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The city's industrial transformation leads to a large amount of carbon emissions,
which poses a thorny problem for the allocation of carbon responsibilities. This
study established a multi-dimension long-term carbon emission analysis model
to explore the characteristic of Beijing’s embodied carbon emissions, which
could calculate the production-based, consumption-based and income-based
carbon emissions. Then, structural decomposition analysis was adopted to
quantify the contribution of socioeconomic factors in local and imported
carbon emissions. In addition, emission linkage analysis was used for
revealing the long-term evolutionary trajectories of sectors. The key
discovery can be summarized as follows: 1) the fluctuation trend of
production-side and income-side carbon emissions in Beijing is stable and
decreased by 3.53% from 2002 to 2017, while consumption-side carbon
emissions increased rapidly by 795.45%. 2) The energy, transportation and
other services sectors from the supply, production and consumption
perspectives. 3)Per capita consumption, production structure and
consumption structure are the major contributors of carbon emissions. The
study is expected to provide decision support for policymakers to reasonably
formulate carbon mitigation policies and allocate carbon mitigation
responsibilities from multiple perspectives, and promote the realization of
the “carbon peak and carbon neutrality” strategy.
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1 Introduction

Modern cities and industries have significantly improved
people’s living conditions, but they have also brought enormous
pressure on the ecological environment (Giannakis et al., 2019;
Sun et al, 2022). Climate disasters caused by greenhouse gas
emissions, especially carbon dioxide, have become a serious
problem that threatens the survival of all human beings.
China, as the world’s largest emitter of carbon dioxide, has
announced a series of climate commitments and policies to
achieve carbon mitigation goals in order to curb climate
warming and promote global carbon neutrality (Guilhot, 2022;
Zhang and Wang, 2022). The Chinese government pledged to
peak carbon by 2030 and achieve carbon neutrality by 2060 at the
(Xinhua 2020).
Domestically, the Chinese government has issued a series of

international ~ summit News  Agency,
detailed policy documents to provide guidance for carbon
mitigation, such as the Action Plan for Carbon Dioxide
Peaking Before 2030 and the 14th Five-Year Plan for Circular
Economy Development. However, the formulation of current
policies was mostly based on production-based carbon
accounting method, which could not adequately assess the
complex impacts of cities on the carbon emissions system
(Zhai et al,, 2020a). The lack of scientific carbon emission
accounting methods will mislead the allocation of urban
carbon emission responsibilities and have a negative impact
on the implementation of carbon mitigation policies (Xu
et al., 2020). Therefore, it is necessary to explore scientific and
multi-dimension urban carbon emission accounting method,
and propose policy suggestions from multiple perspectives to
promote the realization of carbon mitigation goals.

Previously, many scholars have conducted extensive research
on carbon emission accounting methods to analyze key emission
sectors in cities, many of which focused on the production-based
carbon emission (PBE) (Zhang et al., 2016; Liu et al., 2020; Wang
and Yang, 2021). Production-based accounting method can
calculate carbon emissions from local production, which is
caused by local and export demand (Peters, 2008;
Wiedenhofer et al, 2017; Mi et al., 2020). For example, Xu
et al. (2021) argued that production-based accounting method
can be used to compile provincial carbon inventories and track
the flow of implied carbon emissions. In addition, Luo et al.
(2020) and Li et al. (2022) showed that the production-based
accounting method can analyze the trend of carbon emission
changes in specific sectors. It was widely used in the United
Nations Framework Convention on Climate Change (UNFCCC)
and gas emission inventories at the national and city level.
However, with the development of international and inter-
provincial trade, more and more emissions are implied in the
trade of goods and services (Wu et al.,, 2022). Production-based
accounting method cannot calculate the carbon emissions
contained in imported goods, and ignores the important role
of the final consumer in the carbon emissions process (Atkinson
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et al,, 2011; Chen et al,, 2020). This will negatively impact the
allocation of overall carbon responsibility (Shao et al., 2020). A
consumption-oriented city is often regarded as a low-carbon city
from the perspective of production, because many cities
transferred production activities to other regions in the
industrial transformation (Wen and Wang, 2020). This is
obviously unfair. It interferes with the reasonable allocation of
carbon emission reduction responsibilities and hinders the
realization of carbon emission reduction goals.

To address the above problem, some studies have proposed a
consumption-based carbon emission (CBE) accounting method
(Fengetal., 2014; Mi et al., 2016; Mi et al., 2019). Compared with
production-based accounting method, consumption-based
accounting method could calculate the carbon emissions
contained in regional imported products, and assess the
carbon responsibility of consumers (Peters and Hertwich,
2008; Wiedmann, 2009; Kim and Tromp, 2021). For example,
Hubacek et al. (2017) indicated that consumption-based
accounting method can estimate the contribution of final

demand on carbon emissions. Steininger et al. (2014)
concluded that consumption-based accounting method can
improve the cost-effectiveness and justice of carbon

mitigation. In addition, this method is also increasingly
applied to the analysis of national perspective (Steininger
et al, 2016; Rocco et al, 2020). Based on consumption
accounting method, Zhang and Liang (2022) and Ma et al.
(2022) studied the heterogeneity of carbon intensity in
China’s inter-provincial trade, and discussed the impact of
consumption on regional carbon emissions responsibility. In
summary, consumption-based accounting method promotes
the understanding of the relationship between inter-regional
trade and carbon transfer, and provides a theoretical basis for
the allocation of carbon mitigation responsibilities in
consumption-oriented cities. Although consumption-based
accounting method can track various types of carbon
emissions driven by demand at the end of the industrial chain
and complement the blind spots of production-based perspective
(Harris et al., 2020), but it ignores the role of primary inputs (e.g.,
labor forces, capital and government services) in the industrial
chain, and underestimates the carbon mitigation potential on the
supply side (Roca and Serrano, 2007). Therefore, scientific
assessment of the carbon emission structure of cities requires
more research perspectives.

Fortunately, income-based accounting method can assess the
impact of primary inputs on the production process and identify
the key supply-side sectors (Li et al., 2018; Xu et al., 2019), which
can be used by policymakers to quantify the responsibility of
supply-side sectors in the industrial chain (Xie et al., 2017). Liang
et al. (2017) found that resource exporters such as Russia and
Saudi Arabia should be more responsible for carbon emissions
from primary inputs between 1995 and 2009. In addition,
income-based accounting method can also provide support for
the formulation of supply-side policies for industrial clusters
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(Chen et al, 2019). Liang et al. (2016) used income-based
accounting method to calculate greenhouse gas emissions
across United States industries and identified key sectors on
the supply side. This method has also been used in many
researches to study the situation in China (Zhang, 2015; Yan
et al, 2018; Chen et al., 2019). In general, most of the previous
studies on urban income-based carbon emissions (IBE) are from
an isolated perspective (Xu et al., 2020), lacking a systematic
analysis linked to the production and consumption sides. This
will lead to unscientific carbon emission policies. Therefore, it is
necessary to explore a comprehensive carbon emission
accounting model from multiple perspectives, which is a
preliminary preparation for formulating wurban carbon
mitigation policies.

Analyzing the socioeconomic factors that cause changes in
carbon emissions is critical for developing urban carbon
mitigation targets and policies. To investigate this problem,
the decomposition analysis (DA) provides a practical tool to
quantify the effect of different socioeconomic factors on specific
objects (Hoekstra and Bergh, 2002). There are two commonly
used DA tools, namely index decomposition analysis (IDA) and
structural decomposition analysis (SDA), which are widely used
in the study of changes in environmental indicators (Wang et al.,
2017; Jiang et al., 2022). The advantage of SDA is that the impacts
of changes in socioeconomic factors on environmental indicators
can be analyzed from a macro perspective, which is achieved by
decomposing the change in environmental indicators into
multiple components. Due to the flexibility and practicality of
this approach, this method is widely used in carbon emission
studies based on input-output (IO) table (Chen and Zhu, 2019;
Wang and Yang, 2021; Wen et al., 2022). For example, Wen et al.
(2022) analyzed the carbon emission drivers of 38 industrial sub-
sectors in China through SDA, and identified potential emission
reduction strategies. Wangand Yang (2021) argued that SDA can
be used to compare the differences in the economic structure of
regions or countries, and provide systematic recommendations
for industrial policy. Findings from SDA are helpful to explore
the impacts of important socioeconomic factors on carbon
SDA
emissions rarely focused on the changing mechanism of urban

emissions. However, previous studies on carbon
CBE, and most of them regard cities as a producer of carbon
emissions (Zhai et al., 2020a). In addition, many studies ignored
the heterogeneity of carbon emission structure between local and
there

decomposing the socioeconomic influences of local and

imported products. Therefore, are fewer studies
imported CBE. A comprehensive analysis of urban CBE from
the two perspectives of local and imported consumption will help
to deepen the comprehension of urban carbon emission
mechanism.

Neither the three-perspective carbon emission accounting
(i.e, production-based, consumption-based, income-based)
method nor SDA can analyze the internal relationship of

urban industries, but carbon emission linkage analysis (ELA)
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can fill this research gap. There are two forms of interaction
between sectors in the industrial chain, which are called forward
linkage effect (FLE) and backward linkage effect (BLE) (Lenzen,
2003). This method can analyze the upstream and downstream
relationships between sectors, quantify the influence of sectors in
the industrial chain, and discover important production and
consumption sectors (Wang et al., 2013; Wang G et al., 2022). For
example, Zhang et al. (2018) identified high-priority sectors for
environmental emissions using ELA, while Xu et al. (2020)
analyzed the long-term impact of carbon mitigation policies
on the industrial chain by tracking and observing changes in
sectoral roles. In summary, ELA can help city managers
understand the carbon interaction mechanism within the
industrial chain and study the changes in carbon structure
caused by industrial transformation.

In previous studies, a lot of important work has been carried
out to analyze carbon emissions and formulate the scientific
carbon mitigation strategies. However, several research gaps still
need to be remedied. First, the majority of studies focus on the
singleness perspective carbon analysis from consumption or
production sides, and few of them analyze the carbon
emissions from multi-dimension perspectives. It may lead to
unreasonable allocation of carbon emission responsibilities.
Second, many studies assumed that cities are producers of
carbon emissions, ignoring the contribution of cities on the
consumption side when using SDA. Furthermore, research on
the distinction between local and imported products in the SDA
of CBE remains insufficient. Third, few studies focused on the
upstream and downstream linkages between sectoral carbon
emissions in the production process at the city level. Filling
the existence of these research gaps is of great significance for
exploring the internal mechanism of urban carbon emissions.

In order to bridge the research gaps, this contribution of this
study are as follows: 1) different from most previous studies
based on single perspective analysis, this paper proposes a
multiple-dimension carbon emission accounting model based
on production, consumption and income perspectives, and
studies the characteristics in sectoral carbon emissions from
different perspectives. This model can be used to analyze the
carbon emissions of different types of cities. 2) In order to further
study the carbon emission structure of consumption-oriented
cities, this paper conducts structural decomposition analysis on
the local and import parts of CBE respectively, and studies the
difference and change mechanisms of socioeconomic factors
(e.g. per
structure, production structure, carbon emission intensity)

population, capita consumption, consumption
that affect the change of carbon emissions. 3) Analyze the
direction of carbon transfer and observe the changes in
carbon relationship between sectors after urban industrial
transformation through ELA. 4) Conduct a dynamic analysis
from long-term coherent data (2002-2017) and study the change
characteristics of carbon emissions in different periods in Beijing.

In summary, this study establishes a multi-dimension long-term
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carbon emission analysis model, which can identify key sectors
from multiple perspectives and explore the carbon emission
characteristics and development trends of the sectors. This
study is expected to provide decision support for decision
makers’ carbon reduction strategies and provide a theoretical
basis for the rational allocation of carbon reduction
responsibilities, which will facilitate the realization of “carbon
peak and carbon neutrality” strategy.

As the capital of China, Beijing is the epitome of China’s
urban industrial transformation (Yang et al., 2018), as evidenced
by the share of the tertiary industry increased from 23.69% to
83.09% between 1978 and 2018 (National Bureau of Statistics,
2019). Meanwhile, the energy consumption intensity in Beijing is
decreasing rapidly, from 0.377 in 2013 to 0.182 in 2021 (tons of
standard coal consumed per 10,000 Yuan of GDP). In 2021,
Beijing’s urban forest cover is 44.6%, while annual GDP per
capita is 184,000 Yuan, ranking first in the country (Beijing
Municipal Bureau of Statistics, 2022). This data shows that
Beijing is striking a balance between carbon reduction and
economic development. However, Beijing is a typical
consumption-oriented city, and most of the energy and
commodities consumed by household consumption and
commercial activities are dependent on imports. In this case,
the heavy burden of reducing carbon emissions will fall on
producers, and the responsibility of consumer is
underestimated under traditional production-based accounting
methods (Mi et al., 2019; Wu et al., 2019; Dong B et al., 2022; Du
et al,, 2022). The lack of regulation of carbon emissions from
multiple perspectives will have a negative impact on the
achievement of the overall regional carbon emission target.
Therefore, Beijing as a typical consumption city, is selected as
a research case in this study, and a multi-dimension long-term
carbon emission analysis model is established to explore the
characteristics and evolution mechanism of carbon emissions in
Beijing from various perspective.

The rest of this study is organized as follows: Section 2
introduces the main research methodology, Section 3 reveals
the computational results and interpretation of the results,
Section 3.6 discusses issues encountered in the research, and

Section 4 presents conclusions and policy recommendations.

2 Method

2.1 Three-perspective carbon emission
accounting method

The IO model designed by Leontief can quantify the inflow
and outflow relationship between sectors by counting the
monetary flows of economic sectors (Leontief, 1936). It can
reveal the potential environmental impacts caused by
production activities such as resource exploitation, so it was
widely applied in the accounting of carbon emissions (Fan et al.,
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2018; Zha et al., 2022), air pollution (Dong J et al., 2022; Sun et al.,
2022), fossil energy (Li et al., 2020; Wang Q et al., 2022), water
utilization (Zheng et al., 2020; Wang P et al.,, 2022), and other
environmental studies (Zhang et al., 2018; Shi et al., 2021; Jiang
and Hao, 2022). According to the different compilation scopes of
the IO table, it can be divided into single-region input-output
(SRIO) table and multi-region input-output (MRIO) table.
Compared with the MRIO table, SRIO table assumes that
local and imported goods in the same sector are
homogeneous, and it is more commonly used to analyze
inter-sectoral characteristics in a specific area (Zhang et al,
2022). Production-based, consumption-based and income-
based carbon emissions can all be calculated through the
SRIO model. In this study, a three-perspective accounting
method based on SRIO table is conducted to calculate the
sectoral carbon emissions in Beijing.

The basic formula of the SRIO table can be expressed by Eq. 1
and Eq. 2:

X=(I-A)"'Y=LY 1)
X=VI-B)™'=VG )

where X denotes the total output of each sector. I is the identity
matrix. Y represents the final demand of each sector, V
represents the primary input of each sector. A and B are the
direct requirement coefficient matrix and the direct distribution
coefficient matrix, respectively, which can reveal the inter-
sectoral flow relationship. (I—A)™ and L represent the
Leontief inverse matrix (Leontief, 1936), which can reflect the
input of each sector required to satisfy the final demand of the
industrial chain. (I-B)™ and G represent the Gosh inverse
matrix (Ghosh, 1958), which can reflect the output in the
industrial chain caused by the primary input of each sector.

The IO table published by Beijing is a competitive IO table,
which does not distinguish between local and imported products.
Since there are differences in the production process between
imported and local products in Beijing, the embodied carbon
emission of them will be different. For example, the average
carbon emission intensity of Inner Mongolia is significantly
higher than that of Beijing (Chen et al, 2019). If the same
method is used to calculate the carbon emissions of local and
imported products, the calculation result of the imported part
will be significantly lower. Therefore, in order to improve the
rationality of the calculation process and avoid underestimating
the embodied carbon emissions, it is necessary to calculate the
carbon emissions of local and imported products separately. The
import coefficient matrix K is introduced to distinguish the
monetary flows matrix and final demand matrix of the import
part from the original SRIO table (Xu et al., 2021). The import
coefficient matrix K can be calculated by Eq. 3:

im,

K== 2%+ LY (

i=1,2,3-n) 3
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where, K is the import coefficient matrix, which means the
proportion of imported products in the industrial chain. im;
the
international imports. ) .z;; represents the sum of the

represents import vector, including domestic and
intermediate demands of sector i, and Y,y; represents the
sum of the final demands of sector i.

Under this framework, PBE can be calculated by Eq. 4:

PE=E(I-A)"Y (4)

where PE is PBE, represents the carbon emission from
production (excluding the imported part). Row vector E
represents the carbon emissions intensity of each sector. A’ is
the direct requirement matrix of the local part and Y is the final
demand matrix of the local part.

CBE can be calculated using the relationship between PBE
and CBE: “CBE = PBE—carbon emissions embodied in exports +
carbon emissions embodied in imports” (Mi et al., 2016). By
replacing Y' with Y®, which represents domestic and
international exports in final demand, PE®, carbon emissions
embodied in exported products can be calculated. However, since
detailed data on imports are not available, national carbon
emission intensity data is used to estimate the carbon
emissions embodied by imported products:

CEim — Eim (I _ Aim)’1 Yim (5)

where, CE™ is the carbon emissions embodied in imports, E™ is
the vector of domestic average carbon emission intensity, A™ is
the direct requirement matrix of the imported part, and Y*" is the
final demand matrix of the imported part. Then, CBE can be
calculated by Eq. 6:

CE = PE - PE* + CE™ (6)
where CE is CBE.
IBE can be expressed as Eq. 7:
IE=V{I-B)'FE (7)

where IE is IBE, E' indicates the transpose of the matrix E.

2.2 Structural decomposition analysis for
driving factors

Since Beijing is a consumption-oriented city, CBE dominates the
carbon emission system. It is necessary to decompose the CBE of local
and imported products in Beijing from 2002 to 2017 to investigate the
driving factors. Based on the SDA and Leontief’s IO table, the CBE of
local and imported can be further decomposed into multiple
components. After referring to previous literature and studying the
characteristics of Bejjing industries (Chen and Zhu, 2019; Wang and
Yang, 2021; Wen et al, 2022), we designed five socioeconomic
influencing factors, including carbon emission intensity, production
structure, consumption structure, per capita consumption, and
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These
mechanisms of carbon emission changes from a macro perspective.

population. socioeconomic  factors can explain the
In addition, most previous studies focus on overall carbon emissions
(Zhai et al., 2020a; Wen et al.,, 2022), while this paper divides CBE into
local and imported components, and decomposes the structure
separately. The impact of each socioeconomic factor on CBE can

be analyzed in more detail. The calculation formula is as follows:

CE = E'L'Y' = E'L'SQ'P
CEim — EimLim Yim — EimLimSiinmP

®)
®

where the symbols [ and im denote local and imported products,
respectively; CE' and CE™ indicate the local and imported
carbon emissions; E' and E™ represent carbon emission
intensity; L' and L™ represent the Leontief inverse matrix; s
and §™ are the structure of final demand; Q' and Q™" are the final
demand per capita; P is the population. After decomposition, the
contributions of five socioeconomic factors to changes in carbon
emissions from t0 to tl (t0 represents the base period,
tl represents the target period) are formulated in Equations 10:

ACE = CE;; — CEy = En LS QnPri — EtoL10S10Qr0Pro
= AEL81Qu Py + EALS Q11 Py + EroLygASQi Py

+ EtL10S10AQP; + EsoLi0S10Qi0AP (10)

The symbols t0 and ¢1 correspond to the base period and the
target period, respectively. For example, CEy and CE,;; denote
the carbon emissions in the base and target periods, respectively,
and ACE denotes the difference between them. E, L, S, Q and P
also follow this pattern. As shown in Eq. 10, ACE is composed of
the changes in carbon emissions caused by five socioeconomic
factors. In addition, this formula can be applied to analyze local
and imported carbon emissions respectively. By substituting the
relevant parameters of local and imported products into Eq. 10,
the socioeconomic factors of changes in CE' and CE™ can be
quantified.

2.3 Carbon emission linages analysis

ELA is commonly used to analyze the upstream and
downstream relationships of sectors and to identify key
consumption-side and supply-side sectors. By calculating FLE
and BLE, the interaction between sectors and the transmission
mechanism of the industrial chain can be revealed. As shown in
Eq. 11 and Eq. 12, key influential sectors with high potential to
reduce emissions through industrial chain policies can be

discerned.
nb;
BLE; = —— (11)
210
nd;
FLE; = <~ (12)
! ijl(sj
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TABLE 1 The 19 aggregated sectors and the corresponding abbreviations.

Code Abbreviation
1 FA
2 MI
3 FT
4 TC
5 WEF
6 PP
7 PC
8 I
9 NM
10 MP
11 GS
12 TE
13 EE
14 M
15 EP
16 co
17 WR
18 TS
19 oS

where n represents the number of sectors. 8 = EL, 0; denotes the
carbon emission intensity of sector i on the production side.
8 = GE', §; denotes the carbon emission intensity of sector j on
the supply side. In this study, BLE; > 1 means that the carbon
emissions caused by a unit increase in the final demand of sector i
are above the average level. Similarly, FLE; > 1 means that the
carbon emission caused by a unit increase in the primary input of
sector j is above the average level.

2.4 Data sources

The economic and environmental data collected by this research
model are currency IO tables, population, and carbon emission
inventories. The currency IO tables in 2002, 2007, 2012 and
2017 are released by the Beijing Municipal Bureau of Statistics
(Beijing Municipal Bureau of Statistics, 2022). Avoiding the impact
of price fluctuations on the monetary IO table is the basis of the
research model (Xu et al., 2020; Xu et al,, 2021). Therefore, monetary
values in all IO tables are adjusted to 2017 prices. Population data are
derived from Beijing Statistical Yearbook (Beijing Municipal Bureau of
Statistics, 2003; Beijing Municipal Bureau of Statistics, 2008; Beijing
Municipal Bureau of Statistics, 2013; Beijing Municipal Bureau of
Statistics, 2018). The carbon emission inventories of Beijing are freely
available from the China Emission Accounts and Datasets (CEADs)
(China Emission Accounts and Datasets, 2022), including fossil fuel
consumption and fossil fuel-related carbon emissions. There are
significant differences in sectoral classification between the above

Frontiers in Earth Science

Aggregated sector

Farming, Forestry, Animal Husbandry, Fishery and Water Conservancy
Mining Industry

Manufacture of Foods and Tobacco

Manufacture of Textiles and Clothing

Processing of Woods and Furniture

Manufacture of Papermaking, Printing, and Paper Products

Processing of Petroleum, Coking, and Nuclear Fuel

Chemical Industry

Manufacture of Nonmetal Mineral Products

Manufacture of Metal Products

Manufacture of General and Special Machinery

Manufacture of Transport Equipment

Manufacture of Electric, Electronic and Telecommunications Equipment and Machinery
Manufacture of Instruments, Meters and others

Electric Power, Gas and Water Production and Supply

Construction

Wholesale, Retail Trade and Accommodation

Transport, Storage, and Post

Other Services

data. In order to bridge the data differences and simplify the
calculation process, sectors need to be integrated. Based on the
reference to previous studies (Chen and Zhu, 2019; Mi et al,, 2019
Zhai et al, 2020a; Xu et al, 2021), the original 42 sectors were
integrated into 19 aggregated sectors according to the characteristics of
Beijing sectors, as shown in Table 1.

In summary, the theoretical framework of this study is shown in
Figure 1. First, on the basis of previous research, this study collected
the IO table and carbon emission inventory of Beijing in 2002, 2007,
2012, and 2017, and integrated the data for the convenience of
calculation. Secondly, based on the three-perspective accounting
method (ie., production-based, consumption-based and income-
based accounting methods), this study analyzed the differences in
carbon emission characteristics of various industries. Thirdly, based
on SDA, this study revealed the impact of changes in socioeconomic
factors on carbon emissions of urban consumption. Fourth, based
on ELA, this study described the evolutionary trajectory of the
sector. The research framework of this study is composed of the
above data and research methods.

3 Result

3.1 Intersectoral carbon flows in local and
import regions

Due to the stark difference in carbon emission intensity and
flow direction between local and imported products, the

06 frontiersin.org
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~
[ A multi-dimension long-term carbon emission analysis model for Beijing
5 o e e e e S o i o
[ Three-perspective carbon emission accounting analysis ]
1
| 1 1

Production-based perspective

Consumption-based perspective

Income-based perspective

-
Calculate carbon emissions from

associated responsibilities of

.

Calculate carbon emissions from
local consumption and study the
associated responsibilities of

N

Calculate carbon emissions from
local supply and study the
associated responsibilities of

~

pl‘OdllCél‘S consumers

(V)

suppliers

Establish a multi-dimensional carbon emission accounting model to provide scientific decision
support for allocating carbon emission responsibilities.

I
|
|
|
|
|
|
|
|
|
|
|
|
I local production and study the
|
|
|
|
|
|
|
|
|
|
|
\

Structural decomposition analysis

®
|
| |

Production
structure change

Emission intensity
change

Consumption
structure change

9

[ Quantify the contribution of socioeconomic factors to local and imported carbon emissions ]

Consumption per
capita change

| Population change '

e

Emission linkage analysis

©

Analyze the carbon interaction within the industrial chain and study the changes in carbon
structure caused by industrial transformation.

o ———————

-

(1) Study urban carbon emissions from production-based, consumption-based and income-based perspectives.
(2) Explore the socioeconomic drivers of carbon emissions from urban consumption on the local and imported
perspective.

(3) Analyze the changing mechanism of inter-sectoral carbon relations during the transition period of urban
industries.

FIGURE 1
Theoretical framework for this study.
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FIGURE 2

Local carbon flows among different sectors from 2002 to 2017. (A) 2002 (B) 2007 (C) 2012 (D) 2017.

imported carbon flows are more complex than expected. Thus,
the system is fundamentally different when considering the
imported carbon flows. The analysis of carbon flows among
different sectors is essential to be conducted to further reveal the
difference in carbon emissions between local and imported
products. The local and imported carbon flows among sectors
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are shown in Figure 2 and Figure 3, respectively. The values of all
carbon flows across sectors are positive. The color of each sector
is different. Streamlines between sectors can show the direction
of carbon flow. The color of the flow line between industries
represents the origin of carbon flow. The width of carbon flow in
each sector indicates the amount of carbon flow between this
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FIGURE 3
Imported carbon flows among different sectors from 2002 to 2017. (A) 2002 (B) 2007 (C) 2012 (D) 2017.

sector and others. For example, the yellow flow line between EP
and OS in Figure 2A represented the local carbon flow from EP to
OS, and the amount of carbon emission was 10.25 million tons
(Mt). Compared with Figure 2 and Figure 3, it can be seen that
the change in the structure of imported carbon flows was not as
large as that of local carbon flows, which indicated that the
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relationship of imported products among sectors was more stable
than that of local products. For instance, the imported carbon
flows from NM and MP to CO persisted between 2002 and 2017,
while the relationship in local carbon flows disappeared after
2012. It indicated that the local carbon flow of CO was more
susceptible than its imported carbon flow. Changing the carbon
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structure of imported products was more difficult than changing
that of local products.

According to Figure 2A, the major contributors of local
carbon flows were EP, MP, and NM, which contributed 23.45,
13.44, and 4.37 Mt, respectively. Among them, MP contributed
most of its local carbon flow to CO (6.48 Mt) and itself (2.33 Mt),
while the rest of local carbon flow mainly contributed to GS
(1.29 Mt). Figure 2B-D reveal that TS and OS gradually replaced
NM and MP as the main contributors of local carbon flow after
2007. Furthermore, the main contributor to the local carbon flow
of EP has always been itself, while the rest of the local carbon
mainly flowed to TS and OS. In general, the structure of local
carbon flows changed significantly between 2002 and 2017. By
contrast, Figure 3A shows that the major contributors of
imported carbon flows were EP, MP, and NM with the
contribution of 28.24, 8.01, and 6.07 Mt, respectively. Among
them, EP contributed a part of the imported carbon flow to OS
(12.34 Mt), while the rest evenly contributed to other sectors.
According to Figure 3B-D, the structure of imported carbon
flows is stable every year, except for EP. The imported carbon
flow within EP increased from 4.61 to 86.92 Mt, which reflected
Beijing’s rapidly increasing demand for imported energy. In
summary, imported carbon flows mainly came from EP, NM,
and MP sectors and flowed to EP, CO, and OS sectors. This result
was in line with the characteristics of the developed tertiary
industry in Beijing.

3.2 Carbon emissions analysis from
multiple perspectives

3.2.1 Comparison of different perspectives

Based on the carbon emission inventories released by CEADs
and the environmentally extended (I0) model constructed in this
study, PBE, CBE, and IBE in 2002, 2007, 2012, and 2017 for
19 aggregated sectors were calculated. As shown in Figures
4A-D, embodied carbon emissions differ significantly across
the three types of accounting methods, reflecting the different
focus on the allocation of various methods. Several major
findings were revealed by the overall comparison of three
accounting methods.

First, during the study period, the fluctuation trend of PBE
and IBE in Beijing was stable, while CBE grew rapidly. Beijing’s
CBE was the lowest among the three perspectives carbon
emission in 2002 and 2007, but it reversed in 2012 and 2017.
During the critical period of change (2007-2012), the total
amount of PBE and IBE in Beijing decreased by 7.97 Mt
(8.73%), while the total amount of CBE increased hugely by
731.52 Mt (924.83%). In 2017, the total amount of CBE was
584.01 Mt, which was significantly higher than that of PBE
(68.94 Mt). The result reflected that the carbon emission
caused by consumption behavior in Beijing was greater than
that caused by the production and supply processes. The
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industrial transformation and deindustrialization in Beijing
were cited as the main reasons. The decline in manufacturing
capacity forced Beijing to import products from other regions to
meet the local demands of industry and residents.

Second, the key sectors of carbon emissions calculated by the
three accounting methods were different. This study defined
sectors that once accounted for more than 10% of total carbon
emissions as key sectors. Take 2017 as an example, the key sectors
of PBE were EP, TS and OS, the key sectors of CBE were MI, MP,
and EP, while the key sectors of IBE were EP, TS, and OS.
Compared with different accounting methods, it could be found
that EP was an important carbon emission contributor from
three perspectives. TS and OS had an important position in both
PBE and IBE, which indicated that they were both producers and
suppliers in the industrial chain. Traditionally, MI was
considered to be the supplying sector of raw materials, but in
2012 and 2017, MI was found to be the key sector of CBE. The
results showed that the carbon emission characteristics of MI
were changed in 2012, and its role in the industrial chain needs to
be re-evaluated. Therefore, policymakers should pay more
attention to the import process of MI.

Third, the results of PBE, CBE, and IBE vary widely when
calculating a specific industry. For example, the IBE of MI was
8.41 Mt in 2007, much higher than its PBE (0.11 Mt) and CBE
(0.68 Mt). For TE in 2012, CBE was 15.23MT, PBE and IBE were
0.61 and 1.32 MT. The difference of carbon emission results from
three perspectives is significant. Obviously, developing carbon
policies based on traditional production-side accounting method
cannot achieve a good effect of carbon mitigation for the
consumption-oriented cities. Generally, the results imply that
the carbon accounting method from single perspective is
detrimental to comprehensive evaluate of urban carbon
emissions, and formulate of carbon mitigation policies and
allocate carbon emission responsibilities. Therefore, it is
necessary to evaluate the carbon emissions from different
perspectives.

3.2.2 Characteristic analysis of sectoral direct
carbon emission

The compositions of direct carbon emission (DCE) for
19 sectors in four statistical years are shown in Figure 5. These
compositions varied by year but show certain structural and
temporal characteristics. Several results and policy
implications are presented in Figure 5. First, EP was the
main emitter of DCE in Beijing, which accounted for about
40% of the total DCE with emissions of 26.95, 37.05, 37.35, and
28.5 Mt in 2002, 2007, 2012, and 2017, respectively. In the
process of supplying water, electricity and heat to other
sectors, a large amount of carbon emission was emitted by
EP. The government should promote the development of
emerging energy technologies (e.g., hydrogen, wind, solar,
and other energy sources) to build a cleaner modern energy

system. Second, the structure of DCE differed significantly in
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Proportion of DCE among different sectors from 2002 to
2017.

different periods. MP contributed 18.65 Mt of DCE and
became the second largest DCE emitting sector in 2002,
however, its share dropped rapidly from 26.1% to 0.14%
between 2002 and 2017. During this period, the total
proportion of DCE in the tertiary industry increased
rapidly, especially in TS and OS. Therefore, DCE of the
should be
policymakers after the industrial transformation.

tertiary  industry more concerned by
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3.2.3 Characteristic analysis of sectoral PBE

As shown in Figure 6, compared with the sector clusters of
DCE, the main contributors of PBE are partly different. First, the
proportion of PBE in EP increased from 5.19% to 31.28% during
2002-2017 and became the largest source of PBE in 2017. This
result reflected Beijing’s increased demand for energy
production. In order to offset the carbon emissions caused by
the increase in energy consumption, the development of clean
energy technologies (such as wind energy, solar energy, biomass
energy, efc.) should be encouraged. Second, the PBE of CO in the
sample period was 16.42, 11.71, 5.08, and 3.74 Mt, respectively,
which were much higher than its DCE. The reason was that the
construction process consumed a large number of carbon-
enriched products, resulting in more carbon emissions from
the production process of the CO sector. The results also
showed that the PBE of CO was significantly reduced due to
the government’s control of carbon-enriched products. Third,
the PBE of the manufacturing sector declined rapidly during the
4 years. For example, from 2002 to 2017, the PBE of CI, MP, and
EE decreased by 2.64, 6.52, and 3.36 Mt, respectively. This was
related to the recession of manufacturing caused by Beijing’s
industrial transformation. Forth, the PBE of the tertiary industry
continued to increase from 2002 to 2017. The proportion of PBE
in TS increased rapidly from 7.15% (2002) to 27.27% (2017), and
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Proportion of PBE among different sectors from 2002 to
2017.

emissions increased by 13.69 Mt. The result indicated that the
logistics industry played an important role in the urban function
of Beijing. For TS sector, the government should continue to
promote the transformation of electric vehicles by improving
charging infrastructure and subsidizing new energy vehicle
companies. OS was the key sector of the service industry, with
PBE of 18.00 Mt (2002), 33.53 Mt (2007), 15.84 Mt (2012), and
14.58 Mt (2017), respectively. Public services, infrastructure,
scientific research, information services consumed many
carbon-intensive products such as electricity, oil, and coal
throughout the life cycle of OS. Therefore, despite the low
number of DCE, the potential for carbon mitigation in OS
was significant from the production perspective. For OS
sector, the government should promote the development of
low-carbon service industries, introduce policies to support
high-tech industries, and strictly limit the use of high-carbon
products. Production-based accounting method can help
policymakers assess the carbon responsibility and mitigation
potential on the production side.

3.2.4 Characteristic analysis of sectoral CBE
Large quantities of goods and services were imported to meet
the final demand of local residents. According to Figure 7, the
following conclusions can be drawn: first, the total amount of
CBE in Beijing varied greatly, ranging from 65.22 Mt (2002),
79.10 Mt (2007), 810.61 Mt (2012), and 584.01 Mt (2017),
respectively. The largest increase in CBE occurred in 2012,
which was a ten-fold increase compared to 2007. The results
showed that the external dependence of Beijing increased
significantly from 2007 to 2012, reflecting the growth of
consumer capacity of residents and government. Second, the
CBE of CO continued to decline over the four sample years, from
16.59 Mt (2002) to 4.35 Mt (2017), which was mainly because of
Beijing’s strict regulation for carbon emissions in CO. Third, MP
replaced OS as the largest source of CBE emissions since 2012. In
2017, the upstream carbon emissions caused by imports in NM
were 195.03 Mt, accounting for 33.39% of the total emissions.
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2017.

However, the PBE of NM in 2017 was only 0.18 Mt. Similar to the
NM sector, some manufacturing sectors began to import a large
number of products from other regions and reduced local
production  after  Beijing’s industrial  transformation.
Interprovincial carbon transfers from commodity trade can be
curbed by spreading low-carbon technologies, taxing carbon-rich
products, and restricting imports. In addition, the central
government should also consider the key role of consumption
behavior and comprehensively assess the responsibility of carbon
emissions to improve the efficiency of carbon emission
reduction. In this case, the development of new carbon
emission strategy based on the consumption accounting
method is necessary for overall carbon mitigation.

In addition, there is one notable result worth discussing.
Beijing’s total CBE was 810.6 Mt in 2012, much higher than the
total CBE in 2007 (79.1 Mt), and nine times of the total PBE in
2012 (83.29 Mt). There was an order of magnitude gap between
CBE and PBE of Beijing during the same period. According to the
results, there were two major reasons for this phenomenon.

First, Beijing transformed into a consumption-oriented city,
and the frequent activities of import led to a rapid increase in
consumption-based carbon emissions. Beijing was a microcosm
of China’s urban transformation. In the past 2 decades, Beijing
experienced a continuous process of deindustrialization due to
the macro policies and urban planning. Beijing expelled energy-
intensive and high-polluting sectors (such as steel and chemical
industries) and developed innovative industries and service
sectors. The capability of self-sufficiency of Beijing gradually
declined during the process. At the same time, the growth of
population and per capita consumption resulted in a rapid
increase in the total demand of residents for fundamental
products. According to the IO table, the final demand in
Beijing (i.e, urban and rural consumption, government
consumption and capital formation) increased from RMB
429 billion in 2002 to RMB 2,779 billion in 2017. The capacity
of local production cannot meet the growing demand for
commodities. Therefore, Beijing began to expand the import
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volume from 2012, which eventually brought about a rapid rise
in CBE.

Second, the headquarters effect of enterprises in Beijing was
significant, which increased the CBE in Beijing. Enterprise
products required by regions outside the city boundary were
uniformly distributed and sold by the headquarters, and most of
the income was attributed to the location of headquarters.
Headquarters effect existed in many sectors of Beijing,
especially in energy-related sectors (such as MI and EP). For
example, China National Petroleum Corporation (CNPC),
headquartered in Beijing, controlled the allocation and sale of
oil and gas through the group’s online trading platform. In the
past, the sales channels and funds for most products were
managed by regional subsidiaries, but now they were in the
hands of the headquarters. The separation of upstream and
downstream manufacturers caused by the headquarters effect
led to a substantial increase in Beijing’s domestic and foreign
imports. According to the I-O table, from 2002 to 2017, imports
from domestic and foreign increased from RMB 422 billion to
RMB 8,445 billion, much larger than the increase in final
demand. If the consumption-based accounting method is
adopted by the policymaker, Beijing will be recorded a large
amount of carbon emissions caused by headquarters effect, which
is unfair to Beijing. Therefore, the establishment of a multi-
dimension assessment mechanism for carbon emissions
responsibility is necessary for both cities and decision-makers.

3.2.5 Characteristic analysis of sectoral IBE

The sectoral carbon emissions calculated by the income-
based accounting method were different from the previous two
methods. Figure 8 shows CO, emissions among sectors from the
income perspective, and three conclusions can be obtained: first,
the primary input of ML, EP, TS and OS enabled a large amount
of carbon emissions. The total IBE of these sectors in 2017 was
53.74 Mt, accounting for 77.95% of total emissions. Most IBE
were emitted by a few key sectors, which reflected the strong
influence of upstream industries on the carbon emissions of
downstream industries. Second, sectors related to resource
extraction or energy supply such as MI and EP were the
major contributors of IBE. In 2012, the carbon emissions
caused by the primary input of MI and EP were 8.41 and
18.33 Mt, respectively, accounting for 10.1% and 22.01% of
the total IBE. Coal, oil or electricity supplied by these sectors
would cause many carbon emissions when used by downstream
sectors. This result indicates that more attention should be paid
to energy-related sectors when formulating carbon mitigation
policies on the supply side. Third, the sectors of the tertiary
industry, which were generally regarded as low-carbon
industries, were the major contributors to the IBE in Beijing.
In 2017, the IBE caused by the primary input of OS and TS were
17.87 and 11.78 Mt. This result reflected that Beijing’s tertiary
industry was closely linked to carbon-intensive sectors. One
possible reason was that the tertiary industry provided a lot of
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Proportion of IBE among different sectors from 2002 to 2017.

services to carbon-intensive sectors. Generally, the government
should introduce more supply-side policies to reduce IBE, such as
reducing the use of fossil energy, promoting the development of
renewable energy technologies, and limiting the expansion of
high-polluting industries, etc. Income-based accounting method
can discover key sectors on the supply side and provide detailed
suggestions for carbon emission reduction at the source of the
industrial chain.

3.3 Socioeconomic factors of changes
in CBE

As the above results show, it is confirmed that Beijing is a
consumption-oriented city and CBE dominated Beijing’s carbon
emissions after 2012. Therefore, the research on the influencing
factors of urban CBE is of great help to the allocation of carbon
responsibility and the formulation of related policies. Based on
the analysis of five socio-economic factors (e.g., population, per
capita consumption, production structure, consumption
structure and carbon emission intensity), the impact of macro
changes on CBE can be revealed. For example, the carbon
emission intensity of manufacturing processes can be reduced
through technological advances, thereby reducing CBE. Policy
reforms can affect CBE by managing and adjusting the structure
of production and consumption. Besides, the growth of the
population and spending power can promote the expansion of
residents” demand, which will inevitably lead to the growth of
CBE. In addition, this paper innovatively distinguishes between
local and imported products in SDA, and the difference of their
change mechanism can be further studied.

Figure 9 shows the contributions of different socioeconomic
factors to Beijing’s CBE and decomposed into two parts: local and
imported products. It reveals the reason for the variation of CBE
from 2002 to 2017. According to Figure 9A, the carbon emission
intensity was the main driver of the reduction in CBE over the
three periods (period one is from 2002 to 2007, period two is

from 2007 to 2012, period three is from 2012 to 2017).
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Specifically, the decrease of carbon emission intensity offset the
growth of CBE with the amount of 103.48 Mt (-159%) in period
1, 87.74 Mt (-111%) in period 2 and 38.57 Mt (—5%) in period 3,
which suggested that technological progress was an effective way
to reduce CBE. On the other hand, the consumption and
production structures were the main influencing factors of
CBE, which increased CBE by 196.25Mt (+248%) and
347.45 Mt (439%) in period 2, and decreased CBE by

106.86 Mt (-13%) and 72.03Mt (-9%) in period 3,
respectively. These two factors could be significantly
influenced by Beijing’s environmental protection and

industrial policies (e.g., Suppress The Second Industry and
Develop The Third Industry and The Administration of Highly
Polluting Fuel Forbidden Zones). This result showed that Beijing’s
urban policies had a significant impact on CBE. In addition,
growth in population and per capita consumption cumulatively
contributed 339.97 Mt of CBE in three periods. This is an
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inevitable problem in the process of urban development, and
policymakers need to develop a series of measures to deal with
the above problem. For example, the government can reasonably
plan for population growth, guide residents to use carbon-
cleaning  products, advocate green and low-carbon
consumption in daily life.

Figure 9B is the structural decomposition of the local CBE,
and the following conclusions can be drawn: first, the carbon
emission intensity was the major contributor to the reduction of
local CBE, with the carbon emission reduction of 88.06 Mt
(—224%) in period 1, 22.99 Mt (-52%) in period 2, and
9.52 Mt (-50%) in period 3, respectively. Second, the local
CBE peaked in 2007 with the emission of 44.19 Mt, and it has
been on a downward trend since then. In period 1, the local CBE
was markedly increased by the production structure (52.02 Mt).
But the situation reversed after 2007, the production structure

became an inhibition factor of carbon emissions. This was
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because the exit of high-carbon industries reduced the carbon
emissions of the production chain. Therefore, the government
should continue to promote the low-carbon technologies and
the
transportation and industrial sectors. Third, the local CBE

reduce carbon emission intensity of construction,
increased by the factors of population, per capita consumption
and consumption structure in most cases, with a cumulative
increase of 66.92 Mt. However, the local CBE was reduced by
3.28 MT by consumption structure in period 2. This is because
Beijing’s high carbon industry is restricted by the industrial
transformation policy, thus reducing the consumption of
carbon rich products. According to Figure 9C, the most
important factor contributing to the reduction of imported
CBE was also carbon emission intensity. However, the impact
of carbon emission intensity for imported CBE was weaker than
that of local CBE. The major reason was that Beijing was a
consumption-oriented city, which had rapidly lowered local CBE
by restricting high-carbon sectors. But for production regions,
high-carbon sectors were the backbone of the social economy.
Restrictions on these sectors might lead to mass unemployment
and economic recession. This also showed that carbon mitigation
in production-oriented areas mainly relied on technological
progress, rather than industrial transformation. In addition,
after 2007, CBE induced by imported goods became the
largest component of urban carbon emission. This result
explained why the trend and influencing factors of imported
CBE were similar to that of total CBE. In period 2, the two main
drivers of imported CBE were consumption structure and
production structure, which contributed 199.53 Mt (+572%)
and 370.80 Mt (+1062%) of emissions, respectively. It was
worth noting that the production structure increased more
carbon emissions than the consumption structure, indicating
that the import demand in Beijing was dominated by high-
carbon products, which increased the environmental pressure on
other regions. In addition, this result was also reflected in the
growth of import and export trade in period 2. According to the
National Bureau of Statistics of China, the total value of Beijing’s
import and export trade of goods (by location of business units)
increased from US$ 192.9 billion to US$ 408.1 billion during this
period. In summary, the reduction of Beijing’s CBE requires an
entire optimization of the production and consumption structure
of the transaction network, and the improvement of the supply
structure of production factors and the utilization rate of clean
energy.

3.4 The evolutionary path of the sector

Tracking the evolution path of sectors is helpful to study the
changing mechanism of carbon emissions in urban sectors,
which is a supplement to the urban multi-dimensional carbon
emission analysis model. BLE represents the driving force of a
sector in the industrial chain, which is used to reflect the impact
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of the sector’s final demand on other sectors in the carbon
emissions system. FLE represents the pulling force of a sector
in the industrial chain, which is used to reflect the impact of the
final demand from other sectors on this sector’s carbon
emissions.

According to the results of BLE and FLE, all sectors were
divided into four categories, as shown in Figure 10. Different
zones played different roles in industrial emissions systems. The
area within the second quadrant of Figure 10A can be defined as a
critical area on the supply side. The MI sector was a typical
supplier of raw materials, providing coal, oil, minerals and
natural gas to downstream industries. The primary input of
MI drove the production of goods and increased carbon
emissions of the industrial systems substantially. Carbon
mitigation in MI needs to be coordinated with the policies of
the supply side.

In contrast, sectors within the fourth quadrant such as TS
and NM were considered as the key sectors for consumption, and
their demand caused a large amount of emissions from other
sectors. Guiding these sectors to use low-carbon products was an
important direction of carbon mitigation policies on the
consumption side. In addition, there were some “high-weight”
sectors (e.g., EP, PC, and MP) in the first quadrant, with high FLE
and high BLE. These sectors were integral to both the production
and consumption sides. Policymakers need to focus on these
“high-weight” sectors and adopt the necessary policies to
systematically manage their supply and demand processes.

Notably, the roles of some sectors in the carbon emissions
system have changed over time. Take MP as an example, which had
high FLE and high BLE in 2002 and was one of the dominators in
the industry’s emissions system. However, in 2012 and 2017, MP fell
into the second quadrant and became a supplier as the sector’s
driving force weakened. This result was related to Beijing’s restrictive
policies of the second industry. The production capacity of Beijing’s
metal products industry was greatly reduced, which was manifested
in the reduction of demand for metal products in other industries.
This phenomenon was reflected in the decline of the sector’s FBL.
The results showed that the emission feature of the sector was
affected by changes in the policies on the supply and demand side.
The analysis of FLE and BLE can help policymakers scientifically
evaluate the roles of various sectors, observe the effect of policy
implementation, and provide a basis for assigning the responsibility
of carbon mitigation.

3.5 Discussion on the calculation method
of CBE

The consumption-based accounting method can calculate
the embodied carbon emission associated with consumption,
target and analyze the key consumption sectors in the industrial
chain. The carbon emissions caused by local products and
imported  products be calculated

can separately by
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Evolutionary trajectories of various sectors during 2002-2017. (A) Total (B) The third quadrant.

consumption-based accounting method. However, the standards
of the calculation process of CBE are ambiguous and inaccurate,
and different definitions of parameters will lead to different
results. According to previous research, there are three
calculation methods for CBE, which are numbered as M1,
M2, and M3 (Chen et al, 2019; Mi et al., 2019; Zhai et al,,
2020a). The differences in parameter definitions are detailed in
Table 2. The main differences are the selection of carbon
emission intensity and the statistical scope of final demand. In
Table 2, “Local consumption” includes urban and rural residents’
consumption, government consumption and capital formation.
The CBE calculated by three methods from 2002 to 2007 is
shown in Figure 11.

MI is the calculation method used in this study. The
theoretical premise of M1 is that the carbon structure of
imported products is different from that of domestic products,
which need to be processed separately. When calculating the
carbon emission of imported products, the domestic average
carbon emission intensity is selected to replace the carbon
emission intensity of unknown imported products (Mi et al.,
2016; Mi et al., 2019). M1 is characterized by emphasizing the
differences between imported and local products, and calculating
the carbon emissions of all imported products. Compared to M1,
M2 excludes export items from the final demand of the imported
portion (Chen and Zhu, 2019). Only local consumption is
considered when calculating the final demand of the imported
portion. M2 argues that Beijing should not be assigned the
responsibility for carbon emissions in the part of “importing
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products for export”. As shown in Figure 11, the CBE for
M2 maintained between 50 and 60 Mt. M2 may ignore the
actual situation of entrepot trade and underestimates Beijing’s
carbon emission responsibility on the consumption, so M2 is not
adopted in this study. M3 has also been widely used in previous
studies (Zhai et al., 2020a; Zhai et al., 2020b; Xu et al., 2020), and
the carbon intensity of imported products in this method is
considered to be the same as that of local products. However,
Beijing is a consumption-oriented city dominated by the service
industry, and its carbon intensity is lower than the national
average. Therefore, M3 will underestimate the carbon emissions
of imported products, as shown in Figure 11. Considering that
the technology and process of imported products are different
from local products, it is more reasonable to use the national
average carbon intensity to estimate the carbon emissions of
imported products.

In summary, the main difference between the results of this
paper and other scholars’ studies is the choice of carbon emission
intensity and the range of imported goods. Based on M1, the
entrepot trade component (i.e., importing products for export) is
found to be the main contributor to CBE in Beijing. Li et al. (2020)
studied energy consumption in Beijing between 2002 and
2012 and obtained similar results. The paper points out that
the headquarters effect in Beijing is the main cause of energy
flows, which is consistent with the findings above. In addition, this
paper also verifies the findings using M2 and M3, which are
generally consistent with the studies of other scholars (Chen et al,
2019; Chen and Zhu, 2019; Zhai et al., 2020a; Xu et al., 2020).
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TABLE 2 Comparison of different parameter definitions, consumption-based accounting method.

Code Carbon emission intensity Final demand
M1 Domestic average carbon emission intensity 1. Local consumption
2. Domestic and foreign exports
M2 Domestic average carbon emission intensity 1. Local consumption
M3 Local carbon emission intensity 1. Local consumption
2. Domestic and foreign exports
allocation of carbon emissions responsibilities. Based on the
Mt above  research, the main findings and  policy
900 recommendations are summarized as follows:
800
700 1) Beijing’s PBE and IBE decreased by 3.53% (2.52 Mt) from
600 2002 to 2017, which is generally stable. During the same
300 ¢ period, the CBE increased rapidly by 795.45% (518.79 MT).
400 1 Along with the process of importing goods from other cities, a
300 - large amount of embodied carbon emissions is transferred
200 into Beijing. Therefore, Beijing should change its original
100 - I production-based management mode and try to reduce CBE
0 m m - l L by introducing more demand-side policies, such as
2002 2007 2012 2017 e .
M1 (Domestic average carbon emission intensity & Including entrepot trade) SubSIdIZIDg low-carbon pr oducts and tamng the

M2 (Domestic average carbon emission intensity & Excluding entrepot trade)
B M3 (Local carbon emission intensity & Including entrepot trade)

FIGURE 11
Comparison of CBE results of three calculation methods in
2002-2017.

4 Conclusion

In this study, a multi-dimension long-term carbon emission
analysis model was established to explore the characteristics and
evolution mechanism of carbon emissions from multiple
perspectives. In the proposed model, the production-based,
consumption-based and income-based carbon emissions of
Beijing in 2002, 2007, 2012, and 2017 were calculated, and the
roles of various sectors in Beijing’s carbon emissions system were
identified. Then, SDA was adopted to quantify the contribution
of five socioeconomic factors in local and imported carbon
emissions. In addition, the transition trajectories of various
sectors were further described by ELA, and revealed the
the
perspectives of consumption and supply. The proposed model

interaction between urban economic sectors from
has the potential to be applied to more areas or cities, which can

provide scientific decision support for policymakers to
reasonably formulate carbon mitigation policies and allocate
carbon mitigation responsibilities from multiple perspectives.
The results show that there are significant differences in the
characteristics of carbon emissions in Beijing from 2002 to 2017,

and the choice of accounting methods has a greater impact on the
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consumption of carbon-intensive products.

2) Among the urban sectors, EP is one of the main contributors
and has a stable share from production, consumption and
supply perspectives. It has a multi-dimension potential for
carbon mitigation. Therefore, more carbon emission
reduction responsibilities should be undertaken by EP
sector, and targeted multiple-dimensional carbon emission
governance should be promoted. After Beijing completed its
coal-free transformation, the government should try to
reduce the proportion of traditional fossil energy in the
energy system. In addition, the government should also
promote the development of emerging energy technologies
(e.g., hydrogen energy, wind power, photovoltaic power,
biomass energy, etc.), and help establish a modern energy
system dominated by renewable energy and clean electricity.

3) There are significant differences in sector-level’s carbon
emissions from different perspectives. In terms of PBE, the
share of traditional manufacturing has gradually declined
since 2002, and its share has been replaced by TS and OS
sectors. In terms of CBE, the emissions of IM, MP, and EP
sectors caused by imports all increased by more than 10 times.
In terms of IBE, EP, MI, TS, and OS sectors that provide
products and services to downstream industries are the main
sources of supply-side emissions. The results imply that the
industrial transformation in Beijing has a significant impact
on the trend of carbon emission changes in the sector.
Therefore, the government should reasonably formulate
carbon mitigation and industrial transformation policies,
allocate carbon mitigation responsibilities from multiple
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perspectives, and prudently plan the future carbon mitigation
paths of sectors.

4) Per capita consumption and production structure are
important drivers of the increase in total CBE, and carbon
emission intensity is the most important factor to offset the
increase in total CBE. In addition, carbon emissions caused by
the production structure should also be concerned. In local
CBE, the effect of carbon emission intensity is more
pronounced, while in imported CBE, the effect of per
capita consumption and production structure covers the
effect of carbon intensity. From an overall perspective,
imported CBE maintains a strong growth trend and will
continue to dominate in CBE. The government should
promote the development of low-carbon technologies in
exporting regions and improve energy efficiency in sectors
such as buildings, transportation, and industry.

5) According to the results of ELA, industrial transformation has
a significant impact on the position of sectors in the industrial
structure and changes the development trend of the industry.
The government should pay attention to industrial sectors in
key positions from a multi-dimensional perspective,
anticipate the impact of policies on the sectors, and
formulate targeted industrial policies.

6) Beijing’s entrepot trade is a major contributor to the city’s
CBE. Many conglomerates are headquartered in Beijing,
which leads to the city becoming a transit point for
commodities. For policymakers, the attribution of various
types of carbon emission flows should be clarified. This
illustrates the necessity of a scientific and reasonable

carbon emission accounting method.

In summary, different research tools focus on different
priorities, and it is necessary for policymakers to combine
multi-dimensional analysis to plan carbon mitigation policies.
In addition, the proposed model is expected to help policymakers
scientifically allocate carbon emission responsibilities from
multiple perspectives.

In future research, some limitations need to be addressed.
First, considering the availability of data, carbon emission
inventories are used in this study. The effects of other
greenhouse gases such as N20, CHs, and HFCs are not
This be
consumption and Intergovernmental Panel on Climate
(IPCC) the
preparation of Beijing’s IO table takes 5years as a cycle,

considered. can calculated from energy

Change emission factors. Second, since
this model has a lag in the observation and decomposition
of changes in sectors. Gaps between cycles can be filled by
using biproportional scaling method. Third, the loss of
information caused by the unification of currency prices
and the consolidation of 42 sectors will create some
uncertainty. In future work, stochastic analysis could be

used to deal with the uncertainty caused by information
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integration. Fourth, the carbon emissions of imported
products are calculated without distinguishing the source of
imports (i.e., imported from other provinces or abroad). In
future studies, the world MRIO table could be tried to
calculate carbon emissions of products from different
import sources separately.
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