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Abstract: Studying the driving factors of pollutant emissids of great significance
for China in the formulation of pollution controlrategies. Existing studies mainly
focus on the causes of national aggregate emishianges. However, considering the
large differences among provinces in China and ttlese economic linkages, it is
necessary to develop a provincial-level analysisshape provincial policies for
emission reduction. Using the multi-regional inputput (MRIO) tables of 30
provinces in China and adopting structural decortipnsanalysis, we analyze how
changes in the end-of-pipe treatment, cleaner pmtamly economic production
structure, domestic final use, domestic exportsiatatnational exports drive national
and provincial S@emissions. Decomposition results show that du2id@2-2010 the
absolute value of each effect based on the MRIOainisdhigher than that based on
the national aggregate input-output model, whidicates that the existing studies
adopting the national average data conceal theatiami in the driving factors and
underestimate their contributions to S&nission changes. The decomposition results
based on MRIO model further show that the end-pépireatment and cleaner
production are the major emission reduction factorsll provinces, and the effect of
the former has noticeably increased during 20002Fbr the eastern provinces,
interestingly, the economic production structuredmes a major emission reduction
factor during the period of 2007-2010. Changesameistic final demand, domestic
exports and international exports exhibit signifitta different contributions among
provinces. The increased final demand in easteovipres largely drive SO
emissions for all provinces. Based on the abovdirigs, policy implications that
address the SGemission reduction issues are proposed.

Key words: pollutant emission reduction; structural deconijpms analysis;
multi-regional input-output model; regional diffeie; China
1



1 Introduction

In the process of unprecedented economic growthnaCls suffering severe air
pollution. According to the latest China EnvironmeBulletin, of the 338
prefecture-level and above cities in China, 23%sit(70.7%) did not meet the
required air quality standard in 2017 (MEE, 2034).pollution harms human health
and affects economic sustainable development acidldmarmony. With the further
growth of the economy and the increasing public alerfor good air quality, China's
pressure to control air pollution will continue itecrease. How to achieve pollution
reduction in the process of economic developmesitleaome a serious concern.

Chinese government has formulated a strict totak€on reduction policy since the
11th Five-Year Plan. The 12th and 13th Five-YeanPtontinues the practice of
reducing the total emission of major pollutantsllech the mandatory emissions
control policy. It sets the emission reduction ¢&sgand assigns the task to provinces.
The associated accomplishments directly affectpidormance and promotion of
heads of local governments. Therefore, it is imgdrto identify the main driving
forces of pollutant emissions growth for each pmoei in China, so appropriate
regional-specific emission reduction policies canaodopted. In this background, the
present study aims to answer those questions: Whahe main factors affecting the
change of air pollutant emissions, and what isdbetribution of each factor? Are
there significant differences in the main contrdyatto air pollution control across
provinces in China? This research will help to tfgrthe pollution reduction routes
for provinces in China and formulate reasonable affdctive pollution control
strategies.

The remainder of the article is structured as fedloSection 2 provides the literature
review. Section 3 describes the method that questithe contributions of
determinants to changes in pollutant emissionsg#ta sources and the manipulation
techniques. Section 4 demonstrates the decompogiisults in China and its 30
provinces and displays the central discussions. dtwclusions are outlined in
Section 5.

2 Literature Review

To control pollution, the driving forces of polluiaemissions must first be identified,
which requires a systematic analysis of the infecoanections between economic
activities and pollutant emissions. An input-outpi@) model can adequately depict
the linkage between intersectoral production teldgies and final demand patterns,
and the structural decomposition analysis (SDAgdam the 10 model is a powerful
tool to identify how various factors in an econommfluence pollutant emissions
(Hoekstra et al., 2002; Miller and Blair, 2009).

A number of scholars have examined the influendiagfors of China’'s energy
consumption and carbon emissions using SDA appssadonsidering the wide
attention given to the Kyoto Protocol and the naioobligation to reduce carbon
emissions (Peters et al., 2007; Guan et al., 2008 et al., 2011; Zeng et al., 2014).
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For example, Peters et al. (2007) and Guan e2@0D8) adopted the SDA approach to
examine the effects of changes in technology, emanmatructure, urbanization, and
lifestyles on CQ emissions in China for the periods of 1992—-200@ 2002—2005,
respectively. Zeng et al. (2014) investigated tbetigbutions of changes in sectoral
energy efficiency, energy mix, production structuesd final demand category
composition to changes in China's energy interdtityng 1997—2007 using the SDA
method.

As China's domestic air quality is seriously detexiing, some scholars are
concerned about the drivers of pollutant emissi@isan et al. (2014) used SDA to
study the changes in emissions of China's primamyiqulate matter, which is that
smaller than 2.5 micrometers (R, during the period of 1997-2010 and
decomposed the changes into five driving forcesission intensity, production
structure, consumption structure, per capita comsiom volume, and population.
Liang et al. (2014) identified the underlying satonomic drivers of environmental
pressure (including seven categories of resouovesfand 24 types of waste flows) in
China from 1992 to 2010 using the same decompasitiethod as that used by Guan
et al. (2014). Zhang et al. (2015) identified thantcibutions of the end-of-pipe
facilities and the phasing out of backward capamtyCOD, NH-N, SG, and NOXx
emission reduction during the 11th Five-Year PIBMK) period in China. Liu and
Wang (2017) examined the contributors responsitetlfe SQ and COD emission
reductions during the 11th FYP period in China gshre SDA approach.

However, most of the existing SDA studies in Chiaa&e focused on national energy
consumption, C@emissions or pollutant emissions based on natiaggtegate 10
tables. These studies provide scientific suppartféomulating energy or emission
control policies at the national macro level withoansidering the differences among
regions. In fact, China is a vast country with #igant differences among regions in
terms of income, industry structure, factor endowinetechnology, and
environmental regulations (Sueyoshi and Yuan, 2dhgng et al., 2019). In addition,
province and province-level municipalities (hereafteferred to as the province) are
the most important administrative units for fornmurg policies in China. Therefore,
national aggregate analysis, which has low resmiytis not sufficient for adopting
regional-specific emission control policies.

Some studies have carried out research in spgeiinces and cities, but they either
studied a single region or studied several regimisg index decomposition analysis
(IDA) model. For example, Geng et al. (2013), Weale (2017) and Lei et al. (2018)
studied the driving forces of energy-related ;@@issions in Liaoning, Beijing and
Sichuan, respectively, using the single region SBwdel. Feng et al. (2009)
examined the contribution of lifestyle changes t©,&missions changes in five
provinces in China (Shanghai, Guangdong, HeilongjidHenan, and Gansu) during
1952-2002. Song and Zheng (2012) investigated tleing forces behind the
changing energy intensities of 28 provinces duri®§5-2009. Zhang et al. (2019)
analyzed the socioeconomic factors of 2ZMoncentrations in 152 Chinese cities.
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Zheng et al. (2019) studied seven socioeconomicediof the changes in GO

emissions in China’s 8 regions. But from Feng e{2009) to Zheng (2019), they all
used the IDA model. Compared with SDA, IDA hasado data requirement, which
does not need the information of input-output tabRut this cause IDA lack refined
decompositions of economic and technological edfeghd cannot examine the
impacts of interdependencies of economic sectoenussions. Hoekstra et al. (2003)
offered a comprehensive comparison of the IDA aDé &pproaches.

Several SDA studies at the regional and provineatls provide more information
than national aggregate SDA or provincial IDA, néveless they failed to consider
the interregional economic linkages and could ewtal the true driving sources of
pollutant emissions. For instance, Feng et al. Z2Q&ed the 28 provincial 10 tables
of China and SDA to analyze the impacts of changepopulation, technology,
economic structure, consumption levels and pattemnd exports on provincial GO
emissions from 2002 to 2007. Zhao et al. (2012} &RA to estimate the impacts of
consumption patterns and technology on the carbotpfints of 8 regions in China
and found that the pulling effect of consumptiottgra change was stronger than the
reducing effect of technological progress for masjions. Cao et al. (2019) used
SDA to study the driving forces of carbon intengibanges in 30 provinces in China.
However, it is noteworthy that close and complernenic linkages exist across
different regions in China. According to Zhang (2Dlbetween 1987 and 2007, the
total amount of interprovincial trade in China ieased by 29 times, with an average
growth rate of 143% every 5 years. Moreover, adgrgrtion of interprovincial trade
has flowed into intermediate production processeng et al., 2013; Liu and Wang,
2016). When these complex production linkages exstoss regions, the
multi-regional input-output (MRIO) model, ratherath the regional input-output
model, is highly needed. The MRIO model tracesrapmete production chain across
regions and sectors, enables an understanding ariting forces of emissions from
the real final demand aspect, and thereby guidedattmulation of pollution control
policies.

Therefore, this article adopts the SDA method baseMRIO tables (MRIO-SDA) to
examine the driving factors of pollution emissia@msnges in China and its provinces.
As a result of the development of compilation teghas of multi-regional
input-output tables over recent years, we can conedsearch using the MRIO tables
of 30 provinces in China to re-examine the driviagtors of variations in pollutant
emissions across China’s provinces. To analyzediffierences between the results
obtained using the MRIO-SDA method and those usithg conventional
decomposition method based on national aggregatg-output tables (NIO-SDA),
we also conducted a comparative analysis of thesemethods and found some
interesting results. In addition, existing decomims studies focus on carbon
emissions, while only limited attention has beer pa the emissions of air pollutants.
Combined with the consideration of data availapilwe chose S¢ which is one of
the key air pollutants controlled by the Chinesgeggoment and is one of the major
components of fine particulate matter and haze gYanal., 2013), as the study

4



objective to shed light on China’s air pollutiontig@tion. This study also differs from
existing studies in terms of influencing factorc@cling to the characteristics of
MRIO-SDA, such as separating intermediate input$ famal demand into local and
external parts provincially. The research providapport for harmonizing regional
emission reduction policies under the backgrounelcohomic integration in China.

3 Methods and Data
3.1 Environmentally extended input—output analysis

An MRIO table with m regions and n sectors (m =ad@ n = 27 for China in this

study) contains the following information: (&f°, the intermediate inputs from

sectori in regionr to sectojfj in regions (r,s=1, 2... m;i,j = 1, 2... n); (2)y;?, the

final demand of regios for products in sectarfrom regionr, and ex], the export of
sectori in regionr; and (3) x/, the total output of sectdin regionr.' For any sector
I in regionr, there is the following row balance:

x;j = Zj Zirjr + Zs(sir) Zj Zirjs +yi+ Zs(sir) yi®+exi 1)

In other words, the total output of sectan regionr is partly used by regionitself

for the intermediate input)(z;;’) and final demandy{™), partly used by other

regions for the intermediate inputs(s.,2;z;;) and final demand .- ¥;*),

and partly used by other countries as expents)(

By defining aj} = z]7/x}, Eq. (1) becomes

x{ =XsXjai;x; +Xsyi° +ex| (@)

Further written in matrix form yields the following

Xl A11 A12 Alm Xl Yll + Y12 4+ -4 Ylm + Exl
X2 421 p22 ... p2m || x2 Y2l 4 y22 4.4 y2m 4 Fo2
A I : : : : + : (3)

X'm Ar.nl Ar.nz AT;lm X.m le + sz + + ymm + Ex™
The uppercase and bold uppercase font in thislenepresent the corresponding
vectors and matrixes, respectively. Defide=[xt x2 .. xm]|' as the
mn X 1 outputs vector in the MRIO model. Defink = [A™],,xm @S themn x mn
technical coefficient matrix. Similarly, Y =[yls y2s .. yms]" and
Ex =[Ex* Ex? - Ex™]". Therefore, Eq. (3) changes #0=AX +),Y° +

! The non-competitive import assumption is adoptedife MRIO table applied in this study. That i th
international imports item has been removed fromelstic production and consumption in the MRIO table.
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Ex. Solving for X yields
X=U —A)‘l(ZS Y$ + Ex) (4)
where I is the identity matrix. Define = (I — A)~1, which is known as the

Leontief inverse matrix, of which the eleméfit shows the total production of sector
I in regionr required to satisfy a particular final demandextsrj in regions.

Define D" as the direct emission coefficient vector of ragioln other words,
D" = (e] /x{ )nx1, Where e/ is the emission of sectar in regionr. Let D =
[D* pz ... pm], and then the pollutant emission vecirwhich reflects the
amount of emissions from each sector in each regembe expressed as

E=DX=DL(C,YS + Ex) (5)

where D represents the diagonal matrixf
3.2 Decomposition methodology

Changes in S@emissions are decomposed using the MRIO-SDA apprtmaexplore
the driving forces behind these changes. Methodcddly, there is no unique solution
for decomposition (Dietzenbacher and Los, 1998; And Zhang, 2000). When the
number of factors is n, there are n! equivalentodgmsition forms. Dietzenbacher
and Los (1998) use the average of all n! equivadesbmposition forms to achieve an
ideal decomposition. However, this method is curstiere when the number of
factors is large. Thus, the average of the tworpdéeompositions is proposed as an
alternative method, and the value is remarkablgecto the average of the full set of n!
decompositions. Here, we adopted the widely usemtp@ar decomposition forms
(Dietzenbacher and Los, 1998; Ang and Zhang, 208@sed on Eq. (5), the
emissions change between a base year (period 0d aattulation year (period 1) is
given by

AE = E; — Ey = D,L, (Z YS + Exl) — DyL, (Z YS + Ex0>
S S

= ~AD[Lo (T, Y5 + Exo) + Ly (B ¥ + Exy)] (6.1)

+ = [DoAL(E Y§ + Exy) + D1AL(ES Y§ + Exo)] (6.2)

+=%5(DoLo + Dy L;)AY* (6.3)
1/ Py

+2 (DoLo + D1Ly)AEx (6.4)

where the subscript 1 indicates the calculatioiopeand the subscript O indicates the
base periodAE represents the value difference between the edlonl period and
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the base period. Similarly foAD, AL, AYS and AEx.

The four terms in Eq. (6) represent the contrimgito emissions changes triggered
by changes in emission intensity, economic produactstructure, domestic final
demand and exports, respectively, while keepingother variables constant. These
four effects are labeled aB.s, Lefr, Yerr, @nd Ex.g, respectively. The effect of
domestic final demand,s can be further decomposed into the effect of |dicell

demandYd; and the effect of domestic interregional expdfis.

Changes in emission intensity are commonly viewesl alvancements in

environment-related technologies (Peters et aD/2Guan et al., 2008; Guan et al.,
2014). Liu and Wang (2017) argue that the emissivensity factor can be further

decomposed into factors of cleaner production and-c#-pipe treatment, which

reflect different policy implications. According tbiu and Wang (2017), cleaner
production is closely related to production teclgas in economic activities which

yield same output with less emissions, while engipé treatment depends on the
investment in pollution treatment equipment (eflge gas desulfurization equipment).
For carbon emissions, the existing studies have awotsidered the factor of

end-of-pipe treatment because extremely high coats be incurred (e.g., carbon
capture and storage technology). For pollutantd sagc SQ, however, end-of-pipe

treatment constitutes an important emissions-réalucapproach, as indicated by
China’s environmental protection experience duting 11th and 12th FYP periods.
Therefore, in this article, the effect of cleaneoduction (measured by pollutant
generation intensity) and the effect of end-of-pipEmtment (measured by pollutant
emission rate) were examined separately.

Let P = (p; /x{)mnx1 b€ the vector of pollutant generation intensityheve p;
denotes the pollutant amount generated in seactdrregionr; R = (e /P] ) mnx1
denotes the vector of the emission rate. Therddis R @ P, where ® is a
Hadamard product (element by element multiplicatigxdopting the polar average
decomposition methodAD can be further decomposed as

Substituting Eq. (7) into Eqg. (6.1) derives theeeffof end-of-pipe treatment
R and the effect of cleaner productidy:

Refs = iAﬁ K (Po + El)[LO(ZS Yo + Exg) + Li(Xs Y7 + Exq)] (8)

Pegr = i(ﬁo + §1) b2 Aﬁ[LO(ZS Yo + Exo) + Li(Xs Y7 + Exy)] 9)
Given L = (I — A)™1, AL can be further decomposed following the methods of
Oosterhaven and van der Linden (1997) and Oosterhand Hoen (1998):

AL = Ll - LO == LlAALO (10)
7



A contains four partsA.”, A}°, A", and A;"", where A}" is the matrix with all other
elements being 0 except for the submatdiX’, reflecting the structure of local
intermediate inputs in regiony A°(r # s) is the matrix with all other elements
being 0 except fold™*, reflecting the structure of intermediate inputar regionr to
other regions;A;" (r # s) is the matrix with all other elements being O gtcir
A®"| reflecting the structure of intermediate inputati other regions to regian and
A;" is the matrix with all elements withid except for elements in submatrices
A", A", and A°" being 0O, reflecting the intermediate inputs linkagenong other
regions outside the regionThus

A=AT"+ATS+ A" + A;" (11)

By substituting Eq. (11) into Eqg. (10), the solatiof which is then substituted
into Eq. (6.2), the effects of the four factors mollutant emissions can be derived,
which are denoted by "¢, AlLg, Al and A L, respectively.

Table 1 summarizes the main abbreviations and signised in this article for
quick reference.

Table 1 Description of the main abbreviations

Abbreviation Description

SDA Structural decomposition analysis
MRIO-SDA  SDA based on multi-regional input-outpablkes
NIO-SDA SDA based on national aggregate input-outgioles

Refs The effect of end-of-pipe treatment
P.sr The effect of cleaner production
Legs The effect of economic production structure
Yers The effect of domestic final demand
Y3 The effect of local final demand
S The effect of domestic interregional exports
Exqs The effect of exports
Tt The effect of structure of local intermediate irgourt regionr

The effect of the structure of intermediate inpiutsn regionr to
other regions

The effect of structure of intermediate inputs frother regions to
regionr

The effect of intermediate inputs linkages amonieptregions
outside the region

rs
* eff

sr
* eff

—r
* eff

Notes: The effect of a factor means the contrilbutememissions changes triggered by
changes in this factor. For example, the effecewd-of-pipe treatment means the
contribution to emissions changes triggered by ghamn end-of-pipe treatment.



3.3 Data sources and manipulation

3.3.1 MRIO tables of China’s 30 provinces

MRIO tables are compiled by scholars based on tbeincial input—output tables
(IOTs) for each of the 30 provincésxcluding Tibet, Hong Kong, Macau, and Taiwan)
that are published by the National Statistical Buref China. Liu et al. (2012, 2014)
estimated the trade flows among provinces usingméiéknown gravity model and
compiled a 30-sector MRIO table of the 30 province2007 and in 2010. The results
meet the desired requirement of our analysis ane awdopted directly. More details
about the original database and construction metiidtiese Chinese MRIO tables
can be found in Feng et al. (2013) and Liu et2014). In terms of the MRIO in 2002,
Li et al. (2010) extended provincial input-outpuables by estimating the
interprovincial trade flows using the gravity modalit they did not compile the 2002
China MRIO table. We constructed the 42-sector MRikle of the 30 provinces for
2002 following the same compilation method as tisztd in Liu et al. (2012). Details
about the compilation can be found in our previask (Liu and Wang, 2015). To
maintain consistency in sector classification, vggragated the MRIO table (42
sectors in 2002 and 30 sectors in both 2007 an@)201o 27 sectors. The detailed
manipulation is shown in Table S1 in the Supplemsnimaterial. In addition, the
2007 and 2010 MRIO tables were transformed to @822 onstant price to eliminate
the impact of price change and to ensure data c@hitity among years.

3.3.2 Sectoral S£emissions for 30 provinces

The sectoral SPemissions data for each of the 30 provinces havéeen officially
published in current statistics. We estimate thedaes based on China’s provincial
energy consumption, which is a method that has heeely applied in previous SO
emissions inventory work (Streets et al., 2000; n¢ha&t al, 2009). Because coal
combustion contributes 90% of the total S#nissions in China (Zhang et al, 2009;
Cao et al, 2011jhe SQ emissiong is estimated as a product of coal consumpfon
sulfur contenp and the removal rate of applied emission conteviaks . Therefore,
the SQ emission of sector in regionr (e/) is calculated a®] = Q] x B{ X

(1 —n{). More details about the estimation of S@missions can be seen in our
previous work (Liu and Wang, 2015). To maintain sistency in sector classification,
we aggregated the $QCemissions data (43 sectors estimated accordingotd
consumption) into 27 sectors. The detailed mantmras shown in Table S1.

4 Results and discussion

4.1 Decomposition results of China’s national agggate SQ emission changes

Figure 1 presents the decomposition results oh#tienal total S@emission changes

in China during the periods of 2002-2007 and 200X€2using the MRIO-SDA

method. From 2002 to 2007, China’s Sémissions increased by 1084.5 thousand

tons annually, while from 2007 to 2010, they deseehby 768.6 thousand tons

annually. During both periods, end-of-pipe treatmand cleaner production were
9



found to be the two major factors that reduced simns, while economic production
structure, domestic final demand, and internatioegports drive increases in
emissions. By solely comparing the sign of eackagffthe results of this study are
consistent with those of Feng et al. (2012) anddnd Wang (2017).

300
(a) 2002-2007

2 200
- 0 o
]
2 0 ;
g DLIE_[ P Leff Yeff Exeff
g -100 |
S
— 2200 |
o MRIO-SDA
o0 L ONIO-SDA

300 .
(b) 2007-2010

200 +
100 H
0 -
£ ff Leff Yeff Exeff
100 |
200 t

=300

10,000 tons SO2 emission

Figure 1 Decomposition results of changes in 8@issions in China

Note: The decomposition results are reported by dhaual average amount. Positive
(negative) values denote that S@missions have been increased (decreased) dueeto t
changes of factors.

Source Calculated by the authors based on both MRIO-8BANIO-SDA methods.

We have also presented the decomposition resultia@u the NIO-SDA method to

make better comparisons with existing studies. féigh shows that the results
obtained using the MRIO-SDA method are distinctiffedent from those obtained

using the NIO-SDA method. Between 2002 and 2007 fithe effects, whether they
were related to an emission reduction or increffeeteinvariably produced smaller
values when using the NIO-SDA method than whengugie MRIO-SDA method. In

particular, the effect of end-of-pipe treatmentanfied by using the NIO-SDA method
amounted to only 58.37% of that obtained by ushegMRIO-SDA method. For the
effect of domestic final demand, 58.92%. During pleeiod of 2007-2010, the results
obtained through the two methods still exhibitestidct differences, which, however,
were mainly clustered in the effects of cleanedprtion and domestic final demand.
The effect of cleaner production accounted for 08l§8% of the total emission
reduction effect under the NIO-SDA method and 3%Z20nder the MRIO-SDA

method. Therefore, adopting national average eamssntensity and production
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technologies results in the neglect of interregiodifferences, thus affecting the
results of decomposition analysis to a large extent

Further analysis found that $CGemission intensities across different provinces
exhibited large differences. A Lorenz curve for,@®issions has been drawn, where
the cumulative proportion of economic output isresgnted by the horizontal axis,
and the cumulative proportion of 2@missions is represented by the vertical axis; the
uneven distribution of emission intensities amoagions is assessed by using the
principle of the Gini coefficient (Cowell, 1995)igure 2 presents the results of the
four major sectors whose emissions accounted fd®@0%8 of the total emissions
during the study period. In 2007, the Gini coe#fitis of SQ emissions in all four
sectors, excluding the electricity sector, werehbigthan 0.4, which revealed
considerable inequality. Moreover, most provincesendistributed in the right upper
corner, which represents lower economic output laigtier pollutant emissions. In
addition, the Gini coefficient remained at a highlue throughout the study period
(Table S2). As noted by Lenzen (2011) and Su angl(2@14), in the case of China, it
is very necessary to use more detailed data torstashel the driving forces of changes
in pollutant emissions. Our research presents tti@tdecomposition result of each
effect obtained through the NIO-SDA method is ety lower than that obtained
through the MRIO-SDA method, indicating that theges in the influencing factors
can be concealed and their contributions to changeSQ, emissions may be
underestimated when national average data areediopt

e Electricity (Gini = 0.347)
0.9 r & Chemicals (Gini = 0.499)

m  Nonmetal mineral (Gini = 0.438)
08+

Metal smelting (Gini = 0.455)
0.7

0.6
0.5
0.4

0.3

Cumulative share of S@missions

0.2

0.1

0 0.2 0.4 0.6 0.8 1

Cumulative share of economic output

Figure 2 Environmental Gini coefficients of the feuajor sectors in 2007
Source The environmental Gini coefficients are calculatey the authors based on the
provincial GDP and S©Oemissions data from the China Statistical Yearbook
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4.2 Decomposition results of regional S{£emissions changes

To better report our results and to have a generderstanding of the results, we
grouped 30 Chinese provinces into three regionse—etstern, central and western
regions. The eastern region is the most developgidm in China, while the western
region is the least developed. Details of this gnog and the decomposition results
are shown in Figure 3. During the period from 20622007, the S©emissions
increased in all three regions but decreased irv-2000, especially in the eastern
region, which far exceeded the reduction rangéencentral and western regions.

(a) 2002-2007 (b) 2007-2010

180 r 9 50 180 r 1 50

Q o o o 40 4 40
120 r 120 r i a
: B ir: 1% 8
b —_ b & | i
g2 60 —] 1202 3 60 | - i 20 4
g ] {110 8 e {110 2
8 0 0 8 8 0 — 0 59}
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Figure 3 Decomposition results of regional,SMission changes in 2002-2010

Notes: Decomposition results are reported by theiainaverage amount of $@missions.
The secondary coordinate on the right is adopteddi® (emission changes). The region
classification standard follows the China Statati¢earbook, i.e., the eastern region includes
Beijing, Tianjin, Hebei, Liaoning, Shanghai, JiamgsZhejiang, Fujian, Shandong,
Guangdong and Hainan provinces. The central regicludes Shanxi, Jilin, Heilongjiang,
Anhui, Jiangxi, Henan, Hubei and Hunan provincdse Western region includes Guangxi,
Inner Mongolia, Sichuan, Chongqging, Guizhou, Yunn@ibet, Shaanxi, Gansu, Qinghai,
Ningxia and Xinjiang provinces.

Source Calculated by the authors based on the MRIO-S2#od.

During the period of 2002-2007, the effect of cleraproduction was the major reason
for the emission reduction in the eastern regidmclv amounted to approximately 2
times the emission reduction effect of end-of-gigatment. In the central region, the
treatment effect was the major reason for the eanisgduction and amounted to 1.3
times the effect of that of cleaner production.tthe western region, however, the
effect of end-of-pipe treatment was roughly the sa@® that of cleaner production. In
terms of the factors that increase Sissions, economic production structure was
the major driver in all three regions. This ressiltonsistent with the results of Zhang
and Lahr (2014), who found that changes in produacstructure enhanced energy
consumption in most regions in China from 2002 @072 This result may be related
to the rapid development of China's industrial@mati especially heavy
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industrialization. In terms of final demahdnternational exports was the major factor
that increased emissions in the eastern regiomating for 43.68% of the total
effect of final demand); furthermore, local finaérdand was the major emission
driver in the central region (accounting for 38.5@%éhe total effect of final demand),
while domestic interregional exports was the majawer in the western region
(accounting for 40.29% of the total effect of fim@mand).

During the period of 2007-2010, changes in endipépgreatment became the most
important contributor to the reduction of emissiamshe eastern, central and western
regions, which is consistent with the existing tesabtained from studies focused on
the national level. According to the assessmentthi®y Chinese Academy for
Environmental Planning, the end-of-pipe treatmanthie electricity sector accounted
for 69.27% of the total SQemission reduction during the 11th FYP period &Vval.,
2012). We also found that the effect of cleanerdpotion had its contribution
strengthened in the central and western regionsigl®007-2010, which accounted
for 34.57% and 46.01% of the total emission-redurcéffect, respectively. Therefore,
the results of Fig. 1, which show that the emissiduction effect of cleaner
production under the MRIO-SDA method is distincligher than that under the
NIO-SDA method, may mainly be due to the contribasi of cleaner production in
the central and western regions. Thus, despite sthengthened investment in
end-of-pipe treatment, the advancement of cleamedyation technologies has
yielded an eye-catching contribution to the reducif SQ emissions in the central
and western regions.

Interestingly, changes in the intermediate inputht®logies reduced the $O
emissions in the eastern region from 2007 to 2@dth a contribution rate that was
comparable to the factor of cleaner production. tTisa during the period of
2007-2010, the improvements of economic productionctures in eastern provinces
promoted reductions in the $@®missions. This reduction was partly due to messsur
such as adjusting and upgrading the industrialctira, suppressing the secondary
industry and developing the tertiary industry aédpin the most developed eastern
provinces. Taking Guangdong province as an examgles to the increasing
environmental pressure since 2007 and the dedtinexports caused by the 2008
financial crisis, the traditional growth patterntogh resource consumption and high
pollution emissions has been difficult to contindénerefore, the Government of
Guangdong province proposed a strategic decisiamdofstry transfer, supporting the
development of industries such as transportatiomnsunications, and environmental
protection, and supporting enterprises to expaneir tiR&D and innovation
capabilities (Government of Guangdong, 2008). Thesmasures have promoted
industrial upgrading and reduced pollution emission

As for the emission-increase effect, the local Ifidl@mand has become a dominant
contributor in the eastern and western regions,lewtie domestic interregional

2 For each region, final demand includes local fiainand, domestic interregional exports and
international exports.
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exports and domestic final demand had equivalentribmutions for the central region
during the period of 2007-2010. According to Liu at(2012, 2014), the central
region is an extremely active region in inter-praval trade. While undertaking
industrial transfer from the eastern region, it@igs products for consumption in
other regions, leading to domestic interregiongbogts as an important emission
driver. The contribution of international exportashsignificantly declined, even to a
negative value in the eastern region. This resutmilar to Liu and Wang (2017) and
Mi et al (2017), indicating the outbreak of thelgabfinancial crisis in 2008 impeded
the exports and corresponding emissions of coastak in eastern China.

4.3 Decomposition results of S@emission changes in different provinces

Figure 4 presents the decomposition results ofSfie emissions changes in the 30
provinces during the study period. From 2002 to720@00st provinces increased their
SO, emissions; however, during 2007-2010, all provénaxcept Qinghai and
Xinjiang (two less developed provinces in the westegion) had reduced emissions,
showing a decoupling state in which Sé€missions decline as the economy grows.
The contribution of each factor is different in tddferent provinces. A specific
analysis of the contributions of these factorsrs/mled below.
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Figure 4 Decomposition results of $€mission changes in different provinces during

14



2002-2010

Notes: The decomposition results are reported &y ahnual average amount of SO
emissions. The secondary coordinate on the rigatigpted for dE (emission changes). The
eastern, central and western provinces are markeztlj blue and black, respectively.

Source Calculated by the authors based on the MRIO-S2#od.

(1) Major emission-reduction factors: end-of-pipe teatment and cleaner
production

The effects of end-of-pipe treatment and cleanedyetion were basically negative
for all provinces during the period of 2002-2007g(F4), and they both made
important contributions to the reduction in Sgnissions. Moreover, the contribution
of cleaner production was larger than that of elphoe treatment in most provinces.
This is because of measures such as eliminatindl sheamal power and small
boilers adopted during this period. For examplemfr2005 to 2007, a total of
3,120,500 kilowatts of small thermal power was gawn (National Energy Bureau,
2011). This enhanced production technology andelgrgeduced the S{@enerated
per unit output. Nevertheless, the emission rednogéffect of end-of-pipe treatment
in Hebei, Jiangsu, Shandong, Guangdong, Shanxbarmdian was noteworthy. These
provinces were important energy and industrial potidn bases. Most companies in
those provinces are traditional state-owned erisagr which led them to conduct
centralized abatement of g@missions at an early stage.

During the period of 2007-2010, the effects of effghipe treatment and cleaner
production were still negative across provincesulteng in a continuous reduced
emission contribution. In addition, the contributiof end-of-pipe treatment was
significantly enhanced, especially for the eastpravinces. In many central and
western provinces (such as Anhui, Jiangxi, Shaa@®ansu), cleaner production
remained the major emission-reduction factor. Téslt reflects that the competence
of end-of-pipe treatment was limited in less degelb provinces, and their SO
emission reductions were mainly achieved througladgal improvements in
production processes. According to Li et al (2012)2009, investment in pollution
treatment in developed provinces all exceeded Ri@rbiyuan, while in developing
provinces it was far below the national average.

The sectoral distribution of these two emissiondmn factors across provinces is
further studied. The top three sectors are elafgtrisonmetal mineral products, and
metal smelting and pressing (Table 2). Based onatlerage level across the 30
provinces, the electricity sector accounted for68% and 85.76% of the total
emission reduction effect of end-of-pipe treatm@n2002-2007 and in 2007-2010,
respectively. The electricity also occupied a danirposition in the effect of cleaner
production. This result is attributable to the sahsally increased efforts in pollution
treatment in the electricity sector in China, sashadopting electricity price subsidies
for desulfurization by provinces and encouraging thstallation and operation of
end-of-pipe treatment facilities. Research has shivat for thermal power plants
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which contribute almost 60% of $Oemissions, the proportion of flue gas
desulfurization power units in all power units ieased from 48% in 2007 to 82.6%
in 2010 (Wang and Jiang, 2012).

Table 2 Major sectors of the effect of end-of-pig@atment and cleaner
production on S@emissions in different provinces

Reff (2002-2007) Peff (2002-2007) Reff (2007-2010) fR2007-2010)

S22 S13 S14 S22  S13  S14 S22 S13 Sl4 S22 S13  Sli4
Beijng -96.31 -154 -069 -84.97 -434 -138 -8644 0.01.560 -1.36 -20.49 -8.48
Tianjin -92.75 -058 -053 -68.38 001 007 -82.25 0.01 08.821.31 1.00 199.17
Hebei -84.09 -1.98 -1.11 -9343 221 -1.67 -91.59 0.01 -1.885.79 -105.44 -41.28
Liaoning -88.00 -1.76 -2.34 -246.50 14578 40.97 -91.21 10.63.17 1184.70 -416.64 89.61
Shanghai -84.75 -052 -1.44 -16320 4.80 1756 -81.24 O0.M15- 57.68 -8.65 -23.64
Jiangsu -94.44 -166 -0.36 -76.44 073 -2.44 -9152 0.0143-0219.05 -50.46 5.68
Zhejiang -9517 -2.30 -0.17 -83.03 971 -0.04 -93.88 0.00.27 241.86 -66.53 4.32
Fujan 9220 -405 -0.16 -70.64 596 625 -92.92 001 -0.288.89 -83.49 10.12
Shandong -78.84 -4.05 -158 -6251 -16.48 -0.04 -77.65 0228 83.28 -41.79 -10.22
Guangdong 9371 -293 -031 -81.86 269 -2.75 -75.62 0:02.04 -299.45 -135.20 366.37
Hainan 9501 -326 -0.02 -6575 842 -0.09 -99.15 0.01020.162.12 -87.93 0.18
Shanxi -46.96 -0.80 -0.97 -33.87 -2.68 -4.43 -79.94 0.0091-1.171.69 -15.75 32.62
Jilin -92.66 -3.08 -0.15 -10.82 111.02 1.37 -91.29 001 30.249.35 -40.04 0.84
Heilongjang ~ -90.99 -0.72 -0.24 -61.53 17.87 856 -73.44000.-1.50 -8744.24 -886.96 2370.81
Anhui -89.51 -328 -0.36 -3199.92 2149.75 -64.48 -93.84 20.00.48 42.46 -85.23 2.03
Jiangxi 8270 -412 -0.49 38.86 5516 -3.05 -97.19 0.02780.-4.86 -3851 0.93
Henan -83.94 -200 -0.89 -80.39 816 -16.47 -88.27 0.0l 4-1614.53 -388.23 237.67
Hubei -85.18 -2.02 -0.36 -15358 17.17 3.84 -84.68 001 1-0.9830 -27.57 558
Hunan 7762 -472 -222 4369 738 -16.73 -78.28 0.02 1-3.05.36 -65.05 16.50
Inner Mongolia  -89.12 -0.72 -0.95 -66.30 295 -8.10 -95.20.00 -1.35 6515 -22.61 11.71
Guangxi -83.94 -7.76 -356 -97.84 3112 -31.63 -80.97 0.04.6% 31.09 -93.06 10.92
Chongging -82.04 -328 -0.18 -73.82 240 0.64 -7541 0.08.13 -88.72 -77.97 94.68
Sichuan -61.65 -279 -0.86 -36.75 1681 -455 -81.50 0.0211-1 -1.90 -59.23 -8.10
Guizhou -56.22 -0.97 -0.82 -97.50 -13.28 4.00 -78.05 0.00561187.71 10.08 -15.32
Yunnan 4506 -1.90 -0.44 -2020 21.09 -434 -8458 0.0183-0.154.57 -80.99 14.65
Shaanxi -86.80 -250 -0.13 -2825.31 2967.94 -92.19 -90.6001 0-0.68 -49.44 -27.51 10.31
Gansu -90.42 -262 -152 127.02 650 -7.53 -66.41 0.01 -1.9851 -9.93 -10.94
Qinghai -68.48 -059 -1.13 -14.85 277 443 -88.38 0.00782.8621 832 18.01
Ningxia -88.88 -091 -0.09 -9445 476 017 -9502 0.0 50.164.67 -95.89 -0.50
Xinjang 8113 -270 -0.79 6242 1749 -0.38 -86.08 0.01.761 173.26 -84.53 125.69

Note: S22, S13 and S14 denote the sectors of ielggtmonmetal mineral products, and

metal smelting and pressing, respectively. Theltesuwe provided in percentages. For each
province, the numeric value denotes the propontiba certain sector to the total emission
reduction effect of a certain factor. A negativduearepresents the effect of an emission
reduction and vice versa.

Source Calculated by the authors based on the MRIO-S2#od.

Additionally, despite the large emission-reductifects of end-of-pipe treatment and
cleaner production, the pollution emissions intgnaias still high in some provinces.
Figure 5 shows the provincial $@mission coefficients in the electricity sectar. |
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total, SQ emission intensities were substantially reduceaimfr2002 to 2010.
However, the intensities in the provinces of Shaabixhuan, Shanxi, Inner Mongolia
and Guizhou were higher than the national averag® far exceeded those of
developed provinces, such as Beijing, Shanghai @Gndngdong, by 2010. Thus,
compared to developed provinces, the emissionsittes in the provinces of Shaanxi,
Sichuan, Shanxi, Inner Mongolia and Guizhou saNd the potential to be alleviated
(Zheng et al., 2019). As such, emission reductemhnologies should be accelerated
in those provinces; in the medium- to long-term,ases such as optimizing the
energy structure and reducing the consumptiongoxf coal while elevating that of
renewable energy are undoubtedly important.
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Figure 5 SQ emission intensities in the electricity sectodiffierent provinces
Source Calculated by the authors based on, S3fissions and output data from the
electricity sector of each province

(2) The emission effect of economic production stature

As indicated in Figure 4, the effect of economiodarction structure exhibited
positive values in most provinces during the ped@002-2007, which means that
the changes in the intermediate input structurgeamed the SOemissions. In
particular, in the provinces of Hebei, Shandongaidong, Shanxi, Henan, Inner
Mongolia and Guizhou, the emission increase effiéeiconomic production structure
was quite large, even became the leading driveesd@lprovinces mainly focus on
industries with large energy consumption and mastutpn emissions, such as
electricity, steel, cement, and chemicals (Natidaleau of Statistics, 2008). As the
industrial structure further focus on heavy indysBG emissions increase. However,
during 2007-2010, the emission effect of econommdpction structure decreased,
especially in the eastern provinces of Hebei, LiagnJiangsu and Fujian, where an
emission reduction effect was presented. This tresdlicates that the economic
production structure shifted toward a low-emisgilimection during 2007-2010 in the
developed eastern provinces.
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Figure 6 Further decomposition results of the ¢ffé@conomic production structure

Note: The decomposition results are reported byatimeial average amount of S€nissions.
Source Calculated by the authors based on the MRIO-S[2éhod.

The effect of the economic production structurg] is further decomposed into four
parts, A, Al Al @and AL g, as shown in Figure 6. The results indicate that
Al and AL were the major contributors. During the period2602-2007, the
Al values in the provinces of Jiangsu, Shandong, 8heienan, Inner Mongolia
and Guizhou were even higher than the valuedQf, which implied that changes
in the intermediate inputs to other provinces haigmificantly increased their SO
emissions. This result is attributable to theilotese endowments, which maintained
the supply of pollution-intensive intermediate pwots, such as electricity and steel
products. In 2007-2010, however, the emission eff#fcthe intermediate input
structure significantly dropped, even declininghagative values in Hebeli, Liaoning,
Jiangsu and Henan as an emission reduction effeetmajor contribution came from
g in Liaoning and Jiangsu. In other words, the improent of the local
production technologies reduced their local,Sfnissions. In Hebei and Henan,
emission reduction mainly depended on the coniobubf A%, showing that their
emissions were reduced because of the changes imtérmediate input to other

provinces. As they are major emission provinces@jt to the capital city Beijing,
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in order to improve Beijing’s air quality, they aaly implemented policies including
promoting circular economy and reducing pollutiatensive production (Zheng et al.,
2019).

Overall, the change in the economic productioncstine in China decreased the SO
emissions during the study period. However, inghavinces of Shandong, Jiangxi,
Sichuan and Shaanxi, the emissions still exhibaadincreasing trend, for which
Al was the major contributor. This result indicatest tduring the period, a “high
pollution” trend still dominated the intermediatgut structures in those provinces;
thus, measures such as improving production teolgred and adjusting industrial
structures are urgently needed.

(3) The emission effect of final demand

The emission effect of final demand is composedhef effect of domestic final
demand, domestic exports and international expAgshown in Figure 3, the effects
basically exhibited positive values during the gtpériod, increasing S@missions.
For eastern provinces, the emission effect of magonal exports was extremely high
during the period of 2002-2007, and far surpaséed in the central and western
provinces; however, it significantly declined dwithe period of 2007-2010, even to
negative values in some provinces (such as TiaSjm@nghai and Guangdong). This
is largely related to the financial crisis (Mi &t 2017). The emission increase effects
of the domestic final demand and domestic exporgsewalmost equal in most
provinces, reflecting that provincial @missions were not only subject to the local
final demand but also influenced by the final dechtom other provinces.

Figure 7 presents the regional distribution of éfilect of domestic exports in each
province. During the period of 2002-2007, the dff@fcdomestic exports in either the
eastern, central, or western regions was invariaddgcentrated in the eastern
provinces (especially Tianjin, Shanghai, Zhejiamyd aGuangdong). This result
reflects that the increasing final demand in thetexa provinces drove the $O

emissions in most provinces. During the period @722010 (Figure 8), the effect of
domestic exports in each province was still conegadl in the eastern provinces,
particularly in provinces with intensive manufaatgy industries such as Hebei,
Jiangsu and Shandong. Therefore, although Chirgsres had dramatically declined
in 2007-2010 due to the 2008 financial crisis, thereasing domestic demand in
eastern China became a major cause driving &tissions. This is similar to the
results of Liu and Wang (2016). Moreover, the iasiag final demand in some
central and western provinces (such as Jilin, Hefrarer Mongolia, and Shaanxi)
also became major contributors to S@missions. That is, with the economic
development of the central and western provinclsjr tgrowing consumption

increased S@emissions in other provinces.
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Figure 7 Regional sources of the effect of domesstjworts in different provinces
during 2002-2007

Note: The results are reported by the annual aeesagpunt of S@emissions. Taking Hebei
province in figure (a) for example, the blue limegents the contribution of demand change
in each province (except for Hebei) on ;Sémission change in Hebei. Result shows that
demand in Beijing, Tianjin, Shanghai, Zhejiang, ®leng and Guangdong are the major
contributor to the effect of domestic exports inbie

Source Calculated by the authors based on the MRIO-S[2éhod.
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Note: The results are reported by the annual aeesagpunt of S@emissions.
Source Calculated by the authors based on the MRIO-S[2éhod.

4.4 Policy implications

The analysis using the SDA method presents thetsesti the study period, and
strictly speaking, it cannot be used to forecastfthiure. However, the weaknesses in
the past may well be the points that require atianand corrections in the future.
Thus, we propose the following policy implicatiowgh respect to the reduction of
the SQ emissions in China based on the results of oatystu

From the perspective of production, first, regioddferences should be considered
when formulating emission reduction policies, adigated by the result differences
between the MRIO-SDA and NIO-SDA methods. For examalthough end-of-pipe

treatment has been the main factor that reducede8tssions, there is still potential
for the central and western provinces to improwatinent capacity. In particular,
provinces such as Shaanxi, Inner Mongolia and Guiztill need to strengthen their

21



efforts regarding end-of-pipe treatment to redu€® Smissions, especially in the
sectors of electricity, nonmetallic mineral prodycind metal smelting and pressing.
Second, more attention needs to be focused orolbdef cleaner production. During
the study period, cleaner production played an mamd role in SQ emission
reduction; however, this factor is frequently netgel in existing studies. Meanwhile,
considering the relatively backward production texdbgy in the central and western
provinces as well as their support for the productof developed eastern provinces,
enhanced support in terms of funding and technefofpr cleaner production should
be provided to the central and western provincésdT it is necessary to continue
optimizing the economic production structure. Aligb the economic structure
adjustment might be slow and closely related tostiages of economic development,
it had already exhibited an emission reduction ctfia the eastern region during
2007-2010. Nevertheless, during the process ohmptig and adjusting economic
structures, regional economic linkages should behasized to avoid the shift of
pollution across regions. Efforts should be streeged to supervise the structural
emission reduction measures taking place in theeeasegion; specifically, the high
pollution-intensive industries should receive pautar supervision to prevent the shift
of pollution towards the central and western region

From the perspective of consumption, attention khba paid to the driving force of
final demand on S©emissions in China. First, provide guidance onmonal and
green consumption, especially for the eastern po@a of which the domestic final
demand predominantly drives $@missions. Second, considering that China is now
in a transitional period where “growth is driven tye increase of domestic demand”,
it is necessary to reconcile the contradiction leetw“consumption expansion” and
“pollution emission reduction” for sustainable degment. A responsibility model
that holds consumers accountable for pollutant €oms can be explored in the future
to advocate green consumption. Third, the struat@ireternational exports should be
further optimized to improve the pollution terms @fports. Opening-up oriented
policies, such as the Belt and Road initiative,usthdoe drawn upon to optimize the
allocation of factors, including environmental restes, in the international market.

5 Conclusion

Studying the driving factors of SOemissions is of great significance for the
formation of China’s pollution control strategiéss the largest developing country in
the world, China is characterized by consideralifferéences among its provinces in
terms of economic development and pollution contidie existing studies have
mainly focused on the drivers of the national aggte SQ emission changes and
thus cannot provide targeted guidance on emissmmira policies for specific

provinces. A few studies have analyzed the deteamgof pollution emissions at the
provincial level but have neglected the complexrptovincial economic linkages.

By adopting the structural decomposition analysisda on the MRIO method, this
research considered both the interprovincial aedirttersectoral production linkages
and analyzed the driving factors and their contrdns to the changes in S0
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emissions in China’s provinces. The research hasdfohe following:

(i) The results obtained using the MRIO-SDA metinate higher than those obtained
using the traditional NIO-SDA method. During theipd of 2002-2007, the effects of
end-of-pipe treatment and domestic final demandeunihie NIO-SDA method
account for only 58.37% and 58.92%, respectivelythose under the MRIO-SDA
method. During the period of 2007-2010, the reswltéained through the two
methods still exhibited distinct differences, whitlowever, were mainly clustered in
the effects of cleaner production and domestid fileenand. This result indicates that
the analysis based on national average data cenaeal underestimates the
contributions of the influencing factors of S€@missions.

(i) The results obtained using the MRIO-SDA methodicate that end-of-pipe
treatment and cleaner production were major emrms®duction factors in China and
its provinces, and the effect of end-of-pipe tremitnwas distinctly enhanced,
becoming the predominant emission reduction faatorall provinces during
2007-2010. The intermediate input technology apzess be an emission increasing
factor; however, during 2007-2010, it became anartgnt emission reduction factor
for the eastern region, which had almost the samisseon effect as the factor of
cleaner production. This result indicates thatedb@nomic production structures in the
eastern provinces transitioned in a cleaner doeand helped reduce $@missions.
The domestic final demand, domestic exports arefnational exports served as the
main pollution increasing factors, but they hadiegrcontributions among the
different provinces. During 2007-2010, the effefcinternational exports significantly
declined due to the impact of the global finanagkis, and it even dropped to
negative values in some eastern provinces. Thetedfedomestic exports acted as a
driving factor of increasing SCemissions, which was comparable to the effect of
domestic final demand. The regional distributiontioé¢ effect of domestic exports
indicates that the final demand of the easternipo®s was the major cause driving
SO, emissions in all provinces.

The results based on the MRIO-SDA method are hefpfuormulating detailed and
targeted emission reduction policies because teegal the driving forces of SO
emissions at the provincial level. However, dudata availability constraints, in this
study, we covered only the period of 2002-201(abt, since 2011, China's pollution
emission statistics methods and calibrations haaenlrevised by the Ministry of
Ecology and Environment (MEE). According to the MHEe statistical scope of SO
emissions expand from industrial sources and uthémg sources to agricultural
sources, automotive vehicle sources and centrajipdidtion abatement sources. In
addition,the SQ removal data were no longer collected startin@0d1, making it
impossible to distinguish the contributions of esfepipe treatment and cleaner
production. Therefore, although the 2012 MRIO tdide been published by Mi et al.
(2017) and Liu et al. (2018), this study did noteexd the research period to 2012.
Actually, a study based on the period of 2002-2@d Gsufficient to reveal the
differences between the two methods, MRIO-SDA ai@-SBDA, and the differences
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in the emission drivers between provinces. Butrdsearch conclusions and policy
implications drawn from this paper must be usedhwéaution. In the future, the study
can be expanded to cover the latest periods afetatit pollutants with updated data.
For example, studying NOx simultaneously to complaeeresults including interlinks
between S@and NOXx.

Acknowledgment

This work was funded by the National Natural Sceerfeoundation of China
(41471465), and was supported by the Center for Cavbbon Society Strategy (LCS),
Japan Science and Technology Agency (JST).

References

Ang, B.W., Zhang, F.Q., 2000. A survey of index a®position analysis in energy and
environmental studies. Energy 25(12), 1149-1176.

Cao, G., Zhang, X., Gong, S., An, X., Wang, Y., ROEmission inventories of primary
particles and pollutant gases for China. ChinesenSe Bulletin 56, 781-788.

Cao, Y., Zhao, Y.H., Wang, H.X., Li, H., Wang, &iu, Y., Shi, Q.L., Zhang, Y.F., 2019.
Driving forces of national and regional carbon nsigy changes in China: Temporal and
spatial multiplicative structural decomposition s&s. Journal of Cleaner Production
213, 1380-1410.

Cowell, F., 1995. Measuring Inequality (Second iB&dj)t, Prentice Hall and Harvester
Wheatsheaf, London.

Dietzenbacher, E., Los, B., 1998. Structural deamsitipn techniques: sense and sensitivity.
Economic Systems Research 10(4), 307-324.

Feng, K., Davis, J., Sun, L., et al., 2013. Outsimgr CQ within China. Proceedings of the
National Academy of Sciences 110(28), 11654—11659.

Feng, K., Hubacek, K., Guan, D., 2009. Lifestyteshnology and C& emissions in china: a
regional comparative analysis. Ecological Econor6i), 145-154.

Feng, K., Siu, Y.L., Guan, D., et al., 2012. Anahgg Drivers of Regional Carbon Dioxide
Emissions for China. Journal of Industrial Ecoldg{4), 600-611.

Geng, Y., Zhao, H., Liu, Z., Xue, B., Fuijita, T.j,)¥., 2013. Exploring driving factors of
energy-related CQ emissions in Chinese provinces: a case of Liapriimergy Policy
60(6), 820—826.

Government of Guangdong, 2008. Double transfererbging economic and social
transformation. Available at:
http:/iwww.gd.gov.cn/govpub/rdzt/jkszy/szyzjps/206820080626 58361.htm.

Guan, D., Hubacek, K., Weber, C.L., et al., 2008 drivers of Chinese GCemissions from
1980 to 2030. Global Environmental Change 18(46-634.

Guan, D., Su, X., Zhang, Q., Peters, G.P., Liul2i, Y., He, K., 2014. The socioeconomic
drivers of China's primary PM2.5 emissions. Enunemtal Research Letters 9(2),
24010-24018.

Hoekstra, R., Jeroen, C.J.M., van den Bergh., 2@@8nparing structural decomposition
analysis and index. Energy Economics 25(1), 39-64.

Hoekstra, R., van den Bergh JCJM., 2002. Structdeziomposition analysis of physical

24



flows in the economy. Environ Resour Econ 23(3Y-38.

Lei, L., Yiying, C., Tong, W., Huimin, L. 2018. Thedrivers of air pollution in the
development of western China: the case of Sichuavinre. Journal of Cleaner
Production, S095965261831919X-.

Lenzen, M., 2011. Aggregation versus disaggregaiioninput—output analysis of the
environment. Economic Systems Research 23, 73-89.

Li, P.F.,, Yang, D.H., Zhang, Y.F., 2012. Comparisbthe pollutant reduction effects between
provinces in the 11th Five-year-plan period. Jouofidiangsu University (Social Science
Edition) 14(5), 2934.

Li, S.T., 2010. Extended input-output tables in @h2002: Compilation and Application.
China Science Press, Beijing.

Liang, S., Liu, Z., Douglas, C.B., Wang, Y.F., XM., 2014. Decoupling Analysis and
Socioeconomic Drivers of Environmental Pressur€imna. Environmental Science &
Technology 48(2), 1103-1113.

Liu, Q.L., Wang, Q., 2015. Reexamine Sémissions embodied in china's exports using
multiregional input—output analysis. Ecological Bomics 113, 39-50.

Liu, Q.L., Wang, Q., 2016. Comparative study on #Hweounting methods of embodied
emission in China’s interprovincial trade. StatiatiResearch 33(10):12-20.

Liu, Q.L., Wang, Q., 2017. How china achieved itghlfive-year plan emissions reduction
target: a structural decomposition analysis of gtdal SQ and chemical oxygen demand.
Science of the Total Environment 574, 1104-1116.

Liu, W.D., Chen, J., Tang, Z.P., Liu, H.G., Han, B012. Theories and Practice of compiling
China’s multi-regional input-output tables betwehprovinces in 2007. China Statistics
Press, Beijing.

Liu, W.D., Tang, Z.P., Chen, J., et al., 2014. 28&0 China multi-regional input-output table
of 30 provincial units. China Statistics Press jiBgi

Liu, W.D., Tang, Z.P., Han, M.Y., et al., 20IBhe 2012 China multi-regional input-output
table of 31 provincial units. China Statistics Breéeijing.

MEE (Ministry of Ecology and Environment), 2018. Aual statistic report on environment in
China 2017. Available at: http://www.mee.gov.cnlitzighjzkgb/Inzghjzkgb/

Mi, Z., Meng, J., Guan, D., Shan, Y., Song, M., WéM., Liu, Z., Hubacek, K., 2017.
Chinese C® emission flows have reversed since the globalnfira@ crisis. Nature
Communications 8(1), 1712.

Miller, R.E., Blair, P.D., 2009. Input—output Analg: Foundations and Extensions (2nd
edition). Cambridge University Press, New York.

Minx, J., G. Baiocchi, G. Peters, C. Weber, D. GiarHubacek. 2011. A carbonizing dragon:
China's fast growing CQOemissions revisited. Environmental Science & Tebbgy
45(21), 9144-53.

National Bureau of Statistics, 2008. China IndastEiconomics Statistical Yearbook.

National Energy Bureau, 2011. The first batch afthg down small thermal power units
and the shutting down schedule. Available at:
http://www.nea.gov.cn/2011-08/17/c_131053127.htm

Peters, G.P., Weber, C.L., Guan, D., Hubacek, 80,72 China's Growing CLCEmissions: A
Race between Increasing Consumption and Efficigbains. Environmental Science &

25



Technology 41(17), 5939-44.

Song, F., Zheng, X., 2012. What drives the chamgehina's energy intensity: combining
decomposition analysis and econometric analydiseaprovincial level. Energy Policy 51,
445-453.

Streets, G., Tsai, Y., Akimoto, H., Oka, K., 20@Llfur dioxide emissions in Asia in the
period 1985-1997. Atmospheric Environment 34, 44124,

Su, B., Ang, B., 2014. Input—output analysis of ;Cé€missions embodied in trade: A
multi-region model for China. Applied Energy 114,/3-384.

Sueyoshi, T., Yuan, Y., 2015. China's regional anability and diversified resource
allocation: DEA environmental assessment on econatavelopment and air pollution.
Energy Economics 49(8), 239-256.

Wang, J.N., Jiang, H.Q., 2012. National twelfthefienvironmental protection plan system
and important tasks. Environmental Protection §1},55.

Wei, J., Huang, K., Yang, S., Li, Y., Hu, T., Zhang, 2017. Driving forces analysis of
energy-related carbon dioxide (@QCemissions in Beijing: an input—output structural
decomposition analysis. Journal of Cleaner Prodnct63, 58—68.

Wu, S.Z., Wan, J., Jia, J.L., Zhang, F.F., Li, 2012. Evaluation of the reduction measures
and effect of 11th Five-Year Plan. China EnvironieNews. Available at:
http://www.envir.gov.cn/info/2012/11/115009.htm

Yang, K., Dickerson, R., Carn, A., Ge, C., Wang2013. First observations of $@®om the
satellite Suomi NPP OMPS: Widespread air pollutements over China. Geophysical
Research Letters 40, 4957-4962.

Zeng, L., Xu, M., Liang, S., Zeng, S., Zhang, D12. Revisiting drivers of energy intensity
in China during 1997-2007: A structural decompoaitanalysis. Energy Policy 67(2),
640-647.

Zhang, H., Lahr, M.L., 2014. “China’'s energy conption change from 1987 to 2007: a
multiregional structural decomposition analysisyeryy policy. Energy Policy 67, 682—
693.

Zhang, Q., Streets, G., Carmichael, R., He, K., ,Hil¢ Kannari, A., Klimont, Z., Park, 1.,
Reddy, S., Fu, J., 2009. Asian emissions in 2006tlie NASA INTEX-B mission.
Atmospheric Chemistry and Physics 9, 5131-5153.

Zhang, S.J., 2013. The Mystery of Local PreferasfcErade: Chinese Paradox and Empirical
Analysis. Management World (11), 39-49.

Zhang, W., Wang, J., Zhang, B., et al., 2015. Chm&comply with its 12th five-year plan
on industrial emissions control: a structural deposition analysis. Environmental
Science & Technology 49(8), 4816-24.

Zhang, Y., Shuai, C.Y., Bian, J., Chen, X., Wu,Shen, L.Y., 2019. Socioeconomic factors of
PM, s concentrations in 152 Chinese cities: Decompasitioalysis using LMDI. Journal
of Cleaner Production 218, 96-107.

Zhao, D.T., Wang, Z., Fan, J., 2012. Technologynsoonption Patterns and Growth of
China's Carbon Emissions - An Empirical Study ofinals Eight Regions. Systems
Engineering 30(8), 1-9.

Zheng, J., Mi, Z., Coffman, DM. M., Milcheva, S.h&, Y., Guan, D., Wang, S. 2019.
Regional development and carbon emissions in CEneargy Economics 81, 286.

26



Table 2 Mgor sectors of the effect of end-of-pipe treatment and cleaner production on SO, emissions in different provinces

Ret (2002-2007)

Pes (2002-2007)

Ret (2007-2010)

Pet (2007-2010)

S22 S13 S14 S22 S13 S14 S22 S13 S14 S22 S13 S14
Beijing -96.31 -1.54 -0.69 -84.97 -4.34 -1.38 -86.44  0.01 -0.56 -1.36 -20.49 -8.48
Tianjin -92.75 -0.58 -0.53 -68.38 0.01 0.07 -8225 0.01 -8.00 -321.31 1.00 199.17
Hebei -84.09 -1.98 -1.11 -93.43 221 -1.67 -91.59 0.01 -1.81 495.79 -105.44 -41.28
Liaoning -88.00 -1.76 -2.34 -246.50 145.78 40.97 -91.21 0.01 -3.17 1184.70  -416.64 89.61
Shanghai -84.75 -0.52 -1.44 -163.20 4.80 17.56 -81.24  0.00 -2.15 57.68 -8.65 -23.64
Jiangsu -94.44 -1.66 -0.36 -76.44 -0.73 -2.44 -91.52 0.01 -0.43 219.05 -50.46 5.68
Zhgjiang -95.17 -2.30 -0.17 -83.03 -9.71 -0.04 -0388 0.01 -0.27 241.86 -66.53 4.32
Fujian -92.20 -4.05 -0.16 -70.64 5.96 6.25 -0292 0.01 -0.31 238.89 -83.49 10.12
Shandong -78.84 -4.05 -1.58 -62.51 -16.48 -0.04 -7765 0.01 -2.28 83.28 -41.79 -10.22
Guangdong -93.71 -2.93 -0.31 -81.86 -2.69 -2.75 -7562 002 -12.04 -299.45  -135.20 366.37
Hainan -95.01 -3.26 -0.02 -65.75 -8.42 -0.09 -99.15 0.01 -0.02 162.12 -87.93 0.18
Shanxi -46.96 -0.80 -0.97 -33.87 -2.68 -4.43 -79.94  0.00 -1.91 171.69 -15.75 32.62
Jilin -92.66 -3.08 -0.15 -10.82 111.02 1.37 -91.29 0.01 -0.23 49.35 -40.04 0.84
Heilongjiang -90.99 -0.72 -0.24 -61.53 17.87 8.56 -73.44  0.00 -1.50 -8744.24 -886.96 2370.81
Anhui -89.51 -3.28 -0.36 -3199.92 2149.75 -6448 -93.84 002 -0.48 42.46 -85.23 2.03
Jiangxi -82.70 -4.12 -0.49 38.86 55.16 -3.05 -97.19 0.02 -0.78 -4.86 -38.51 0.93
Henan -83.94 -2.00 -0.89 -80.39 8.16 -1647  -8827 0.01 -1.54 914.53 -388.23 237.67
Hubel -85.18 -2.02 -0.36 -153.58 17.17 3.84 -8468 0.01 -0.91 -8.30 -27.57 5.58
Hunan -77.62 -4.72 -2.22 -43.69 7.38 -16.73  -7828  0.02 -3.01 15.36 -65.05 16.50
Inner Mongolia -89.12 -0.72 -0.95 -66.30 295 -8.10 -9529  0.00 -1.35 65.15 -22.61 11.71
Guangxi -83.94 -7.76 -3.56 -97.84 3112 -31.63 -80.97 0.04 -4.69 31.09 -93.06 10.92
Chongaing -82.04 -3.28 -0.18 -73.82 -2.40 0.64 -7541 003 -11.13 -88.72 -77.97 94.68



Sichuan -61.65 -2.79 -0.86 -36.75 16.81 -4.55 -81.50 0.02 -1.11 -1.90 -59.23 -8.10

Guizhou -56.22 -0.97 -0.82 -97.50 -13.28 4.00 -78.05  0.00 -1.56 187.71 10.08 -15.32
Y unnan -45.06 -1.90 -0.44 -20.20 21.09 -4.34 -8458 0.01 -0.83 154.57 -80.99 14.65
Shaanxi -86.80 -2.59 -0.13 -2825.31 2967.94 -9219 -9060 0.01 -0.68 -49.44 -27.51 10.31
Gansu -90.42 -2.62 -1.52 127.02 6.50 -7.53 -66.41  0.01 -1.88 -73.51 -9.93 -10.94
Qinghai -68.48 -0.59 -1.13 -14.85 -2.77 4.43 -88.38  0.00 -2.78 86.21 8.32 18.01
Ningxia -88.88 -0.91 -0.09 -94.45 4.76 0.17 -95.02  0.00 -0.15 164.67 -95.89 -0.50
Xinjiang -81.13 -2.70 -0.79 62.42 17.49 -0.38 -86.08  0.01 -1.76 173.26 -84.53 125.69

Note: S22, S13 and S14 denote the sectors of electricity, nonmetal mineral products, and metal smelting and pressing, respectively. The results are provided in
percentages. For each province, the numeric value denotes the proportion of a certain sector to the total emission reduction effect of a certain factor. A
negative value represents the effect of an emission reduction and vice versa.

Source: Calculated by the authors based on the MRIO-SDA method.



Highlights
» Driversof provincia SO, emissionsin Chinais examined by using MRIO-SDA.

» Large differences and close economic linkages among provinces in China are captured.

» Absolute value of decomposition results based on the MRIO model were higher than that

based on the national aggregate IO model.

» Changes of economic production structures reduced SO, emissions in the eastern
provinces.

» Theincreased fina demand in eastern provinces drove SO, emissions for al provinces.



