn,i. Therefore, the
general index decomposition analysis (IDA) identity is given by:

V ¼
X
i

Vi ¼
X
i

X1;iX2;i…Xn;i (1)

In multiplicative approach, the ratio of the aggregate between
period 0 and T is decomposed, as shown in Eq. (2):

Dtot ¼ VT
.
V0 ¼ Dx1Dx2…Dxn (2)

The product of the relative changes driven by each factor should
be equal to the total relative change of the aggregate.

In additive approach, the difference of the aggregate between
period 0 and T is decomposed, as shown in Eq. (3):

DVtot ¼ VT � V0 ¼ DVx1 þ DVx2 þ…þ DVxn (3)

The sum of the absolute change driven by each variable should
be equal to the total absolute change of the aggregate.

The terms on the right-hand side of Eqs. (2) and (3) are the ef-
fects associated with respective factors in Eq. (1).

According to Chong et al. (2012), changes in CO2 emissions from
production processes can be studied by quantifying the impacts of
changes in five different factors: sectorial emission efficiency,
sectorial energy intensity, production pattern, economics and
population. This approach is extended in this study to analyze PM2.5
emissions changes. The changes in each factor help to quantify the
change in PM2.5 emissions from fuel mix, technological advance-
ment, production pattern, economic growth and population growth
aspects. While the urbanization process may substantially alter the
layout of vegetation and pose other negative impacts, which tend to
subsequently cause air pollution, the effects are excluded from the
paper. The sub-category of the aggregate is industrial sector. The
index decomposition (IDA) identity in Eq. (1) may be written as

C ¼
X
i

Ci ¼
X
i

Ci
Ei

Ei
Yi

Yi
Y

Y
P
P ¼

X
i

UiIiAiQP; (4)

where C is the total production related air pollutant emission, Ci
represents the air pollutant emission from sector i. Twenty-nine
industrial sectors were included and analyzed in this paper. E is
the total production-related energy consumption, Ei stands for the
energy consumption of sector i, Y is the total gross domestic
product (GDP), Yi is the gross domestic product (GDP) contribution
of sector i, and P represents the national population in respective
years.

As shown in Eq. (4), total change in production-related air
pollutant emissions is represented by quantifying the contributions
driven by five different factors mentioned above:

� Ui ¼ Ci/Ei (sectorial pollutant emission factor) measures the
amount of air pollutant emitted per unit of energy consumption
in sector i, representing the emission efficiency effect.

� Ii ¼ Ei/Yi (sectorial energy intensity) measures the energy con-
sumption per unit of GDP in sector i, representing the energy
intensity effect.

� Ai ¼ Yi/Y (production pattern) stands for the structure effect. For
example, an increasing share in production by energy-intensive
sectors would lead to a shift to more energy-intensive industrial
structure.

� Q ¼ Y/P (GDP per capita) measures the economic growth effect.
� P stands for the population effect.

As mentioned, the changes of aggregated production-related air
pollutant emissions can be expressed by either multiplicative or
additive approach. The multiplicative form shows the power for
each factor in driving the emission changes from relative aspect,
while the additive form gives direct information about the
magnitude of emission changes by decomposed factors. Both ap-
proaches were adopted in this paper so that results can be gener-
ated from different aspects to enhance the analysis.

Following equations (2) and (3),

Dtotal ¼ CT
.
C0 ¼ De � Dint � Dstr � Deco � Dpop; (5)

and

DCtotal ¼ CT � C0 ¼ DCe þ DCint þ DCstr þ DCeco þ DCpop (6)

The subscripts e, int, str, eco and pop denote the impacts con-
cerned with emission efficiency, energy intensity, production
pattern, economic and population growth aspects. The effect of a
factor is computed through letting that factor change over time
with all the other factors remaining at their respective base year
values (Ang, 2004).

According to the literature review, the LMDI is the preferred
method since it avoids the allocation of unexplained residual terms,
which makes the results simple to interpret. It is also consistent in
aggregation, which means industry activities can be grouped into
sub-groups for further effect estimation. Therefore, the LMDI
method was applied in this study. The effect of decomposition
factors on the right hand side of equations (5) and (6) are quantified
by the following equations by using the LMDI method:
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Dxn ¼ exp

0
@X

i

�
VT
i � V0

i

�.�
ln VT

i � ln V0
i

�
�
VT � V0

���
ln VT � ln V0

� � ln

 
XT
n;i

X0
n;i

!1A
(7)

DVxn ¼
X
i

�
VT
i � V0

i

�
�
ln VT

i � ln V0
i

� � ln

 
XT
n;i

X0
n;i

!
(8)

The national primary PM2.5, SO2 and NOx emissions data was
acquired from the Multi-resolution Emission Inventory for China
(MEIC: http://www.meicmodel.org), developed by Tsinghua Uni-
versity. Sectorial energy consumption, Gross Domestic Product
(GDP) contribution and population data were collected from the
China Statistical Yearbook (1997e2015).
4. Results

In terms of the emission change trends of all pollutants, three
time periods can be distinguished. The first period if from 1997 to
2002, where the changes were smooth and nominal. The second
period is from 2002 to 2010, where either the total emission or
the impact of a factor changes drastically. The third period is from
2010 to 2012, when the emission changes plateaued. Fig. 1 pre-
sents the additive decomposition results of different time periods
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Fig. 1. Results of air pollutant emissions decomposition: additive decompos
(i.e. 1997e2002, 2002e2010, 2010e2012), and the impact of each
effect is further broken down into the contribution from three
major sectors: the primary (agriculture) sector, the secondary
(industrial and construction) sector, and the tertiary (service,
transport and commercial) sector. This facilitates the under-
standing of how individual sectors affect each driving factor and
provides a comparative analysis between each sector (Chong
et al., 2012). The additive decomposition results at the sectorial
level are shown in Appendix B. Fig. 2 shows the time series
decomposition analysis results with respect to the five socio-
economic factors.
4.1. Analysis during 1997e2002

During this period, while the national PM2.5 emissions
decreased by 10%, the SO2 and NOx emissions in China experienced
an increase by 12% and 26%, respectively. The economic growth
effect was the dominant factor contributing to the change in all
three pollutant emissions in this period, and there was an upward
trend in the economic growth effect. It contributed to 2.93 Mt,
7.09 Mt and 3.60 Mt increases in PM2.5, SO2 and NOx emissions,
respectively, compared with �0.84 Mt, 2.26 Mt, and 2.40 Mt net
total changes, respectively. The population growth effect also
contributed positively to all air pollutant emissions during this
period, although to a lesser extent than the economic growth. Be-
tween 1997 and 2002, the population growth effect would have
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Fig. 2. Time series decomposition multiplicative decomposition of air pollutant emissions at the national level. Top: PM2.5. Bottom (left to right): SO2, NOx.
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caused 3.90%, 3.88% and 3.89% increase to PM2.5, SO2 and NOx
emissions, if the impacts of other factors remained unchanged at
the 1997 level. The energy intensity effect contributed to and in-
crease (0.29 Mt) in PM2.5 emissions, whereas a significant decrease
in both SO2 (�6.80 Mt) and NOx (�3.89 Mt) emissions. Interest-
ingly, the impact of structure effect on the emission changes of
three air pollutants showed a different pattern from the energy
intensity effect. It reduced PM2.5emissions by 3.14 Mt while
increased SO2 and NOx emissions by 3.04 Mt and 2.14 Mt, respec-
tively over the same time period. With respect to the emission ef-
ficiency factor, it drove a 1.34Mt and 1.84Mt decrease in both PM2.5
and SO2 emissions, while leading to a rise in NOx emission changes
by 0.16 Mt.

4.2. Analysis during 2002e2010

From 2002 to 2010, there was a slight increase in PM2.5e-
missions (0.10 Mt). The SO2 and NOx emissions experienced a
dramatic increase during this period, 5.30 Mt and 16.14 Mt
respectively. The economic growth effect remains to be the most
significant contributor to the increase in all three air pollutant
emissions, contributing to 11.49 Mt, 33.12 Mt, and 26.24 Mt to
PM2.5, SO2 and NOx emissions, respectively. The contribution from
the secondary sector was more than from the tertiary sector at
national level. The structure effect is the second largest contrib-
utor to the NOx and SO2 emission changes, and in contrast to the
previous time period, it contributed to an increase in PM2.5e-
missions by 3.82 Mt from 2002 to 2010. That structure effect
leading to an increase in pollutant emissions can be explained by
the heavy reliance on the industrial sector in China. Population
growth effect still contributes positively to all emission changes,
but less significantly than the economic growth effect and
structure effect. The increase in PM2.5, SO2 and NOx emissions is
tempered by a decrease in energy intensity due to technological
advancement in industrial, commercial and residential sectors.
The energy intensity effect is the most important factor to combat
the increase in air pollutant emissions, accounting for 66%, 74%
and 72% of emission reduction in PM2.5, SO2 and NOx emissions,
respectively, if other factors were at their particular base year
level. Reductions of energy intensity in the secondary sector are
more noticeable than the tertiary sector for all three air pollut-
ants. While the emission efficiency effect also contributes to re-
ductions in PM2.5 and SO2 emissions in this period, it still leads to
an increase in NOx emission levels by 2.95 Mt, which might be
caused by less nitrogen removal during the energy production
process.

4.3. Analysis during 2010e2012

The emission levels of PM2.5, SO2 and NOx remained nearly
stable during this period of time, with a net increase in PM2.5
emissions (0.05 Mt), and decreases in SO2 (�1.37 Mt) and NOx
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(�2.12 Mt) emissions. The economic growth and population
growth during the two-year period still contributed to the in-
creases in all three air pollutant emissions. They jointly led to an
increase by 1.65 Mt, 2.93 Mt and 1.80 Mt of PM2.5, SO2 and NOx
emissions. Contrary to the earlier period, the structure effect
contributed to a decline in all emission levels, and the energy in-
tensity effect was favorable to the growth of the pollutant emis-
sions. The emission efficiency effect on all pollutant emissions is
found to contribute towards decreasing the PM2.5, SO2 and NOx
emissions in this period, thus resulting in a decline in SO2 and NOx
levels. Although the total PM2.5 emissions in 2012 was not as much
as the that in 1997, the SO2 and NOx emissions were higher than the
1997 levels.

5. Discussion

Although the primary PM2.5 emissions have decreased slightly
between 1997 and 2012, the increase in SO2 and NOx emissionsmay
result in a rise in secondary PM2.5 formations, thus causing severe
urban air pollution.

The decomposition results identified the economic growth
effect as the primary factor in driving the growth of primary
PM2.5, SO2 and NOx emissions in China, especially since 2002. A
new phase of rapid economic development has started since the
second half year of 2002 after China's accession to the WTO, and
the process of industrialization and urbanization has been
expedited (Liao et al., 2007). Economic activities from the sec-
ondary sector contributed most to the growth in all air pollutant
emissions, which shows the national economic reliance on the
manufacturing and construction industries. The economic growth
effect from the tertiary sector has become more prominent in
recent years, particularly on the NOx emission changes, which
might stem from the explosive expansion of the transportation
sector.

The results have also shown that improvements in energy in-
tensity have been the key factor in decreasing the overall PM2.5, SO2
and NOx emissions from 1997 to 2012, although it contributed
positively to all three air pollutants after 2010. However, the
increasing economic effect is more significant than the energy in-
tensity effect, such that the economic-growth-driven pollutant
emissions cannot be completely offset by technological
advancement.

There has been improvement in the emission efficiency effect in
reducing all pollutant emissions, due to an energy mix shift at the
national level. This was achieved by the increasing percentage of
electricity and natural gas in energy consumption, a rising pro-
portion of renewable energy, and a reduction in the share of coal in
energy production.

The structural change in the economy has led to increases in
emission levels of all three air pollutants from 1997 to 2010, with
varying extent. However, the structure effect has started to
contributed to a decline in pollutant emissions since 2010, which
can be attributed to the national’ efforts in structural optimi
zation.

The population effect has also played an essential role in
growing PM2.5, SO2 and NOx emissions, which implied an
increasing proportion of people that are engaged in less technical
and more pollution-intensive production.

6. Policy implications

Sustainable urbanization consists of urban development pro-
cesses without deterioration of the environment, while still
providing an urban life in accordance with the desires of people
(World Bank, 2014). Reforms that provide impetus to urban envi-
ronmental improvement would contribute to sustainable urbani-
zation. Therefore, in the future, China should consider
environmental sustainability as a policy goal possessing the same
weight as economic growth and social inclusion (Liu et al., 2013,
2015b).

With regard to the considerable contribution of economic
growth effect to PM2.5, SO2 and NOx emissions, government
should control the GDP growth to limit environmental degrada-
tion and pollution. Many local governments are still blindly
pursuing the economic growth and constructing “image and
administrative achievement” projects, without fully understand-
ing the significance of environmental protection. As a result, the
pollution levels increase as the economy develops. China should
emphasize economic efficiency and quality rather than quantity,
scale and speed.

To effectively address the smog issue, China should also grad-
ually phase out energy-intensive, pollution-intensive and
emission-intensive industries. Though bringing challenges to
China's economy, the reform will introduce opportunities for pro-
duction structure optimization. A decrease in pollution-intensive
industries there will provide more development space for the
environmentally friendly enterprises. The essence of tackling smog
is to eliminate bubbles in China's economy, and to regard envi-
ronmental protection as a key component in China's economic
growth.

Urban production patterns should be based on a city's envi-
ronmental capacity, factor endowments and comparative advan-
tages. A shift in production structure to low energy consumption
and low pollution is also necessary for sustainable urbanization
in China (Liu et al., 2015a). China should intensify the structural
adjustment, including stimulating the tertiary industry and cur-
tailing the share of secondary industry, to cut primary PM2.5, SO2
and NOx emissions in pursuit of improvement in urban air quality.
China should also encourage an increase in the proportion of light
industry in the secondary sector, for instance, biology and elec-
tronics, while slimming down the size of heavy industry sectors,
especially those high energy consumers. There is, however, an
enormous domestic demand for automobiles and real estates
now in China, which inevitably reflects the need for energy-
intensive products, for instance, cement, steel and suchlike. Un-
der this situation, changes in international trade pattern could be
considered. Products requiring higher levels of technology but
less energy consumption should be encouraged to be produced
more domestically in exchange of high-energy-intensive com-
modities manufactured in foreign markets. This will not only
satisfy the domestic demands for development, but provide a
stimulus to industrial structure alteration as well.

Promoting technological advancement is crucial to improve
emission efficiency. Technological advancement is considerably
correlated with PM2.5, SO2 and NOx emissions. In order to
improve emission efficiency, it is necessary to upgrade techno-
logical advancement from both macro and micro aspects. On a
macro basis, large-scale and more efficient factories should
replace small-scale and less efficient ones. Small and scattered
coal-fired units, for instance, should be replaced by large and
central ones to improve the overall efficiency of coal-fired
plants. From a micro perspective, it is necessary to advance
the technology dealing with dust, SO2 and NOx emissions. All
key industries such as coal-fired power plants and metal
smelting plants should install sulfur reducing measures as well
as nitrogen and dust emission control facilities. The costs of
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pollutant reduction facilities need to be reduced so the pene-
tration rate of these facilities in relevant industries can be
enhanced. Exhaust purification device should be legally required
on vehicles to effectively reduce mobile sources of pollutant
emissions.

Lowering coal consumption and improving coal quality are also
crucial to the control of energy intensity driven emissions. The
Chinese government should stimulate the development of hy-
droelectricity, promote utilization of geothermal energy, wind
energy, solar energy and biomass energy provision and safely
develop nuclear energy. The rate of coal dressing should be
increased. The import of high-dust and high-sulfur content coal
should be prohibited. The efficiency of energy utilization should
also be aligned with international standards to gradually reduce
energy intensity.

Smog is threatening sustainable development in China and
PM2.5 emission control is a tough and challenging task. China
should implement stringent environmental policies and regula-
tions as well as empower the Environmental Protection Bureau to
ensure relevant standards are complied with, and targets met.
Though there is still a long way to go, China is determined and
committed to providing a better quality of life to its citizens.
7. Conclusions

We analyzed the total PM2.5 emission changes from 1997 to
2012, and the analysis including primary PM2.5, SO2 and NOx
emissions. The results show that emissions of primary PM2.5
remained nearly stable from 1997 to 2012, and the emission level of
the other two air pollutants increased during the same period, most
of which was induced by the economic growth effect. Structural
variations and population growth also contributed to more
pollutant emissions, but to a significantly lesser extent and with
varying impacts on the three pollutants. The emission efficiency
and energy intensity effect should be intensified to further facilitate
a reduction in pollution emissions.

The results imply that rectification of the underlying socioeco-
nomic drivers that cause emission increases is of great significance
if sustainable development is to be achieved in China. Although
strict policies in strengthening low emission production technolo-
gies have been implemented, yet more effort is required to improve
economic development patterns, optimize industrial sectors, and
adjust energy supply structures.
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Table B1
PM2.5

DCce DCint DCstr

Primary Secondary Tertiary Primary Secondary Tertiary Primary

1997e2002
�0.03 �1.30 0.00 0.04 0.60 �0.25 �0.05
2002e2010
0.10 �6.17 0.03 �0.14 �8.93 �0.43 �0.08
2010e2012
�0.03 �2.05 �0.11 0.01 1.08 �0.06 �0.01
Appendix A

Figure A1. Total Energy Consumption by Sector of China, 2007. Source: Chong et al.
(2012).

Figure A2. Total Energy Consumption by Fuel of China, 2007. Source: Chong et al.
(2012).
Appendix B. Sectorial emission contributions (unit: million
tons)
DCeco DCpop DCtotal

Secondary Tertiary Primary Secondary Tertiary

�3.25 0.15 0.03 2.76 0.14 0.32 �0.84

4.03 �0.13 0.20 10.35 0.94 0.33 0.10

�0.52 0.08 0.02 1.41 0.13 0.08 0.05



Table B2
SO2

DCce DCint DCstr DCeco DCpop DCtotal

Primary Secondary Tertiary Primary Secondary Tertiary Primary Secondary Tertiary Primary Secondary Tertiary

1997e2002
�0.09 �1.44 �0.32 0.07 �6.33 �0.54 �0.09 2.80 0.33 0.06 6.72 0.30 0.77 2.26
2002e2010
0.28 �10.52 0.22 �0.31 �21.99 �1.04 �0.19 4.76 �0.27 0.46 30.69 2.18 1.05 5.30
2010e2012
�0.08 �5.90 �0.13 0.04 3.90 �0.21 �0.02 �2.11 0.22 0.03 2.31 0.45 0.15 �1.37

Table B3
NOx

DCce DCint DCstr DCeco DCpop DCtotal

Primary Secondary Tertiary Primary Secondary Tertiary Primary Secondary Tertiary Primary Secondary Tertiary

1997e2002
0.07 �0.15 0.25 0.11 �2.80 �1.21 �0.15 1.47 0.82 0.10 2.71 0.79 0.39 2.40
2002e2010
0.16 2.06 0.73 �0.39 �14.30 �2.41 �0.17 3.89 �0.62 0.50 19.82 5.92 0.95 16.14
2010e2012
0.03 �3.94 �1.22 0.00 2.14 0.34 �0.08 �1.12 �0.07 0.14 1.40 0.17 0.09 �2.12

Source: Self calculations.
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