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Abstract

Identifying CO, emission from different perspectives is necessary for developing the effective mitigation policies for China.
Previous studies mainly focus on exploring important sectors from production and consumption sides, while the perspective
of betweenness has been neglected. For narrowing the gap, a new perspective for accounting the critical transmission sectors
is discussed. In this study, we calculated and compared the CO, emissions of production-based, consumption-based, and
betweenness-based from 2012 to 2017 based on the multi-regional input—output (MRIO) model. A structural decomposition
analysis (SDA) is conducted to uncover the driving forces of CO, emissions change from three accounting principles. The
Findings are as follows: (1) the heavy industry sector (559.26 Mt) in Shandong and Jiangsu (471.97 Mt), Power in Guangdong
(83.77 Mt) and Beijing (199.24 Mt), Equipment in Jiangsu (213.88 Mt) are identified as the key transmission sectors; (2) the
emission intensity effect and the final demand product structure effect contribute to CO, emission decrease in China, which
are largely offset by the structure effect of final demand source and the final demand scale effect. Based on this, we propose
some typical policy implications, such as paying close attention to the production efficiency of the key transmission sectors,
optimizing the intermediate product input structure and increasing investment in the technology level, and then reducing
the intensity of carbon emission.

Keywords CO, emissions - China - Multi-regional input—output model - Structural decomposition analysis - Critical
transmission sectors

Introduction

Climate change has produced significant adverse impacts
on ecological, social, and economic activities. For exam-
ple, unexpected outcomes from extreme weather, such as
the 2021 winter blackout in Texas and broad floods in China
and Europe, have brought hundreds of millions of economic
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losses (Chen et al. 2021). Climate change mitigation would
contribute to sustainable human living economic and envi-
ronment development (Li et al. 2019; Wang et al. 2021).
CO, emissions, inevitably generating from anthrophonic
fossil fuel combustion, are widely regarded as the main
driving factor to ongoing climate change (Gao et al. 2021;
Shan et al. 2021). Therefore, carbon mitigation has become
a worldwide problem for global sustainable development,
and all countries need to make joint efforts to tackle with
it (Ma et al. 2019; Chen et al. 2021). China, as the largest
CO, emitter, produces about 24% of global CO, emissions
(Li et al. 2021), and its leading advocacy as well as firm and
targeted carbon mitigation action is the key to achieve global
carbon reduction targets and even sustainable development
target (Lv et al. 2021).

To fulfill the climate targets of carbon peak around 2030
and carbon neutrality in 2060, the Chinese government has
developed a wide range of administrative policies, market
mechanisms, and technological measures to mitigate the
increasing CO, emissions (Yang et al. 2019; Li et al. 2020).
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Considering the large differences in socioeconomic devel-
opment, energy resource endowment, and CO, emissions
in China, it is difficult to maintain sustainable growth of
economic output, poverty reduction, and common prosperity
while taking the unified policies and measures to reduce the
CO, emissions among regions or sectors (Lee and Erickson
2017; Mak et al. 2021). At the same time, the driving factors
of CO, emission are also different, for example, the eco-
nomic development factor has a positive role in promoting
CO, emission in most different sectors; however, the carbon
emission intensity and energy intensity show the different
levels of technology and also present the different influence
on the different province and different sector, for the eco-
nomically developed provinces, the carbon emission inten-
sity factor will exert the negative influence on the increasing
CO, emissions and for the economically backward areas, it
will have the positive effect of promoting CO, emissions.
Only we comprehensively understand the different driv-
ing factors of the CO, emissions, can government develop
the effect policies for curbing the increasing of CO, emis-
sions. So, fully exploring the temporal and spatial evaluation
characteristics of economic development structure and CO,
emissions of different provinces or regions is the base to
resolve the trade-offs of shared socioeconomic sustainability
and CO, emission reduction (Li et al. 2021).

Economic sectors are the cell or nodes of socioeconomic
system, and play a vital role in sustaining sustainable human
living (Wang and Lin 2020; Du et al. 2021). As the produc-
tion center of commodities, economic sectors consume large
amounts of energy resources and meanwhile generate CO,
emissions (Pps A et al. 2020). The differences of CO, emis-
sions in provinces or sectors are extremely large in China
(Yang et al. 2018). Therefore, identifying the major sectors
and corresponding driving factors to the increase in CO,
emissions is especially basis and critical for China to design
targeted mitigation measures from both regional and sectoral
perspectives.

Accordingly, this study aims at identifying the crucial
transmitting sectors of the emissions from the perspective
of provincial level by using the betweenness-based method,
then compares the key sectors of CO, emissions with both
production- and consumption-based methods. The analysis
of this study would help to provide insightful implications
for sectoral mitigation measures because targeted measures
for key transmission sectors not only contribute to carbon
reduction of the sector itself but could greatly affect the
output and emissions of upstream and downstream sectors.
Also, we present CO, emissions evolution characteristics of
different sectors from 2012 to 2017 by using environmental
improved multi-regional input—output model (EEIO model).
Besides, understanding the variations of sectoral CO, emis-
sions and the underlying driving factors also provides impor-
tant policy implications for sectoral mitigation. Therefore,
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a structural decomposition analysis (SDA) was employed
by this paper to explore the influencing factors for regional
CO, emissions. The results of this study could provide data
support and targeted mitigation polices for achieving China’s
carbon emissions peak and carbon neutrality targets from
the sectoral level.

In what follows, Sect. 2 shows a literature review. In
Sect. 3, we discuss the method employed involving the use
of multi-regional input—output model (MRIO) and structural
decomposition analysis (SDA). The data sources are also
described, while the results and discussion are displayed in
the Sect. 4. Section 5 lists our main findings and discusses
on the policy implications.

Literature review

The sector-specific policies are important to control CO,
emissions and relief climate change; previous studies
attempt to explore key sectors that emit large amount of
CO, emissions from the perspectives of production and
consumption and compare the CO, emissions from the two
methods (Schmidt et al. 2019; Jia et al. 2019). However,
existing studies mainly have two research limitations (Yang
et al. 2019). First, they analyze economic output and CO,
emissions in terms of the beginning or the end of supply
chain path. For example, consumption-based model reflects
the simple relationship and behavior decision of final con-
sumers, such as households, government, and capital forma-
tion, from demand-side (Wen et al. 2020; Wu et al. 2020).
Production-based accounting method can examine direct
CO, emission pressure from production process, and only
quantify the efficiency of energy use and calculate the CO,
emissions from production-side (Liu et al. 2019).

Except for the production and final consumption points,
there are also existing some important process, such as
intermediate transmission, that plays significant role in
product supply chain (Liang et al. 2016). These links may
not produce large CO, emission pressure, but can transmit
potentially many emissions pressures in the economic-social
system. It represents that huge amount of CO, emissions
pressure passing through these transmission sectors while
in the process of reproduction in supply chain paths (Liang
et al. 2016; Li et al. 2021). Thus, it also should be called
the key sectors of CO, emissions from the betweenness-
side (Yang et al. 2019). However, existing methods have
not considered the economic activities from the perspective
of intermediate transmission (Wen and Wang 2019). Sec-
ond, most studies related were mainly conducted to explore
important sectors of CO, emissions at the provincial or sec-
toral level, and to investigate the relationship between CO,
emission pressure and final consumption drivers or initial
production drivers. More importantly, these researches failed
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to consider the spatial heterogeneity from the perspective
of provinces or sectors within China. In other words, exist-
ing studies have limitations of fully quantifying the spatial
betweenness-side CO, emissions of supply chains in China,
especially the latest changes of these CO, emissions.

To address these two shortcomings, a betweenness-based
accounting model is employed to sectoral analysis as trans-
mitting centers in the supply chains (Liang et al. 2016).
Betweenness-based method, originated from the network
analysis, is a popular tool for quantifying the between-
ness sectors by calculating supply chain paths (Yang et al.
2019; Li et al. 2021). It also innovates mitigation methods
for identifying the key sectors of CO, emissions from tra-
ditional methods (Liang et al. 2015). Although there exist
some studies on identifying the key transmission sectors by
using the betweenness model for mitigating CO, emissions,
it is a pity that they are mainly from a macro-level such as
global, national, or single regional CO, emissions (Li et al.
2021). So far, the research and application of these important
betweenness sectors of CO, emissions at the trans-regional
or -province levels are also lacking. For example, Liang et al.
(2016) adopts the betweenness model to explore the high-
betweenness sectors of China’s 135 sectors for mitigating
CO, emissions. Yang et al. (2019) calculates the important
transmitting sectors of energy-water-carbon nexus pressures
in Shanghai and found that the chemical sector is the critical
sector from the betweenness side. The later paid attention to
identifying the crucial transmission centers from provincial-
level using this method, while without considering the het-
erogeneity of different provinces or cities (Li et al. 2021).
Within considering the above limitation, how to curb CO,
provincial emissions from betweenness-side is urgent to
explore in line with China’s carbon neutrality target.

The policymakers and researchers have paid more atten-
tion on the rapidly growth of emissions under the carbon
neutrality target (Du et al. 2021; Ma et al. 2021). Mean-
while, an increasing number of studies has been used to
identify the influencing factors of CO, emissions change
by using the index decomposition analysis (IDA) (Li et al.
2017; Li et al. 2019), and structural decomposition analy-
sis (SDA) (Silalertruksa et al. 2018). It is worthy that SDA
model, taking a complete input—output table as database,
is usually employed for analyzing the changes of direct or
embodied energy use and emissions at national and regional
scale research (Guo et al.; Cai et al. 2020; Wei et al. 2021),
and it has more advantages in flexibility for uncovering the
potential factors of CO, emissions changes. Existing studies
have adopted SDA model to explore the contributing factors,
such as CO, intensity, economic structure, and production
structure, for affecting the differences of CO, emissions in
China from two perspectives, including production side and
consumption side (Peng et al. 2015; Wu et al. 2020). For
example, Cai et al. (2020) applied SDA model, based on

input—output tables, to assess socioeconomic influencing
factors of China’s carbon footprint from 2009 to 2016 and
found that the export effect played a key role in curbing
the carbon emissions. However, the studies that focused on
CO, emissions from the perspective of betweenness side and
explore its factors resulting in their changes at sectoral level
are few (Wu et al. 2020).

Compared with existing studies, this study has made the
contributions as follows: (1) We explore the critical sectors
of CO, emissions based the different calculating methods
at the provincial-sector level, and compare the results in a
new full perspective of production-side, consumption-side,
and betweenness-side. The analysis provides fully under-
standing of targeted sector to mitigate emissions with inte-
grated considering regional and sectoral joint development
as well as the size of CO, emissions in line with carbon
neutrality targets. (2) Existing studies are conducted for a
specific year of 2012, while this study extends the research
time to 2017 from a temporal perspective, and could grasp
the dynamic changes of sectoral CO, emissions to draw
more accurate findings. (3) Regarding the growth trends of
CO, emissions by using the I-O tables from 2012 to 2017,
we explore the influencing factor behind the changes of
CO, emissions in China from different perspectives based
on the SDA model, including production, consumption,
and betweenness sides. These findings could provide
references for policymakers to design targeted policy to
achieve carbon mitigation targets. Moreover, the analyti-
cal framework could be applied to sectoral CO, emission
management analysis at provincial or city level in other
developing countries, such as BRICS countries.

Methods and data sources
Methods
Environmental input-output analysis

Environmental input—output model relies on the traditional
input—output analysis, which was proposed by the famous
economist Wassily W. Leontief (Leontief, 1936) and was
subsequently widely used in different fields, such as energy,
CO, emissions, and environment; in addition, all the calcu-
lation results in this study are obtained from the 2018 ver-
sion of MATLAB software. The basic equation of Leontief
input—output model is

x=Ax+f=1Lf (1)

where vector x indicates total outputs, matrix A denotes
technical coefficient, vector f is final demand, and matrix L
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is the Leontief inverse. Equation (1) represents the depend-
ence of total outputs on final demand.

The direct consumption coefficient matrix, technical coef-
ficient matrix, is represented by A, of which an element is
defined by a;;:

Zy . .
a; = Z‘(l =1,2,3..nj=1,2,3..n) )

where Z;; is a matrix that represents the number of interme-
diate products sold by sector i to sector j, and the column
vector X; indicates the total output of economic system.
Furthermore, the basic equation of Leontief input—output
model was been expanded into the environmental input—out-
put model:

._Ei
4=g0=123.m 3)

where, d]e is a diagonal matrix that indicates the carbon
intensity, which describes the technical level of economy, of
each sector in all provinces. E; indicates the CO, emissions
of production in sector j.

According to the above conclusion, we calculated the
results of this study from production-based CO, emission
and consumption-based CO, emission perspectives:

Production-based CO, emission is mainly described using
the relationship for carbon intensity and output of sectors,
and consumption-based CO, emission is mainly described
using the relationship for final demand of sectors and indi-
rect upstream CO, emission. They can be calculated by the
Egs. (4) and (5):

pj=d;x; &)

6= =AY, 5)

where in the Eq. (4), I is an identify matrix (n X n); accord-
ingly the inverse matrix, (I — A)~, is the Leontief inverse
often represented by L.

Structural path analysis

Structural path analysis (SPA) unravels the Leontief inverse
using Taylor expansion, which is based on input—output
model, the detailed equation as the following:

L=(-A)""=T+A+A4+A% + ... (6)

where all production layers are named as matrix 4 and it can
extract each supply chain path (Skelton et al. 2011; Yang
et al. 2019). Each upstream production layer always inputs
the production of intermediate material into the downstream
production layers for producing, and production flows on
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supply chain path always pass from higher-power layers to
lower-power layers (Skelton et al. 2011).
Appling the Taylor expansion to Eq. (5) gives:

e=dl+A+A*+ A%+ . )y=dy+dAy+dA%y + .. (7)

where, e indicates the CO, emission pressure, and the right-
hand side denotes CO, emission generated by each produc-
tion layers (PL) under the final demand (Jia et al. 2019). In
more detailed, dy indicates the direct emission pressure of
sector in PL’.

We should define the weight in the network analysis. Sup-
pose that the emission starts from sector s, goes through r
sectors (k;, k,...k,), and ends at sector ¢ in a complete supply
chain. The weight is defined as Eq. (8):

wis, 1k . ky, .n k) = diag g ..ay Y, ®)
where, d; indicate the direct intensity of CO, in beginning
sector s, ay ay ... , are technical coefficients.

Further, the betweenness centrality of sector i is as
following:

n (o)

=33

s=1 t=1 k=1

(lkdsaskl Ag, =+ A Y, ) )]

Betweenness-based mechanism in the supply chain

The definition of betweenness originated from network the-
ory (Newman 2010; Li et al. 2021), which indicates the total
of flow passing through a node in network. In general, the
structural path analysis (SPA) is employed in betweenness
centrality for exploring the key transmission sectors that
have a significant CO, emission pressure flows through the
supply chain (Yang et al. 2019), which are often overlooked
when develops reduction strategies for CO, emission pres-
sures (Li et al. 2021). Similarly, we extended this network
theory to the provincial trade network with a multi-regional
input—output structure, where the province-sectors are usu-
ally regarded nodes and the input flows among them are
regarded as directed links. Table 1 describes the detailed
information of CO, emissions from different sectors. Exist-
ing research does not take sectors B and D into carefully

Table 1 Comparing three methods based on the supply chain (Liang
et al. 2016)

Methods Sector A Sector B Sector C Sector D Sector E
Production side e, e,
Consumption e, te,
side
Betweenness e, e, e, +e,
side
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consideration. However, if the production efficiency of sec-
tors B and D is improved, it might help curb CO, emissions
through reducing the inputs of sectors A and C.

According to Jia et al. (2019), the betweenness centrality
of sector i is quantified by the following:

bl ) = Z Z

- (dkl ek, "'ukll iij, .“ajh_]j/') YJ)Z )
1<ky ooy <01y, <0 - r

= 1Sk|.§k11 . dkl aklakz'"akui ]S/.I;'jfz < aifl"'aflz_ljlz qu (10)
= (dah),(a%Y),
= (dAh J,ALY)

where b; (l 1s 12) represents the betweenness centrality of sec-

tor i, in which the upstream sectors is counted as /; and

downstream sectors is counted asl,; le denotes the final
2

demand from sector T and J; is a (n X n) matrix with (i X i,
which its element is 1 and all the other elements being 0.

Defining 7 = LA = AL = A + A> + A% + ..., Eq. (10) can
be written as follows:

dA" J ALY = dTI.TY an

where T denotes the full consumption coefficient matrix.
Structural decomposition analysis

Structural decomposition analysis (SDA) is, a famous
method, usually used to calculate the related contributions of
different influencing factors to the changes and evaluations
of CO, emissions (Jia et al. 2018). Therefore, we explore
the relative drivers of contribution for the changes of CO,
emissions by using the SDA model from the different per-
spectives (e.g., production, consumption and betweenness),
which could provide effective policy recommendations for
policymakers.

In the SDA model, the (Y"), final demand vector, shows
the meaning of the final demand of province r. Denoting
Y'=(P'#S") V'. Here, # indicates the element-wise matrix
multiplication, P" vector is formed by stacking 30 column
vectors, which is consisted by the same 6, where the vector
@ are described by the share of the final goods, making P”
to represent the final demand structure of province r. S is
described by stacking 30 column vectors, which is consisted
by the different 5", describing the proportion of the final
products supported by province r to province m. Therefore,
S” indicates the provincial source structure of final demand

volume of province r and scalar V" indicates the total final
demand volume of 30 provinces. The detailed equation
based on the consumption as following:

C"=D'L'(P'SHV" (12)

According to Eq. (11), from time #-1 to ¢, changes in
CO, emissions from consumption side can be expressed as
follows:

AC = DILI(PH#SHV] = D L (PL#S_ )V,
= AD'LI(PHS)VT + D AL"(PT#S))V + Di_ LT (AP"#S")V!

- 4ASYT AV 13)
+D)_ L (Pl #ASHV! +DI_ LT (P #S_)AV

= C(AD") + C(AL") + C(AP") + C(AS™) + C(AV")

A indicates the changes of each factor, and according to
the Eq. (12), the changes in the CO, emissions from the
consumption perspective can be decomposed into five parts:
C(AD") represents CO, emission intensity, reflecting the
technological level, of different sectors in each province,
C(AL") represents structure effect of intermediate product
input in each province, C(AP") represents the final demand
product structure effect in each province, C(AS") indicates
the structure effect of final demand source in each province,
C(AV") indicates the final demand scale effect in each prov-
ince, the detailed information as shown in the Table 2. In
addition, the Eq. (13) is a complete decomposition method
with no residual terms, but it is not the only way of decom-
position. According the SDA model, different decomposition
forms get the different values, the better processing method
is to use the “two polar decomposition average” (Peng et al.
2015). In this study, the two polar decomposition form is
employed in this paper to calculate the relatively results. The
detailed equation as following:

AC = {(%) [AD LIPSV + ADL (P #T )V, |
+{(%)[D;_1AL"(P;#SI’)V[ + D;AL’(PZ’_I#S;_I)V;_I]
+ (%) [Dl’_lLt’_l(AP’#Sl’)Vt’ + D;L;(AP’#SZ’_I)V;_I]
+ (%)[Dt’_]Lt’_l(Pl’_l#ASr)Vt’ +D:LI(P;#AS’)VI’_1]
+ (%)[D:_ILZ’_I(P:_l#St’_l)AV" + DI’LZ’(P:#S;)AV’]
(14)
From the perspectives of production side and between-

ness side, we can also measurement emissions based on Egs.
(11)—(14).

Table 2 The structural
decomposition terms of changes

Factors

Definition

in consumption-based C(AD")
C(AL")
C(AP")
C(AS")
C(AV")

Represents CO, emission intensity effect of the production sector in each province
Represents structure effect of intermediate product input in each province
Represents the final demand product structure effect in each province

Indicates the structure effect of final demand source in each province

Indicates the final demand scale effect in each province
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Data sources

This study relates two kinds of data. One is the latest pub-
lished data of the national multi-regional input—output table,
and the other is the emission inventories for 30 provinces.
The 2012, 2015, and 2017 national MRIO tables and CO,
emissions data within 30 provinces are obtained from the
China Emission Account and Datasets (CEADs) (Li et al.
2021). In addition, since the implementation of the Belt and
Road policy, it has a great impact on China’s economy after
2015, and further affected its value chain and CO, emis-
sions of China in 2017; thus, the time nodes of 2015 and
2017 are also important. The national MRIO tables have
the difference of sectors and classified the unified sec-
tors with the condition of analyzing. For considering our
research objectives, we have extracted the major industrial
sectors and selected the large sectors for detailed analyzing.
In addition, many industrial sectors have generated small
CO, emissions and would increase the calculation difficulty
for our model; thus, we merged the national MRIO table
and emission inventories into the same 10 economic sectors
(Appendix Table 1). Figure 1 illustrates the overall model
framework of the research process.

Results and discussion
Critical transmission sectors

In this study, the critical transmission sectors are explored
based on the multi-regional input—output model, which can
provide a typical mitigation measurement in 30 provinces to
better achieve the carbon neutrality target by 2060. Figure 2
describes the results of CO, emissions for10 important sec-
tors that are calculated by the betweenness-based method
across 30 provinces in 2012 (a), 2015 (b), and 2017 (c). For
convenient presenting the results, we replaced the names of
the 30 provinces with the letter R (as shown in Appendix
Table 2). The lateral axis shows the 10 sectors in 30 prov-
inces, and the vertical axis describes the CO, emissions from
the perspective of betweenness.

From the temporal perspective, we can conclude that the
critical sectors of CO, emissions are keeping the same con-
dition, for example, heavy industry sector in Shandong prov-
ince has transmitted the highest CO, emissions, which is the
largest betweenness sector in each province in 2012 (985.36
Mt), 2015 (934.27 Mt), and 2017 (559.26 Mt), respectively,
and next is the heavy industry sector in Henan province

Input-Output analysis | |

Database

|| Consumption-based l_ EEIO model

1. The national multi-
| regional input-output table
2. CO2 emaissions of 30

|1 Betweenness -based |

Structural path analysis

provinces

P v m— o w— w—

What is the key driving factors to :
spatiotemporal evolution? :

Driving factors

Structural decomposition
analysis (SDA) model

| 1. represents CO, emission
| intensity

2. structure effect of
intermediate product mput

|

I

I *CO2 emission accountin,
I [ S—

|

I

Fig.1 Overview of the model framework
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Fig.2 The embodied CO, emission of betweenness-based of the 10-sector of 30 provinces in China in 2012 (a), 2015 (b), and 2017 (c)

(transmitting the embodied CO, emissions for 398.23 Mt
in 2012, 512.71 Mt in 2015, 505.33 Mt in 2017) and heavy
industry sector in Jiangsu province (transmitting the embod-
ied CO, emissions for 533.89 Mt in 2012, 617.53 Mt in
2015, and 471.97 Mt in 2017). From the spatial perspective,
we can conclude that the critical sectors of CO, emissions
are showing the different conditions, for the economically
developed coastal areas, the sectors of power, service, and
equipment are the mainly critical sectors of CO, emissions,
for example, for the Beijing city, the power sector (199.24
Mt) is the highest transmitting the embodied CO, emissions
in 2017. However, for the rich mineral resources areas, the
sectors of heavy industry and mining are mainly critical sec-
tors of CO, emissions, for example, the Hebei province has
the affluent iron resources and Shanxi has the affluent coal
resources; therefore, the mining (91.23 Mt) in Shanxi and
heavy industry (438.42 Mt) in Hebei are the highest trans-
mitting the embodied CO, emissions in 2017.

Here, we describe and compare CO, emissions of
different years from temporal and spatial perspectives,
showing in Fig. 3 2012 (a), 2015 (b), and 2017 (c). From
the temporal perspective, the CO, emissions of 10 sectors
in 30 provinces are showing the same changing trends in
2012, 2015, and 2017, such as the total CO, emission of
Shandong province is the largest in the all 30 provinces
and concentrated in the heavy industry sector (985.46 Mt
in 2012, 934.27 Mt in 2015, and 559.26 Mt in 2017) under

the betweenness-based. From the spatial perspective, there
exists a huge difference in CO, emissions at sectoral level,
for the perspective of betweenness method, heavy industry,
service, equipment, and power contributed to the most of
total emissions, where transmission sectors are accounting
for 77.19% of the total embodied CO, emissions in China.
Specifically, there are existing some provinces with much
transmission CO, emissions pressure, including Shandong
province, Jiangsu province, Hebei province, and Guangdong
province. From the perspective consumption-based method,
the major sectors for generating CO, emissions are the heavy
industry, power and transport, which mainly located in the
Shandong province, Sichuan province, Guangdong province,
and Hebei province. From the perspective of production-
base method, heavy industry, power, mining, and transport
mainly account for large proportion, and the typical provinces
including Hebei, Inner Mongolia, and Shandong.

Comparison of different accounting methods

We rank the CO, emissions of different sectors in differ-
ent provinces from large to small, which can more clearly
understanding the CO, emissions from the three account-
ing principles. From the ranking in 2012, 2015, and 2017
(Fig. 4), a few of sectors are laying on red diagonal line,
and it also indicates that most sectors have the different
ranking. We are selecting the sectors of top 50 in 2017 as
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Fig.3 The total CO, emission under the three methods for 30 provinces of China in 2012 (a), 2015 (b), and 2017 (c)

example, three sectors (Heavy industry in Hebei province,
Heavy industry in Jiangsu province, and Light industry
in Shandong province) are raking in the top 50 based on
the betweenness-based model, but none ranking in the top
50 for the consumption side method, and it importantly
describes the three sectors do not produce huge amount of
embodied CO, emissions directly, which also further indi-
cates that these sectors are usually generate the intermediate
products; thus, these are less consumed by consumers; this
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is supported by Liang et al. (2016) and Jia et al. (2019).
However, some results in this study are also different from
existing studies. For example, Heavy industry in Hebei
province is the largest CO, emissions based on the between-
ness-based model, while in the study of Li et al. (2021) is
the Shandong Province, which is mainly because this study
merged the national MRIO table and emission inventories
into the same 10 economic sectors, while in the study of
Li et al. (2021) divided the emission inventories into 45
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Fig.3 (continued)

production sectors and two residential (urban and rural) sec-
tors, and different economic sectors divisions still reveal
the different raking. In addition, there also exist three sec-
tors (Light industry in Henan province, Service in Jiangsu
province, and Power in Beijing city) ranking in the top of
50 according to the betweenness-based method; however,
they do not rank in the top 50 by production-based method.
This means that these sectors with high betweenness but
products of these sectors not generate much embodied CO,
emissions, which further shows that these sectors have little
room to reduce the CO, emissions under the production-
based method.

We can get a conclusion from above analysis that these
sectors are often ignored in polices related to mitigated the
CO, emissions. However, these typical sectors are transfer-
ring the huge pressure of CO, emissions in the process of
production and along with the whole supply chains. There-
fore, it is vital to formulate the suitable policies for improv-
ing the produce efficiency of them sectors for reducing the
need of intermediate inputs.

Furthermore, we further point out that some sectors are in
the place where the blue dashed boxes and the green dashed
boxes overlap, and indicates these sectors are regarded as
crucial sectors of embodied CO, emissions from the all three
methods. In order to provide a detailed comparison result, we
list the CO, emissions of top 15 based on the three account-
ing methods (Table 3). The results of the Table 3 further
show that some sectors should pay attention to curb the CO,
emissions and this method exert a significant influence in
quantifying the CO, emissions at the provincial level.

Production-based CO, emissions (Mt)

Consumption-based CO, emissions (Mt)

4220 3350
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2376

2010

2532

168.8

8440 67.00

0.000 0.000

ingxia
njiang
Hunan
Guangdong
Guangxi
Ch Hainan
ongqing
Sic%ulan
Guizhou
Yunnan
Shaanxi
Gansu
Qinghai
Ningxia
Xinjiang

Xi

It is worth noting that the betweenness-based method
differs from the production-based and consumption-based
methods when estimating the sectoral and provincial per-
spectives, for example, the Service and Light industry are
not emission-intensive industries in some provinces, but
they indeed contributed much for transferring the CO,
emissions, which concludes a new visual angle to calculate
the important betweenness sectors, and must not ignored
in formulating emission reduction policies. Therefore,
more attention to these critical transmission sectors would
make a positive impact on CO, emission reduction and
management.

Comparison with other studies

Existing accounting principles would neglect the intermedi-
ate transmission sectors, while betweenness-based method
could calculate the CO, emissions of critical transmission
sectors. This is supported by Liang et al. (2015) and Jia et al.
(2019). However, some results in this study are also differ-
ent with existing previous studies. It is worth noting that
this study is based on the latest input—output tables in 2012,
2015, and 2017, while the most previous studies are based
on 2012; therefore, we compare the calculations with previ-
ous literature in 2012. For example, in the study of Peng
et al. (2015) and Qiang et al. (2020) are only calculated the
embodied CO, emissions, they also only describe the mainly
sectors of CO, emission, such as heavy industry, power and
mining sectors; however, the equipment and service sec-
tors are ignored. In this study, the calculation results of key
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«Fig.4 The rankings of CO, emissions at sectoral level under the
comparison of three methods in 2012 (a), 2015 (b), and 2017 (c). We
use the two-dimensional representation, horizonal axes, and vertical
axes, to show the ranking of CO, emissions of each sector by using
the betweenness-side accounting method, production-side accounting
method, and consumption-based method, respectively. In addition, we
pick out the sectors that rank the top of 50 under the accounting prin-
ciples, and further mark these by the different colors, including blue
dashed lines and green dashed lines

transmission sectors are different from the study of Li et al.
(2021) that light industry is the key transmission sector. This
is mainly because the scope of the sector merger is differ-
ent, in our study, we combined the original 42 sectors of the
I-O table into 10 sectors, while 30 sectors in the study of Li
et al. (2021).

Crucial drivers of CO, emissions from demand,
supply and betweenness sides

Changes of CO, emissions are affected by numbers of social
and economic factors, including the improvement of technol-
ogy, population explosion, adjustment of the industrial struc-
ture. To uncover the related contributions of different social
and economic drivers, the changes of overall CO, emissions
of China’s 30 provinces during 2012-2017 are decomposed
from production, consumption, and betweenness perspec-
tives, showing in Fig. 5.

For the convenience and accuracy of analyzing the driv-
ers of CO, emissions changes, this paper divides China’s 30
provinces into four regions (as shown in Appendix Table 3),
and we analyze the influencing factors from the three per-
spectives (production side, consumption side, and between-
ness side). From the production side, we can see from the

decomposition results during the whole study period time
(as shown in Fig. 5) that except the west region, the other
three regions have the same situation, which show that the
largest negative influencing factor of CO, emissions dur-
ing 2012-2017 is emission intensity (AD), followed by the
final demand product structure effect (AP) while the final
demand scale effect (AV) promote the increasing in the CO,
emissions. As the most economically developed East region
with the highest CO, emissions, the emission intensity in
East region makes the strongest negative contributions to
CO, emissions (AD: 2012-2015: 189.3 Mt, 2015-2017:
335.4 Mt), followed by the Northeast region, the contri-
bution value is —178.9 Mt (2012-2015) and — 235.1Mt
(2015-2017), as described by the red blocks shown in
Fig. 5. Among the positive factors of promoting the increas-
ing of CO, emissions of China, the final demand scale effect
(AV) acted as the most important role in four regions, with
the most contribution value of 345.6 Mt in East region
(2012-2015) and 554.7 Mt (2015-2017). It is worthy to
noting that the factor of emission intensity has promoted
the CO, emissions in West region, with the contribution
value is 101.4 Mt (2012-2015) and 45.9 Mt (2015-2017),
it mainly attributed to its relatively less developed economy
and technology, of which Chongqing city is a municipal-
ity in our country, and has many universities and scien-
tific research institutions; therefore, its technological level
relatively developed than other provinces, such as Yunnan,
Guizhou, and Gansu, but for the Ningxia and Xinjiang
provinces, their economic and technical level are more less
developed, accordingly their energy use is inefficient and
emission intensity is high.

From the consumption side, from the decomposition
results, we can conclude that (in Fig. 5) the influencing

Table 3 Comparison of CO,
emissions ranking top 15 under
the three accounting methods in

Ranking order

CO, emissions by
betweenness-based

CO, emissions by
consumption-based

CO, emissions by
production-based

10 sectors 30 provinces in 2017 Heavy industry in Shandong

Heavy industry in Henan
Heavy industry in Jiangsu
Heavy industry in Hebei
Heavy industry in Anhui
Power in Guangdong

Heavy industry in Guangdong
Equipment in Jiangsu

Power in Beijing

Heavy industry in Jiangxi
Heavy industry in Hunan

Light industry in Shandong

Heavy industry in Inner Mongolia

Equipment in Shandong
Heavy industry in Sichuan

1 282 14
2 19 18
3 30 10
4 193 4

5 49 31
6 292 5

7 240 28
8 47 113
9 167 68
10 284 33
11 28 36
12 153 101
13 129 30
14 261 107
15 100 16
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factors are showing the difference trend in the four regions,
which the final demand scale effect (AV) and structure effect
of intermediate product input (AL) are the main reasons for
promoting the increasing of CO, emissions. Except the
west region, the factor of emission intensity (AD) and the
final demand product structure effect (AP) are playing an
important role in avoiding the increasing of CO, emissions.
Taking the East region and West regions as examples, the
contribution value of the final demand scale effect (AV)
in East and West regions reach for 1212.1 Mt and 520.3
Mt during the period of 2012-2017, respectively. Except
for the West region (AD: 117.2 Mt: 2012-2015; 57.6 Mt:
2015-2017), the factor of emission intensity contributes the
most in terms of decreasing the CO, emissions in the East
region, the red blocks as shown in Fig. 5 (AD: —387.5 Mt
in 2012-2015;—-313.5 Mt in 2015-2017). The reasons for
these results lie in that (1) the East region, with high eco-
nomic development and energy utilization levels, its emis-
sion intensity is lower than the less developed West region,
for example, the economic development and energy utili-
zation levels of Beijing city are much more than Guangxi
province; (2) the population scale of East region is larger
than the West region, and needing more goods and ser-
vices to support the population in East region, thus the final
demand scale effect contributes the larger values in the CO,
emissions. In addition, the structure effect of intermediate
product input (AL) shows the negative role in East region,
while shows the positive role in West region, it attributes
that intermediate product input structure in economically
developed East region shows the low carbon trend, the ser-
vice, sale and transport sectors account for the large percent
and these industries are relatively capital and technology-
intensive. However, in the West region, the heavy industry
and mining account for the large present (Li et al. 2017),
thus generate much CO, emissions.

From the betweenness-side, we can conclude that (shown
in Fig. 5) the four regions have the different situation and
decomposition results as those obtained at the betweenness
side, which shows that the emission intensity factor (AD) pro-
motes the increasing of CO, emissions in the West region and
Middle region during the study period time of 2012-2015,
the contribution value reaches the 236.8 Mt and 165.3 Mt,
respectively. However, the factor of emission intensity inhib-
its the increasing of CO, emissions in the East region and
Northeast region, while the final demand scale effect (AV)
and the structure effect of final demand source (AS) promote
the increasing of CO, emissions in four regions. As to the
positive factors, the final demand scale effect is regarded
as the most important role in promoting the increasing of
CO, emissions in China, from betweenness side (compris-
ing four regions). In the East region, the absolute contribu-
tion value of the final demand scale effect (AV) is 255.3
Mt (2012-2015) and 329.1 Mt (2015-2017), respectively.
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Followed by the structure effect of final demand source (AS),
with a contribution value of 84.1 Mt during 2012-2017, seen
the dark yellow blocks in Fig. 5, it mainly related to the East
region has a developed economy level, the income level per-
capita is absolutely higher than the other regions (Li et al.
2017); thus, the East region needs to consume more expendi-
ture commodities (consumed more resource and inevitably
generate more CO, emissions) to feed their own population.
The SDA results have revealed the influencing fac-
tors in changes of CO, emissions obtained from the three
accounting methods and are showing different situation and
decomposition results. From the decomposition results, we
infer two important conclusions; on the one hand, the total
carbon emission of consumption-side in developed areas is
higher than that the production-side in less developed region,
which further indicates that economically developed regions
depend on their capital and technological advantages to
import large quantities of energy-intensive and carbon-inten-
sive products and services from economically less developed
areas to avoid their local CO, emissions and environmental
damage. On the other hand, whether production-side, con-
sumption-side or betweenness-side, its emission intensity
effect and intermediate input structure effect in the economi-
cally developed area play an important role in inhibiting the
changes of carbon emissions; therefore, improving the tech-
nological level must be ranked first and pay more attention to
the reduction of CO, emissions, which further indicates that
the improvement of economic level can drive the optimiza-
tion and upgrading of economic structure and reduce the
demand for low-level intermediate input. On the contrary,
for the less developed economic region, its energy utiliza-
tion level is relatively low; in other words, one unit output
value is needed more energy consumption, and inevitably
generating more carbon emission. In addition, we also can
infer that the final demand scale effect plays a significant
role in promoting the increasing of carbon emissions in all
regions, because all the regions need to consume goods and
services to support the development of the local economy.
This further shows that economic development can provide
employment and promote the urbanization process.

Conclusions and policy implications
Conclusions

This study adopts MRIO model to investigate the pivotal sec-
tors of transferring CO, emissions using the betweenness-
based method, and compares the results with the consumption-
based and production-based methods. Moreover, we conduct
the SDA to further uncover the influencing factors of contrib-
uting to the changes of CO, emissions from 2012 to 2017. The
main conclusions of our study are as follows:
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(1) The findings show that, from the perspective of
betweenness method, heavy industry, service, equip-
ment, and power contributed most to total emissions,
which transmission sectors are accounting for 77.19%
of the total CO, emissions through the accounting of
betweenness-based method. Heavy industry sector
(559.26 Mt) in Shandong province, Henan province
(505.33 Mt), and Jiangsu province (471.97 Mt) are
the key transmission CO, emissions. These sectors
may not produce large emission pressure, but transmit
potentially much emission pressure in the economy sys-
tem. Heavy industry in Hebei and Jiangsu, and Light
industry in Shandong rank the top 50 of CO, emissions
from the betweenness-side accounting perspective,
but not rank in the top 50 from the consumption-side
accounting perspective. In addition, the Light industry
in Henan, Service in Jiangsu, and Power in Beijing are
ranking in the top 50 in terms of embodied emissions
based on the betweenness-based method.

(2) There are significant differences of the contributions of
various factors among production-side, consumption-
side, and betweenness-side. First, emission intensity
effect shows the most important contribution to restrain
the growth of CO, emissions from the three account-
ing principles, while final demand scale effect is the
key driver to increase CO, emissions. Notably, emis-
sion intensity effect shows the positive influence on
the increasing of CO, emissions in the less developed
West region from the three perspectives. Second, final
demand structure effect is the most important driver for
inhabiting the growth of CO, emissions to the produc-
tion-side. The structure effect of final demand source
shows the positive impact on the increase of CO, emis-
sions from both consumption-side and betweenness-
side perspectives.

Policy implications

Many CO, reduction policies at the national or regional
level have been formulated from the perspectives of pro-
duction and consumption; however, the calculation of CO,
emissions by the betweenness-based method is generally
neglected. Thus, to develop a more comprehensive policy
decision and avoid the unilateral emission reduction poli-
cies, we support the tailored mitigation policy recommen-
dations shown as follows:

(1) Pay close attention to the improvement of utilization
efficiency of the key betweenness sectors and of stand-
ards of the input in terms of environmental benefits
are advocated. For example, first, material recycling
and reducing waste can help reduce upstream input and
weakening the sector’s transmission to CO, emissions.

Second, local governments should formulate standards
to encourage industries to improve technology, reduce
waste, control procurement, and optimize production
processes. In addition, strict standards should be set to
govern enterprise to input the environmental-friendly
intermediate inputs.

(2) Optimize market mechanism to guide investment
behavior to improve the investment of research
and development and further improve the resource
utilization technology to reduce the intensity of
carbon emission. Emission intensity must be paid
the most attention to the reduction of CO, emissions
in the province and sector level. On the one hand,
enterprises should make great efforts in improving the
fuel mix through advocating the purchase and use of
renewable energy and electric vehicles, reducing the
new coal combustion projects, controlling the present
of coal resources in the total energy consumption. On
the other hand, enterprises should actively introduce
advanced technology to reduce the emission per unit
of product, especially for the sectors of transmitting
the huge pressure of CO, emissions during production
process in China, such as heavy industry, mining, and
power sector.

(3) Government should promote collaborative industrial
layout and optimize the intermediate product
production structure. As for developed east region, the
intermediate product production structure shows an
opposite influence on the growth of CO, emissions,
while shows positive influence on the less developed
regions. Therefore, governments of the less developed
regions should encourage industrial restructuring
through (1) providing preferential capital, tax, and
technological policies to promote the development
of high-tech industries, (2) transferring traditional
energy-intensive industries to less development foreign
markets, and (3) building electronic platform for
industrial transfer and information sharing to balance
mitigation target and production cost.
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