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Due to its enormous carbon dioxide emissions, China's transport industry has become a key area for energy con-
servation and emission reduction. In this study, we employ the input-output method to examine the carbon di-
oxide emissions caused by the transport industry's energy consumption. In addition, the structure decomposition
method is used to analyze the transport industry's carbon dioxide emissions in depth. The results of the research
work deserve the attention of policymakers. First, the direct and indirect carbon dioxide emissions of road trans-
port account for 53 % and 47 % of the transport industry. Second, the direct and indirect carbon dioxide emissions
caused by consumption expenditure account for 55 % and 56 % of the final use structure respectively. Third, the
carbon dioxide emissions produced by the five heavy industries when meeting the final use of the transport in-
dustry account for 75 % of all industries. Fourth, the adjustment of energy structure and energy intensity is ex-
pected to reduce the carbon dioxide emissions of the transport industry by 101,963 and 128,313kt in 2035
compared with the baseline scenario. The results indicate that, to control carbon dioxide emissions in the trans-
port industry, special attention should be paid to road transport activity, consumption expenditure in the trans-
port industry, the influence of other heavy industries, the adjustment of energy structure and energy intensity.
Consequently, informatization of road transportation, development of public transportation, investment in
high-tech industries, and aggressive development of clean energy become essential strategies.
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1. Introduction

In recent years, climate change resulting from global warming has
received considerable attention (Adedoyin et al., 2020). Carbon dioxide
emission growth may cause global warming, accelerated glacier melt-
ing, frequent droughts and floods, changes in precipitation distribution,
sea level rise, and other ecological environment changes, with themost
severe impacts occurring in underdeveloped and climate-vulnerable
fragile regions (Schleussner et al., 2015). In September 2020, at the
UN General Assembly, President Xi Jinping announced that China aims
to achieve carbon neutrality before 2060 in response to a series of prob-
lems, including carbon dioxide emissions and environmental pollution
caused by fossil energy consumption (Han et al., 2021).

Controlling greenhouse gas emissions, which are primarily caused
by carbon dioxide, is now required for countries to pursue green
21070363P21@cumt.edu.cn
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development. Due to its high carbon dioxide emissions, the transport in-
dustry is a priority area in the context of carbon dioxide emission reduc-
tion (Liu et al., 2015). According to the IPCC's fifth assessment report,
transport is one of the industries with the highest energy consumption
and the quickest increase in carbon dioxide emissions, and the combus-
tion of fossil emissions, primarily oil, is the primary cause of this in-
crease. Approximately 60 % of the world's oil consumption is currently
utilized in the transport industry (Stocker et al., 2014). The sector's sub-
stantial contribution to carbon dioxide emissions has made it a subject
of increasing research and interest. The prediction that the transport
industry's GDP will grow by 25 % by 2030 will bolster efforts to reduce
carbon dioxide emissions (Timilsina and Shrestha, 2009). As theworld's
largest carbon dioxide emitter, China's rapid growth in carbon dioxide
emissions over the past four decades has garnered international atten-
tion (Guo et al., 2018).

Due to the characteristics of high fuel consumption and high emis-
sions in the transport industry, as well as the rising trend of carbon di-
oxide emissions in China's transport industry, an increasing number of
scholars have conducted in-depth analyses on carbon dioxide emissions
in China's transport industry and emphasized the importance of resolv-
ing the carbon dioxide emissions problem in China's transport industry.
rved.
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Nomenclature

zdi domestic demand self-sufficiency rate of sector I
zmi import demand rate of sector I
ci
d domestic aggregate demand
ci
m total import demand
Xi the total domestic output
exi

d domestic export volume
Mi import volume
Cindirect the indirect carbon dioxide emissions
Ckindirect the indirect carbon dioxide emissions of k energy
Ei carbon dioxide emission intensity of i sector
Eik carbon dioxide emission intensity of k energy in i sector
bij the complete consumption coefficient matrix of

elements in row i and column j
ymj the final use of transport activity j including consump-

tion expenditure, capital formation and export
X the total production of each production sector i
A the matrix of the direct consumption coefficient
aij the complete consumption coefficient matrix of

elements in row i and column j
y the final use
(I − A)−1 the Leontief inverse matrix
I the identity matrix
E the matrix of carbon dioxide emission intensity
D the Leontief inverse matrix
x(j) the output of sector j
y(j) the final demand of the production sector j
Cj the carbon dioxide emissions of sector j
Ej the carbon dioxide emission intensity of j sector
dij the Leontief inverse matrix of elements in row i and

column j
djj the Leontief inverse matrix of elements in row j and

column j
aji the complete consumption coefficient matrix of

elements in row i and column j
ajj the complete consumption coefficient matrix of

elements in row i and column j
yj the final use of sector j
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Currently, the LMDI model and STIRPAT model are predominantly used
in carbon dioxide emissions research in China's transport industry.
LMDI model is a classical factor decomposition model used to drive ef-
fect analysis. The model takes the logarithmic mean as the evaluation
weight, compares and analyzes a variety of influencing factors by com-
bining the two decomposition methods of addition and multiplication,
and comprehensively decomposes the influence degree of each index
frommany aspects (Ang and Liu, 2001). STIRPATmodel is a random re-
gression impact model, which increases the elasticity coefficient on the
basis of the environmental pressure control model, and is used to ex-
plore the impact of population, economy and technology on the envi-
ronment (Dietz and Rosa, 1994). Liu et al. (2021c) developed
decomposition and decoupling technology based on the LMDI method,
studied the primary influencing factors of carbon emissions from
China's transportation industry, analyzed the state of decoupling be-
tween carbon emissions and economic growth, and formulated energy
efficiency policies accordingly. Liang et al. (2017) utilized LMDI decom-
position analysis technology to examine the potential factors that
contribute to the growth of carbon dioxide emissions in China's
transport industry. The results indicated that economic development
is the primary factor promoting the growth of carbon dioxide emissions
in China's transport industry, while energy efficiency is the primary
factor inhibiting this growth. Wu et al. (2022) investigated the driving
169
factors of carbon dioxide emissions from China's transport industry
using Kaya identity and LMDI analysis and discovered that regional
structure increased carbon dioxide emissions from China's transport in-
dustry. Wang et al. (2011) employed the proposed LMDI method to de-
termine the nature of the factors that influence the variation of carbon
dioxide emissions in the transport industry. It is determined that road
transport is the largest emitter of carbon dioxide emissions, and that
the effects of per capita economic activity and transportation mode
change were the primary factors contributing to the increase of carbon
dioxide emissions in the transport industry during the study period. Liu
et al. (2021a) utilized the extended STIRPATmodel to analyze the influ-
ence of driving factors on carbon emission intensity, revealing that the
carbon emission intensity of China's transport industry has regional
characteristics and that the influence of urbanization, energy structure,
population size, and industrial structure on carbon emission intensity
varies by region. Zhang and Nian (2013) used the STIRPAT model and
China's provincial panel data from1995 to 2010 to examine the national
and regional carbon dioxide emissions of the transport industry. The re-
sults demonstrated that passenger transport is the leading contributor
to carbon dioxide emissions in the transport industry, although its im-
pact varies by region. Using the STRIPATA model, Gao et al. (2014) cal-
culated the carbon emissions of transportation energy consumption in
Jilin Province from1999 to 2011 and analyzed the carbon emissions' dy-
namic changes and Environmental Kuznets Curve.

In addition, the structure decomposition analysis (SDA) model and
input-output analysis method are employed to investigate China's car-
bon dioxide emissions. Input-output analysis is primarily used to exam-
ine the relationship between inter-regional carbon dioxide emissions,
whereas the SDA model is utilized to determine the primary drivers of
carbon dioxide emissions in China. Li et al. (2019) developed a coupled
SDA and sensitivity analysis method and discussed the general and sec-
toral driving factors of carbon dioxide emission intensity in China from
two different vantage points. Wu et al. (2020) proposed a newmethod
of spatial-temporal structure decomposition analysis (ST-SDA) to iden-
tify the driving factors and examined the spatial-temporal changes of
carbon dioxide emissions in various provinces between 1997 and
2012. The results demonstrated that the carbon intensity effect is the
only factor that counteracts the growth of carbon dioxide emissions, in-
dicating that technological advancements are continually aiding in the
reduction of carbon dioxide emissions. Based on the SDA method,
Zhao et al. (2022) calculated the carbon content, final consumption
structure, and energy structure of 28 sectors in China from 2002 to
2018, and discovered that “fixed capital formation and construction”
and “domestic consumption of other services” are the two most
significant contributors to carbon emissions. Zhang and Zhang (2018)
analyzed the carbon dioxide emission relationship between China, the
European Union, and the United States using the 2009 World Input-
Output Table and the environmental accounts from the World Input-
Output Database. Zhao et al. (2014) developed an environmental
multi-regional input-output model and calculated China's international
trade's carbon dioxide emissions from 1995 to 2009. Using the newly
developed interregional input-output model, which distinguished the
processing trade from other regional trades, Yan et al. (2020)
recalculated the carbon dioxide emissions of China's exports at the re-
gional and industrial levels.

In other studies, the SDA model and the input-output model have
been combined. On the one hand, they conducted a discussion on the
causes of China's carbon dioxide emissions, and on the other, they de-
termined the relationship between regional carbon dioxide emissions.
Du et al. (2011) analyzed the influencing factors of China's export of car-
bon dioxide emissions to theUnited States from2002 to 2007 and found
that the total export volume was the most influential factor in the in-
crease of specific carbon dioxide emissions from 2002 to 2007, followed
by the intermediate input structure. Pan et al. (2018) analyzed China's
interregional carbon emissions and discovered that final demand has
the most obvious positive effect on carbon emissions, but its structure
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is shifting. Zhao et al. (2016) calculated the carbon dioxide emissions in
Sino-Japanese trade from 1995 to 2009 and elaborated the effects of
scale effect, technology effect, and structure effect on those emissions.

However, a review of the aforementioned literature reveals that the
input-output model is rarely used to analyze the carbon dioxide emis-
sions of the transport industry. Thus, the current research on carbon
dioxide emissions in the transport industry is primarily restricted to the
industry's perspective, and it is difficult to conduct correlation analyses
with other industries. In addition, the current analysis of carbon dioxide
emissions in the transportation industry focuses primarily on the driving
factors while ignoring its own structural analysis. Due to the aforemen-
tioned reasons, this paper further dissects final use based on the tradi-
tional input-output model, which allows us to analyze the contribution
of various final use components to carbon dioxide emissions.

This paper is novel in the following ways: (1) in analyzing the carbon
dioxide emissions of the transportation industry,weuse the input-output
model, which is rarely used in the transportation field at present; (2) the
input-output table is transformed; and (3) the input-output subsystem
model is novel. The significance of the innovations is as follows: theoret-
ically, using the input-outputmodel to examine the carbon dioxide emis-
sions of the transport industry can fill in gaps in the existing literature in
this field and provide a new idea and perspective for the subsequent re-
search in this area. In addition, using the concept of structural decompo-
sition,we combine the analysis of demand structures, transport industrial
structures, and related industrial structures to develop a model of the
transport industry's total carbon emissions, structure, and transmission
relationship at the global and structural levels. Moreover, by converting
the competitive input-output table into the non-competitive input-
output table, the import portion of each industry can be distinguished
from the domestic production portion, so that only the carbon dioxide
emissions resulting from the domestic production portion of the trans-
port industry will be calculated. The structural analysis of carbon dioxide
emissions in the transport industry, such as the structure of transport
activities, the structure of carbon dioxide emissions caused by energy
consumption, and the structure of final use, can provide a more compre-
hensive understanding of carbon dioxide emissions in the transport in-
dustry. It is beneficial for the nation and industry to analyze the laws
governing transport industry activities, energy consumption, carbon di-
oxide emissions, and transmission-related industries to gain insight into
key carbon dioxide-emitting industries and activities and to inform the
design of emission reduction policies.

The remainder of this paper is as follows. The second section pre-
sents methods and data, including the definitions of direct and indirect
carbon dioxide emissions in the transport industry, the definition of the
transport industry, the splitting method of the non-competitive input-
output table, and the estimation method of indirect carbon dioxide
emissions and input-output decomposition analysis (own internal one
component, own internal two component, own internal three compo-
nent, feed-back one component, feed-back two component, feed-back
three component, spillover one component, spillover two component,
spillover three component, and final use one component, final use two
component and final use three component). The third section discusses
the results, which include the direct and indirect carbon dioxide emis-
sions of the transport industry in 2018 based on the non-competitive
input-output table, the proportion of carbon dioxide emissions gener-
ated by energy consumption, structural decomposition, Sanki diagram,
sensitivity analysis, and scenario prediction. The fourth section contains
the conclusions and implications.

2. Methodology and Data

2.1. Definition

Referring to the definitions given in this article (Alcántara et al.,
2017), direct carbon dioxide emissions refers to the carbon dioxide
emissions directly related to the final demand of the transport industry,
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while indirect carbon dioxide emissions refers to the carbon dioxide
emissions generated during the intermediate input process of the trans-
port industry and the input and production process of other industries
to meet the final demand of the transport industry. The required infor-
mation can be found in the China Energy Statistics Yearbook (National
Bureau of Statistics of China, 2020). In addition, the transport industry
refers to the business activities of delivering goods or passengers to
their destination and transferring their spatial location via means of
transport. In general, it includes services for land transportation, water
transportation, air transportation, and pipeline transportation. The
transportation industry is typically grouped with the warehousing and
postal industries in industrial classifications of national economic activ-
ities. Considering this classification criterion, this paper classifies the
warehousing and postal industries as the transport industry. As stated
previously, the transport industry analyzed in this paper is primarily
divided into eight types of transport activities: railway transport, road
transport, water transport, air transport, pipeline transport, multimodal
transport and transport agents, loading, unloading, handling, and
warehousing, and postal service.

Railway transport, road transport, water transport, air transport and
pipeline transport refer to the transportation modes that use railway
trains, automobiles, ships, planes, and pipelines to transport passengers,
goods or materials. Multimodal transport refers to the composite trans-
port of goods jointly completed by the connection and transshipment of
two or more means of transport; transport agents refers to the activity
of completing transportation tasks for customers according to the
instructions of customers. Loading, unloading and handling refers to
loading, unloading and handling activities and goods distribution
activities, and also includes acquisition activities for the purpose of
warehousing; warehousing refers to the storage and safekeeping of
commodities and articles through the warehouse. Postal service re-
fers to the postal services such as the distribution of letters, parcels,
newspapers and periodicals provided by postal enterprises or enter-
prises entrusted by postal enterprises, as well as other postal ser-
vices stipulated by the state.

It is also necessary to explain how some transport activities cause
carbon dioxide emissions. For loading, unloading and handling, taking
the operation in the logistics park as an example, many handling tools
will be used. For example, the warehouse handling equipment includes
forklift (diesel) and bridge crane (electricity); yard handling equipment
includes gantry crane (electricity) and tire crane (diesel); workshop
handling equipment including overhead crane (electricity); yard han-
dling equipment includes tire crane (diesel); horizontal and external
transportation equipment includes automobiles (diesel). Also, for postal
service, some means of transportation will be used, such as truck (die-
sel), train (diesel) and plane (kerosene). The brackets indicate the
main energy types required by the tools, and the energy consumption
will cause corresponding carbon dioxide emissions.

2.2. Explanation of Splitting Method of the Non-competitive Input-output
Table

Taking the split of final use as an example, final use consists of
consumption expenditures, capital formation, and export, which are
satisfied by domestic production and import. The self-sufficiency rate
of domestic demand is the ratio of the final use of domestic production
to the total final use of any demand. Let the domestic demand self-
sufficiency rate of sector i be zdi. Accordingly, its import demand rate
is zmi . The ratio of cid and ci

m is equal to the ratio of the total domestic
output Xi of the sector after deducting the domestic export volume exi

d

to the import volume Mi . Eventually, we obtain the formula for
calculating the final import demand rate and the domestic demand
self-sufficiency rate.

cdi
cmi

¼ Xi � exdi
Mi

ð1Þ
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zmi ¼
Mi

Xi � exdi þMi
ð2Þ

zdi ¼
Xi � exdi

Xi � exdi þMi
ð3Þ

This paper divides intermediate use in the same manner. According
to two articles (Liu et al., 2010; Yin and J, 2014), Customs Statistics does
not provide the import and export of sub-sectors, and their proportion
of the total import has been very small over the years, so they do not
break down the export. At this point, intermediate use and final use
have been separated, and the non-competitive input-output table for
2018 has been derived from the competitive input-output table for
2018. This will serve as the basis for our transport industry carbon diox-
ide emissions calculation.

2.3. Methods for Estimating Indirect Carbon Dioxide Emissions From
Transport

According to the transformed non-competitive input-output table
for 2018, we can calculate the total indirect carbon dioxide emissions
of the transport industry as well as the indirect carbon dioxide emis-
sions generated by various forms of energy consumption (coal, coke,
gasoline, kerosene, diesel oil, fuel oil, natural gas) (National Bureau of
Statistics of China, 2020). From the transformed 2018 non-competitive
input-output table, a complete consumption coefficient matrix can be
obtained, which can be used to reveal the direct and indirect relation-
ships between sectors. The data on carbon dioxide emission intensity
(emissions per unit of output) and final use can be used to calculate
the associated carbon dioxide emissions. Refer to Appendices A, B, C,
and D for information on the carbon dioxide emission intensity of 45
industries.

Cindirect ¼ ∑45
i¼1∑

8
j¼1Eibij∑

m¼1，2，3
m ymj ð4Þ

Ckindirect ¼ ∑45
i¼1∑

8
j¼1Eikbij∑

m¼1，2，3
m ymj ð5Þ

Ctotal ¼ Cindirect þ Cdirect ð6Þ

Cindirect is the total indirect carbon dioxide emissions of 45 sectors
caused by eight transport activities, while Ckindirect is the indirect
carbon dioxide emissions of k energy of the 45 sectors caused by eight
transport activities. Ei represents the carbon dioxide emission intensity
of i sector, Eik denotes the carbon dioxide emission intensity of k
energy sources in i sector, bij refers to the complete consumption
coefficient matrix of elements in row i and column j, entailing that
when transport activity j produces one unit of final use including
consumption expenditure, capital formation and export, sector i
requires provide unit output value. ymj is the final use of j transport
activity including consumption expenditure, capital formation and
export, where 1 represents consumption expenditure, 2 represents
capital formation, and 3 represents export.

2.4. Decomposition of Carbon Dioxide Emission Structure Based on Input-
output Method

The concept of input-output decomposition analysis improves and
perfects the conventional input-output analysis used to determine the
energy consumption behavior of a particular sector and its subsector,
which is of great importance to the study of pollution emission and en-
ergy consumption of relevant sectors in their production processes
(Alcántara and Padilla, 2009). A sector's carbon dioxide emissions can
be divided into twelve parts using the input-outputmethod: own inter-
nal one component, own internal two component, own internal three
component, feed-back one component, feed-back two component,
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feed-back three component, spillover one component, spillover two
component, spillover three component, final use one component, final
use two component, and final use three component. The specific for-
mula is shown below, and the method of derivation is described in de-
tail in Appendix E.

Cj ¼ Ej 1 � ajj
� � � 1 � 1
h i

∑m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

own internal component

þ Ej 1 � ajj
� � � 1∑i≠jajidij∑

m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back component

þ∑i≠jEidij∑
m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

spillover component

þ Ej∑
m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

final use component

¼ Ej 1 � ajj
� � � 1 � 1
h i

y1j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal one

þ Ej 1 � ajj
� � � 1 � 1
h i

y2j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal two

þ Ej 1 � ajj
� � � 1 � 1
h i

y3j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal three

þ Ej 1 � ajj
� � � 1∑i≠jajidijy1j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back one

þ Ej 1 � ajj
� � � 1∑i≠jajidijy2j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back two

þ Ej 1 � ajj
� � � 1∑i≠jajidijy3j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back three

þ∑i≠jEidijy1j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover one

þ∑i≠jEidijy2j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover two

þ∑i≠jEidijy3j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover three

þ Ejy1j|ffl{zffl}
final use one

þ Ejy2j|ffl{zffl}
final use two

þ Ejy3j|ffl{zffl}
final use three

ð7Þ

Cj represents the carbon dioxide emissions of the sector j, and 1, 2, 3
denote consumption expenditure, capital formation, and export in final
use, respectively. Own internal component indicates the internal need
of industry j for its own production to obtain its final demand. Feed-
back component represents the output from industry j required to pro-
duce inputs that it demands from the other industries. It is the own pro-
duction of industry j induced through the requirement of inputs from
the other industries. Spillover component denotes the emission gener-
ated by the rest of the sectors in producing the inputs sold to sector j.
Final use component presents that the emissions directly related with
the magnitude of the final use (Alcántara et al., 2017).

This method is currently applied primarily to the study of pollutant
emissions, and the proposed decomposition provides a useful tool for
analyzing the production structure of each sector based on its relation-
ship with other economic sectors. The relative correlation of different
components reveals the relationship between different economic sec-
tors and the optimal solution to the emission problem in each case
(Alcántara et al., 2017). This decomposition method provides two di-
mensions for analyzing the carbon dioxide emissions of China's trans-
port industry: the first is to consider the impact of the transport
industry or other industries, and the second is to clarify the contribution
of the three final parts to the carbon dioxide emissions. By combining
these two dimensions, it is possible to analyze and compare which of
the twelve components constitutes a significant proportion. Based on
the preceding comparison, the two dimensions can be considered com-
prehensively when formulating specific policies to make the policies
more targeted.

2.5. Data and Sources

Transport activities' direct and indirect carbon dioxide emissions can
be calculated using China's Input-Output Table (National Bureau of
Statistics of China, 2020b). In 2018, the direct consumption coefficient,
total consumption coefficient, and final use are derived from the non-
competitive input-output table that has been converted. The China En-
ergy Statistics Yearbook provides the energy consumption of various
energy types by industry (National Bureau of Statistics of China,
2020a). Through a series of mergers and modifications, we can obtain
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the final data required for 45 industries. The required carbon dioxide
emission coefficient is obtained from the website (Carbon Emissions
Trading Network, 2014), and the specific data and calculation method
can be found in Appendix F.

3. Results and Discussion

3.1. Analysis of Direct and Indirect Carbon Dioxide Emissions and Carbon
Dioxide Emission Structure of the Transport Industry in 2018

There are differences between the direct carbon dioxide emissions
calculated using the input-output method and those calculated using
energy data published by the State Statistical Bureau. The specific differ-
ences in the data are depicted in Fig. 1.We divide them into two catego-
ries: carbon dioxide emissions caused by the total output of the
transport industry and carbon dioxide emissions caused by the trans-
port industry to meet its own final use. Thus, the results derived from
our data differ from those derived from official data.

Fig. 2 depicts the direct and indirect carbon dioxide emissions of
China's transport industry in 2018. In 2018, the direct and indirect
carbon dioxide emissions reached 197,314 and 217,950 kt CO2,
respectively, representing 2 % of the total domestic carbon dioxide
emissions. The final total of carbon dioxide emissions consists of rural
consumption, urban consumption, government consumption, capital
formation, and export, but excludes the portion attributable to
imported goods and services. In 2018, the proportions of direct and
indirect carbon dioxide emissions for consumption expenditure
(including rural consumption, urban consumption, and government
consumption), capital formation, and export are 55 %, 15 %, and 30 %
for direct carbon dioxide emissions, and 56 %, 14 %, and 31 % for
indirect carbon dioxide emissions, respectively. It is evident that most
of the direct and indirect carbon dioxide emissions produced by
the transport industry in 2018 are the result of consumption
expenditures, while the proportion of capital formation is relatively
small. This is because investment in consumption expenditure
represents the largest proportion of these three components.

As depicted in Fig. 3, a comparison of specific values reveals that,
among the direct carbon dioxide emissions of China's transport industry
in 2018, the direct carbon dioxide emissions from road transport are the
highest, accounting for 53 % of the total direct carbon dioxide emissions.
Then came multimodal transport and transport agents, which caused a
direct emission of 29,288 kt CO2 of carbon dioxide. However, the
direct carbon dioxide emissions from road transport are four times
higher than those from multimodal transport and transport agents.
Consequently, controlling the final use of road transport can reduce
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the direct carbon dioxide emissions of the transport industry.
Moreover, pipeline transportation resulted in the lowest direct carbon
dioxide emissions, at just 2175 kt CO2, primarily because its final use
is less. As for indirect carbon dioxide emissions, those caused by
road transport are the highest, with a total of 103,018 kt CO2. The
indirect carbon dioxide emissions from water transport, air transport,
multimodal transport, and transport agents are equivalent at 24,651,
25,389, and 26,929 kt CO2. At 3978 kt and 5424 kt CO2 respectively,
the indirect carbon dioxide emissions caused by pipeline transport
and the postal service are relatively low. People's inclination to choose
road transport as their primary mode of transport is understandable.
Since the road transport network can cover the greatest transport, its
carbon dioxide emissions are the greatest.

According to the final use classification, the direct and indirect car-
bon dioxide emissions of eight transport activities under consumption
expenditure, capital formation, and export are calculated, allowing for
a comparison of the differences between the direct and indirect carbon
dioxide emissions of eight transport activities under various uses. The
outcomes are depicted in Figs. 4(a), 4(b), and 4 (c). With 72,096 and
74,629 kt CO2, the direct and indirect carbon dioxide emissions caused
by road transportation are the highest in terms of consumption
expenditure. The least amount of CO2 is produced by pipeline
transport, which produces between 1123 and 2054 kt. Similarly, in
terms of capital formation, the direct and indirect carbon dioxide
Fig. 3. Specific comparison of direct and indirect carbondioxide emissions in China's trans-
port industry in 2018.
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emissions attributable to road transport remain elevated, reaching
15,881 and 13,963 kt CO2 respectively. At 352 and 645 kt CO2, the
carbon dioxide emissions caused by pipeline transport are still the
lowest. This resembles the structure of total direct and indirect carbon
dioxide emissions, suggesting that if consumption expenditure and
capital formation are altered, the structure of total direct and indirect
carbon dioxide emissions can be altered in a more consistent manner.
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In terms of capital formation, however, the direct and indirect carbon
dioxide emissions caused by multimodal transport and transport
agents are more significant than those caused by the remaining six
transport activities, which is also an important consideration. On the
export side, road transport remains the leading source of direct carbon
dioxide emissions. Nonetheless, indirect carbon dioxide emissions
have changed somewhat. The indirect carbon dioxide emissions
caused by water transport and air transport rank first and second,
with 17,666 and 16,110 kt CO2 respectively, surpassing road
transport's 14,425 kt CO2. This pertains to the application's transport
mode activities. At the level of export, water and air transport are
utilized more frequently, resulting in relatively high indirect carbon
dioxide emissions.

To compare energy types in 2018, we have also calculated the direct
and indirect carbondioxide emissions of various energy sources.Weuse
the product of the carbon dioxide emission intensity of various energy
sources and final use in the calculation of direct carbon dioxide emis-
sions from different energy consumption. When applied to various
transport activities, it is sufficient to replace the final use with the final
use of each transport activity. In addition, we use the formula (5) to cal-
culate the indirect carbon dioxide emissions from various energy con-
sumptions. For the calculation of indirect carbon dioxide emissions
from various transport activities, it is sufficient to replace the final use
in formula (5) with the final use for each transport activity. Figs. 5(a),
5(b), 5(c), and 5(d) present the results. They demonstrate that direct
carbon dioxide emissions from diesel oil consumption account for
46 % of total carbon dioxide emissions from total energy consumption
(coal, coke, gasoline, kerosene, diesel oil, fuel oil, natural gas). Around
24 % of the total is the direct carbon dioxide emissions caused by gaso-
line consumption. These proportional structures are also evident in
various modes of transport. Certainly, we should focus more on the
structure of indirect carbon dioxide emissions. The indirect carbondiox-
ide emissions caused by the consumption of coal are relatively high, ac-
counting for 73 % of the indirect carbon dioxide emissions caused by the
consumption of all forms of energy (coal, coke, gasoline, kerosene, die-
sel oil, fuel oil, natural gas). The indirect carbon dioxide emissions
caused by coal consumption account for 85 % and 89 %, respectively, of
the indirect carbon dioxide emissions caused by total energy consump-
tion in transport and pipeline transport. This pertains to the structure of
China's energy consumption. Coal has always been China's primary
energy source and an important industrial raw material, which has
strongly supported the growth of the national economy, ensured its
security, and made significant contributions to the nation's economic
development. However, the transport industry does not directly con-
sume coal, resulting in the highest indirect carbon dioxide emissions.
Diesel oil has always been the primary raw material for vehicles and
ships, resulting in the highest direct carbon dioxide emissions. To re-
duce direct and indirect carbon dioxide emissions to a certain extent,
it is necessary to focus on controlling and reducing the use of diesel oil
and coal, and if possible, to seek out reasonable clean energy alterna-
tives. The optimal solution should combine energy types and transport
modes, which may be more conducive to energy conservation and
emission reduction.

3.2. Twelve-parts Structural Decomposition Analysis

From Fig. 6 and Appendix G, it can be deduced that a significant pro-
portion of carbon dioxide emissions result from spillover one compo-
nent, which means that the majority of carbon dioxide emissions from
energy consumption are generated by other sectors in order to meet
the consumption expenditures of transport. The proportion of final
use in one component is also substantial, indicating that the direct car-
bon dioxide emissions produced by the transport industry to satisfy its
own demand for consumption expenditures are not insignificant. The
spillover one andfinal use one components of railway transport account
for 50 % and 32 %, respectively; the spillover one and final use one
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components of road transport account for 34 % and 35 %, respectively.
The remainder is not listed individually. The subsequent step is the sep-
aration of the three final-use components. The outcomes are displayed
in Appendix H. However, for various transport activities, the proportion
of the four components to the total of 12 components varies. Nonethe-
less, it is evident that the spillover and final use components account
for much of the proportion.
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In addition, for the twelve-part decomposition analysis, we have
chosen coalwith the highest proportion of indirect emissions and diesel
oil with the highest proportion of direct emissions. According to the car-
bon dioxide emissions from coal consumption shown in Fig. 7 and
Appendix I, the twelve components of the eight activities in 2018 are ex-
tremely close, particularly the spillover one, spillover two, and spillover
three components. The total proportion of these three components in
the eight activities is close to 100 %, indicating that special attention
should be paid to an input fromother sectorswhen utilizing coal energy.
Compared to other transport activities, the road transport spillover one
component remains the largest at 56,556 kt CO2. Fig. 8 and Appendix J
clearly illustrate diesel oil's decomposition. Final use one component
and final use three component account for much of the total amount,
which is typically much larger than the remaining ten components.
This is consistent with reality. Since final use one component and final
use three component can be viewed as direct carbon dioxide
emissions from energy consumption, and because diesel oil has the
highest proportion of direct carbon dioxide emissions among all
energy types, its final use one component and final use three
component will account for a relatively larger proportion than those
of other components. Compared to other modes of transport, road
transport still merits consideration, as the total amount of these two
components is still greater than that of other modes of transport.

This method of decomposition highlights the significance of
decomposing direct and indirect carbon dioxide emissions for develop-
ing the most effective mitigation policies. This demonstrates that when
analyzing carbon dioxide emissions in the transportation industry, we
must not only consider the industry itself, but also the influence of
other industries. Clearly, we should develop precise and specific
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measures. For instance, the final use of one component, the final use of
two components, and the final use of three components can represent
direct impacts thatmay necessitatemacro-control and technological in-
novation, whereas the remaining nine components must reduce the
consumption and inputs of other sectors.

3.3. Industry Association Analysis

To illustrate the relationship between indirect carbon dioxide emis-
sions in transport and other industries, we have created two Sanki dia-
grams, which depict the flow of indirect carbon dioxide emissions from
other industries into transport. In addition to the total indirect carbon
dioxide emissions, we selected coal, which accounted for the largest
share of indirect carbon dioxide emissions and drew a second Sanki
diagram.

As shown in Fig. 9, the five industries most impacted by indirect car-
bon dioxide emissions from transport should be on the left, while the
eight corresponding transport activities should be on the right. In addi-
tion, we merged and renamed the remaining industries. The thickness
of the line indicating the flow of carbon dioxide emissions from an
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industry to a transport activity corresponds to the amount of carbon di-
oxide emissions. To meet the final demand for transport, we ordinarily
rank the sectors on the left by the carbon dioxide emissions produced
by the industry. After calculation, the indirect carbon dioxide emissions
generated by five industries account for 75 % of the indirect carbon
Fig. 10. The coal carbon dioxide emissions flow from industrial sectors to transport activ-
ities in 2018 (unit: kt CO2).
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dioxide emissions generated by 45 industries as a whole; thus, the se-
lected five industries are somewhat representative. Processing of Petro-
leum, Coking and Processing of Nuclear Fuel industry ranks first. The
rest of the representative industries are Production and Supply of Elec-
tric Power and Heat Power, Smelting and Pressing of Ferrous Metals,
Manufacture of Raw Chemical Materials and Chemical Products, and
Mining and Washing of Coal.

Fig. 10 depicts the flow of indirect carbon dioxide emissions result-
ing from the consumption of coal energy by specific industries and
transport activities. In terms of carbon dioxide emissions from coal con-
sumption in 2018, the industry most affected by the transport sector is
still Processing of Petroleum, Coking and Processing of Nuclear Fuel in-
dustry. The distinction is that the ranking ofMining andWashing of Coal
has increased. Meanwhile, the remaining industries are Production and
Supply of Electric Power andHeat Power, Smelting and Pressing of Non-
ferrous Metals, and Manufacture of Raw Chemical Materials and Chem-
ical Products. In conclusion, based on the indirect relationship between
industries and carbon dioxide emissions, the energy-saving and
emission-reduction effects of the transport industry can be achieved
by adjusting the demand pattern of the transport industry. The correla-
tion analysis presented previously provides us with a way of thinking.
When regulating carbon dioxide emissions in the transport industry,
we must pay particular attention to the impact of heavy industry.
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Controlling the transport industry's carbon dioxide emissions through
industry transformation.

3.4. Sensitivity Analysis

To comprehend the effect of related changes in various transport ac-
tivities on energy conservation and emission reduction, we analyzed
sensitivity using an input-output table and considered all related behav-
iors. We have assumed that by increasing final use by 1 %, 2 %, and 3 %,
indirect carbon dioxide emissionswill increase to quantify the emission
reduction potential of various transport activities, thereby assisting the
government in implementing more targeted special control policies.
The following explains why this ratio was chosen: On the one hand,
we calculated the average annual growth rate of the value-added
index for the transport, warehousing, and postal industries from 1998
to 2021. The exact percentage is 0.813 %. To avoid setting the ratio too
large or too small, we believe that it is reasonable to base the increasing
ratio on 1 %. On the other hand, existing studies assume that the energy-
saving potential of various consumption patterns can be quantified by
reducing consumer spending on goods or services by 1–4 % (Liu et al.,
2021b), and the activities of the transport industry are also dependent
on consumption expenditure, which has statistical significance. The re-
sults of the sensitivity analysis are shown below.
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Table 1
Scenario settings of transport industry before 2035.

Scenario Final demand change
(yj)

Energy structure and intensity
adjustment (Ek)

Baseline scenario
(BL scenario)

Average annual growth
rate before 2025
Railway passenger
transport:4.3 %
Railway freight transport
and transport support
activities:2.3 %
Urban public transport
and road passenger
transport:4.3 %
Road cargo transport and
transport support
activities:2.3 %
Passenger transport by
sea:4.3 %
Water cargo transport
and transport support
activities:2.3 %
Air passenger
transport:4.3 %
Air cargo transport and
transport support
activities:2.3 %
Pipeline transport:5.5 %
Multimodal transport and
transport agents:2.3 %
Loading, unloading,
handling and
warehousing:2.3 %
The postal service: 7.1 %

Average annual growth
rate between 2025 and
2030
Railway passenger
transport:3.2 %
Railway freight transport
and transport support
activities:2 %
Urban public transport
and road passenger
transport:3.2 %
Road cargo transport and
transport support
activities:2 %
Passenger transport by
sea:3.2 %
Water cargo transport
and transport support
activities:2 %
Air passenger
transport:3.2 %
Air cargo transport and
transport support
activities:2 %
Pipeline transport:4.7 %
Multimodal transport
and transport agents:2 %
Loading, unloading,
handling and
warehousing:2 %
The postal service: 6.3 %

Average annual growth
rate between 2030 and
2035
Railway passenger
transport:2.1 %
Railway freight transport
and transport support
activities:1.7 %
Urban public transport
and road passenger
transport:2.1 %

Same as 2018

Table 1 (continued)

Scenario Final demand change
(yj)

Energy structure and intensity
adjustment (Ek)

Road cargo transport and
transport support
activities:1.7 %
Passenger transport by
sea:2.1 %
Water cargo transport
and transport support
activities:1.7 %
Air passenger
transport:2.1 %
Air cargo transport and
transport support
activities:1.7 %
Pipeline transport:3.9 %
Multimodal transport and
transport agents:1.7 %
Loading, unloading,
handling and
warehousing:1.7 %
The postal service: 5.5 %

Structural
optimization
scenario (SO
scenario)

Same as the BL scenario The proportion of non- fossil energy
in primary energy consumption will
reach about 22 %, 25 % and 40 % in
2025, 2030 and 2035 respectively

Technological
progress
scenario (TP
scenario)

Same as the BL scenario In 2025, 2030 and 2035, the
energy consumption per unit of
GDP will decrease by 13.5 %, 30 %
and 30.88 % compared with that in
2020
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Fig. 11 demonstrates that when the final use increases by 1 %, 2 %,
and 3 %, respectively, the indirect carbon dioxide emissions caused by
road transport change substantially. Figs. 12 and 13 illustrate how indi-
rect carbon dioxide emissions from eight transportation activities
change when final consumption expenditures and capital formation in-
crease by 1 %, 2 %, and 3 %, respectively. The trends depicted in Figs. 12,
13, and 11 are relatively consistent, and the indirect carbon dioxide
emissions caused by road transport have changed relatively dramati-
cally compared to those caused by other modes of transport. For in-
stance, when consumption expenditures increase by 1 %, indirect
carbon dioxide emissions from road transport rise by 144 kt CO2,
indicating that reducing the final use of road transport will have a
significant impact on reducing indirect carbon dioxide emissions from
transport. Fig. 14 illustrates the changes in indirect carbon dioxide
emissions resulting from eight transport activities when the export in
final use increases by 1 %, 2 %, and 3 %. Road transport, water
transport, air transport, multimodal transport, and transport agents
have all changed, so the change in export structure will influence the
reduction of indirect carbon dioxide emissions from various transport
activities. This demonstrates that the regulation of certain major
transport activities, such as road transport, can have a significant
effect on energy conservation and emission reduction. The final use
structure must be considered. Depending on the structure, various
transport activities can be regulated to achieve superior results.

In addition, we must monitor and pay special attention to the
changes of nine components (own internal one component, own inter-
nal two component, own internal three component, feed-back one
component, feed-back two component, feed-back three component,
spillover one component, spillover two component, spillover three
component), which comprise the indirect carbon dioxide emissions of
the transport industry. It is estimated that the spillover one, spillover
two, and spillover three components change the most, indicating that
the input from other sectors has the greatest indirect impact among
the nine components. To determine the precise changes in total indirect
carbon dioxide emissions, we can use 1 % as the quantitative index and
increase each of the nine components of each activity by 1 %. The results
indicated that CO2 emissions increased by 40, 15, 28, 7, 2, 3, 1170, 281,
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and 645 kt for each of the nine components. This demonstrates that a
1 % reduction in final use can reduce a substantial amount of indirect
carbon dioxide emissions, and that the small actions of everyone in
China can lead to a reduction in final use that is significantly greater
than 1 %. Consequently, everyone can be encouraged to prepare for en-
ergy conservation and emission reduction.

3.5. Scenario Prediction

To analyze the indirect carbon dioxide emissions of the transport in-
dustry in 2030 based on the various influencing factors of the transport
industry, three different scenarios were developed to predict the vary-
ing degrees of impact of the changes of various factors of the transport
industry on the future indirect carbon dioxide emissions. Table 1 dis-
plays the scenario settings.

On February 24, 2021, the Central Committee of the Communist
Party of China and the State Council released the Outline of National
Comprehensive Three-Dimensional Transportation Network Planning,
which outlined the construction objective and realization path for
China's integrated three-dimensional transport network over the next
15 years. From 2021 to 2035, the average annual growth rate of passen-
ger trips (including car trips) is projected to be approximately 3.2 %. The
annual growth rate of freight volume in the entire society is approxi-
mately 2 %, and the annual growth rate of the postal express business
is approximately 6.5 % (China's State Council, 2021a). Here, we have as-
sumed that the average annual growth rate of all activities during
2018–2020 is the sameaspreviously stated,which serves as the founda-
tion for establishing the baseline scenario. In addition, because there is
almost no literature or data available to predict pipeline transport
at this time, we have calculated the average annual growth rate of
the total pipeline transport from 2010 to 2018 (National Bureau of
Statistics of China, 2020c), which will serve as the basis for future
predictions.

General Secretary Xi Jinping delivered an important speech at the
Climate Ambition Summit on December 12, 2020, announcing that
China's carbon dioxide emissions per unit of GDP will decrease by
more than 65 % compared to 2005 by 2030, and that non-fossil energy
will account for 25 % of primary energy consumption (The Xinhua
News Agency, 2020). In addition, Shan Baoguo, deputy chief economist
of the State Grid Energy Research Institute, stated that based on prelim-
inary estimates, China's energy consumption per unit GDP is anticipated
to decrease by 30 % in 2030, compared to that of 2020, due to the con-
tinuous advancement of technological energy saving, structural energy
saving, and management energy saving (The Xinhua News Agency,
2021). The State Council's action plan for reaching the carbon dioxide
peak before 2030 proposes that the proportion of non-fossil energy
consumption will reach approximately 20 % by 2025, and energy
consumption per unit of GDP will be 13.5 % lower than in 2020. By
2030, non-fossil energy consumption will account for approximately
25 % (China's State Council, 2021b). According to China Power Grid's
(2020) analysis on the development law of energy consumption per
unit GDP from a global perspective and the study and judgment of five
southern provinces and regions, China's energy consumption per unit
GDP is expected to decrease by approximately 40 % by 2035, compared
to China's level in 2015. Combining the above-mentioned national
policies and significant projections, after a series of adjustment calcula-
tions, the basis for the respective scenario setting is obtained, as shown
in Table 1.

Fig. 15 depicts the scenario prediction's outcomes. The scenario
analysis reveals that, under the baseline scenario, the ever-increasing
demand in the future has become an impediment to the energy conserva-
tion and emission reduction processes in the transport industry. Indirect
carbon dioxide emissions in 2035 will be 122,060 kt CO2 higher than in
2018. In Fig. 15, the indirect carbon dioxide emissions under the SO and
TP scenarios are less than those under the BL scenario, which reflects in
part that the national policy is risky, but also demonstrates our nation's
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resolve to improve the climate and environment. This is the objective
for which we must continually overcome obstacles and strive. Under
the SO scenario, the transportation industry is expected to reach its
carbon dioxide peak in 2030, whereas under the TP scenario, the carbon
dioxide peak will occur in 2025, which is consistent with the national
goal. Certain policy interventions can play an important role in reducing
carbondioxide emissions from the transport sector. If the transport indus-
try is left unchecked, the industry's low-carbon goalwill be extremely dif-
ficult to achieve. Moreover, as evidenced by the ER and BR scenarios, the
accelerated decline of energy intensity and the modification of energy
structure contribute to the reduction of indirect carbondioxide emissions.

3.6. Discussion

In the previous section, this paper combines input-output and struc-
tural decomposition, divides carbon dioxide emissions from energy
consumption in transport activities into twelve parts, and builds a trans-
mission network from transport activities to carbon dioxide emissions
based on the input-output table data for 2018. Currently, a number of
studies have utilized the input-output subsystem method to examine
the structure decomposition of pollutants, demonstrating the viability
of this technique (Alcántara and Padilla, 2009). Existing research uses
the input-output subsystem method to divide each sector into four
parts, three of which represent the emissions generated in the sector's
production process (scale, own internal, and feed-back components),
and one of which represents the emissions generated by activities in-
duced in other economic fields (spillover component). The results dem-
onstrated that, based on the magnitude of the spillover component,
more than half of the nitrogen oxide emissions in the economy are
caused by different sectors that influence the rest of the economy
when intermediate inputs are required. Architecture is the primary
source of pollution in total emissions because it produces pollution
from other industries (Alcántara et al., 2017). Through the decomposi-
tion effect, Butnar and Llop (2011) demonstrated that between 2000
and 2005, technological changes led to a decrease in carbon dioxide
emissions, while an increase in demand for final services led to an in-
crease in emissions. Another study used the structural decomposition
analysis method based on the input-output subsystem model to inves-
tigate the source of China's power industry's emission increase between
2007 and 2015. The results demonstrated that consumption is the pri-
mary driver of the increase in carbon dioxide emissions. Additionally,
cleaner energy can reduce carbon dioxide emissions (Ma et al., 2019).

Scholars have also made relevant research on the calculation of
carbon dioxide emissions from China's transport industry in 2018.
According to the energy consumption data of the transport industry,
Le and Haiyan (2021) used the top-down method to calculate that the
carbon dioxide emissions of China's transport industry in 2018 will
reach 695,110 kt. The carbon dioxide emission of China's transport
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industry increased from 306,850 kt in 2004 to 859,640 kt in 2018, an in-
crease of 1.8 times (Xia et al., 2022). Based on the LMDI method, Liu
et al. (2021c) studied the carbon dioxide emissions of China's transport
industry from 2001 to 2018, and the calculation result in 2018 is
884,660 kt. The carbon dioxide emissions of the transport industry cal-
culated in the existing research is based on the perspective of the total
output of the industry. From this perspective, our calculation result is
752,609 kt, which is between 695,110 kt and 884,660 kt obtained by
previous studies. It can be seen that our results are reasonable to a cer-
tain extent if we follow the previous research model. However, we fo-
cused on the final demand of the transport industry. Our calculation
result is 415,264 kt, which is the carbon dioxide emissions generated
by the transport industry itself and other industries tomeet thefinal de-
mand of the transport industry.

In our study, road transport had the highest carbon dioxide emissions
of all modes of transport, a finding that is consistent with previous re-
search. Liu et al. (2015b) analyzed the carbon dioxide emission differences
of China's four major transportation subindustries (highway, waterway,
aviation, and railway) and found that roads and waterways are the pri-
mary sources of China's transportation carbon dioxide emissions, with
road transport being the relative largest carbon dioxide emitter. By calcu-
lating the carbon dioxide emissions of the transport sector from 1985 to
2009, Wang et al. (2011) determined that road transport is the largest
source of carbon dioxide emissions. In addition, we have calculated the
twelve components of transport activities that contribute to carbon diox-
ide emissions, with the spillover component contributing the most. The
multiplier effects were greater than the spillover effects, which were
greater than the feedback effects between regions (Chen et al., 2021).
The calculation and twelve-part decomposition of indirect carbon dioxide
emissions comprise the core of all calculations in this paper, and the anal-
ysis is also intended to inform policy recommendations.

In terms of carbon dioxide emissions from the transport industry, our
research reveals that we cannot focus solely on the transport industry,
but must conduct correlation analysis with other industries. On the sup-
ply side of the transport sector, the majority of energy was embodied in
the petroleum refining, coking, etc. sector (S11), the electricity and hot
water production and supply sector (S22), the other services sector
(S27), and the transport equipment sector (S28). From the transport sec-
tor's demand side, the other services sector (S27), the construction sector
(S24), the wholesale, retail, and hotel and restaurant sectors (S26), and
the chemical sector (S12) receive the majority of their embodied energy
(Li et al., 2021).

In the scenario prediction, we measured the impact of various factors
on the transportation industry's carbon dioxide emissions. Consistent
with previous research, the results indicate that the accelerated decline
of energy intensity and the modification of energy structure contribute
to the reduction of indirect carbon dioxide emissions. By analyzing the
comprehensive impact of carbon emissions from the transportation sec-
tor in the six central provinces of China from 2005 to 2016, it is shown
that the change in carbon dioxide emission efficiency is primarily attrib-
utable to technological advancement (Sun et al., 2019). Wang andWang
(2021) demonstrated that China must improve its energy structure and
promote electricity substitution in tandem with the rate of urbanization
to achieve carbon dioxide emission reduction in the transport industry.
Carbon dioxide emissions are reduced by technology state effects and
other factors related to technology state effects, such as transportation in-
tensity effects and energy intensity effects. Additionally, the decline in
traffic intensity and energy intensity is a result of technological advance-
ment. Therefore, increasing the level of technological advancement will
cause other factors related to technological advancement to inhibit car-
bon dioxide emission (Liu et al., 2021c).

4. Conclusions and Implications

In this paper, the input-output analysis is combinedwith eight trans-
port activities in order to examine the direct and indirect carbon dioxide
179
emissions caused by transport on energy consumption in 2018, with the
following key conclusions and implications:

(1) Road transport contributes significantly

Because its indirect carbon dioxide emissions account for the largest
proportion of the transport industry's indirect carbon dioxide emissions,
road transport has become themost crucial area for reducing emissions.
Therefore, road transport is the focus of energy conservation and
emission reduction in China's transport industry. The direction of road
transport development should shift from a traditional mode of develop-
ment to a low-carbon structure adjustment. It is suggested that the
department of road transport should improve the technical perfor-
mance of vehicles and the quality of petroleum products, as well as
formulate carbon dioxide emission standards, in order to lessen the im-
pact of released exhaust gases on the environment and on human
health. Second, increase investments in information technology, such
as information platform construction, cloud computing, radio frequency
identification, and path optimization technology, in order to effectively
reduce convoluted transportation and traffic congestion.

(2) The spillover one component proportion is the highest

Among the twelve components, spillover from one component
accounts for the largest proportion of total carbon dioxide emissions
in 2018. Under the premise of not affecting economic growth, we
should therefore accelerate the optimization and upgrading of in-
dustrial structures and the reform of industries with high energy
consumption; focus on the development of strategic emerging in-
dustries and high-tech industries (such as advanced manufacturing
industries); and accelerate the transformation of low-end traditional
manufacturing industries.

(3) Consumption expenditure is a crucial link

In 2018, from theperspective offinal use, consumption expenditures
were the most influential factor in indirect carbon dioxide emissions in
the transport industry, surpassing capital formation and export. Conse-
quently, it is necessary to vigorously develop public transport, improve
transport structure, increase road network density, optimize transport
network layout, improve public transport accessibility and service
level, and gradually establish a low-carbon transport system centered
on public transport. Regarding modes of transportation, residents
should actively contribute to the construction of public infrastructure,
increase investment in public transport facilities and non-motorized
transport, continue to improve the public transport system, enhance
the comfort and accessibility of public transport, and increase its utiliza-
tion rate. Simultaneously, develop high-capacity public transport, en-
hance the punctuality and convenience of public transport, and
increase resident satisfactionwith public transport travel. Andmaintain
focus on the construction of rail transit and the development of a rail
transit line network. We should maximize the carbon emission effi-
ciency of public electric vehicles and rail transit, utilize the complemen-
tary benefits of public electric vehicles and rail transit, and increase the
travel occupancy of public transport.

(4) Energy adjustment is highly advantageous

Under the SO and TP scenarios, the carbon dioxide peak is anticipated
to occur in 2030 and 2025, respectively, indicating that the adjustment of
intensity and structure is conducive to emission reduction. Therefore, the
government can promote technology research and development in en-
ergy exploitation, conversion and utilization (e.g., clean coal and biofuel
technologies), encourage the application of new clean energy like natural
gas and solar energy, and strive to increase the proportion of non-fossil
energy in industrial energy consumption through financial subsidies
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and carbon trading policies. In addition, accelerating the promotion of
new energy vehicles (such as pure electric and plug-in hybrid vehicles)
is crucial for reducing carbon emissions in the transportation industry.
Considering the current practical issues, such as the high operating
costs of new energy vehicles, the insufficiency of charging stations, and
the immaturity of the technology, central cities can be used as pilot cities
and promoted further once the experience has matured.

Reducing energy consumption and carbon dioxide emissions is a
lengthyprocess, and Chinahas a longway to go. In China, the generation
of electricity mainly depends on coal. Considering the problem of
repeated calculation, we do not take the electricity into account. Inaccu-
rate industry classification and uncertain scenario assumptions are also
this paper's flaws. These can be considered in the follow-up study to
generate more accurate conclusions and solid evidence for policy
improvement.
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Appendix A. The names of 45 sectors and their carbon dioxide emission intensity in 2018
Sector
 Carbon emission intensity (kt/10000yuan)
Agriculture, Forestry, Animal Husbandry, Fishery and Water Conservancy
 9.06658E-05

Mining and Washing of Coal
 0.001994661

Extraction of Petroleum and Natural Gas
 0.000297919

Mining and Processing of Ferrous Metal Ores
 0.00016182

Mining and Processing of Non-Ferrous Metal Ores
 7.10181E-05

Mining and Processing of Nonmetal Ores
 0.000211192

Support Activities for Mining and Mining of Other Ores
 0.000913936

Processing of Food from Agricultural Products
 7.03253E-05

Manufacture of Foods
 0.000146769
0
 Manufacture of Liquor, Beverages and Refined Tea
 9.151E-05

1
 Manufacture of Tobacco
 6.38087E-06

2
 Manufacture of Textile
 6.90486E-05

3
 Manufacture of Textile, Wearing Apparel and Accessories
 1.19526E-05

4
 Manufacture of Leather, Fur, Feather and Related Products and Footwear
 7.87265E-06

5
 Processing of Timber, Manufacture of Wood, Bamboo, Rattan, Palm, and Straw Products
 1.79551E-05

6
 Manufacture of Furniture
 6.70057E-06

7
 Manufacture of Paper and Paper Products
 0.000468393

8
 Printing and Reproduction of Recording Media
 2.99726E-05

9
 Manufacture of Articles for Culture, Education, Arts and Crafts, Sport and Entertainment Activities
 2.24825E-05

0
 Processing of Petroleum, Coking and Processing of Nuclear Fuel
 0.002280213

1
 Manufacture of Raw Chemical Materials and Chemical Products
 0.000759446

2
 Manufacture of Medicines
 7.31007E-05

3
 Manufacture of Chemical Fibers
 0.000347287

4
 Manufacture of Rubber and Plastics Products
 4.10315E-05

5
 Manufacture of Non-metallic Mineral Products
 0.000720933

6
 Smelting and Pressing of Ferrous Metals
 0.002433122

7
 Smelting and Pressing of Non-ferrous Metals
 0.000908303

8
 Manufacture of Metal Products
 6.5487E-05

9
 Manufacture of General Purpose Machinery
 3.4499E-05

0
 Manufacture of Special Purpose Machinery
 1.62637E-05

1
 Manufacture of Automobiles
 1.50121E-05

2
 Manufacture of Railway, Ship, Aerospace and Other Transport Equipments
 0.000151161

3
 Manufacture of Electrical Machinery and Apparatus
 6.95246E-06

4
 Manufacture of Computers, Communication and Other Electronic Equipment
 9.62641E-06

5
 Manufacture of Measuring Instruments and Machinery
 4.77334E-06

6
 Other Manufacture
 2.19997E-05

7
 Utilization of Waste Resources
 5.24302E-05

8
 Repair Service of Metal Products, Machinery and Equipment
 1.85348E-05

9
 Production and Supply of Electric Power and Heat Power
 0.005833704

0
 Production and Supply of Gas
 0.000459578

1
 Production and Supply of Water
 2.88124E-05

2
 Construction
 1.7314E-05

3
 Transport, Storage and Post
 0.000668165

4
 Wholesale, Retail Trade and Hotel Restaurants
 4.47252E-05

5
 Others
 2.72132E-05
4
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Appendix B. The coal intensities, coke intensities, gasoline intensities of 45 sectors in 2018
1

2
3
4
5
6
7
8
9
1
1
1
1
1

1

1
1
1
1

2
2
2
2
2
2
2
2
2
2
3
3
3

3
3

3
3
3
3
3
4
4
4
4
4

1

2
3
4
5
6
7
8
9
1
1
1
1

Sector
 Coal carbon emission intensity
(kt/10000yuan)
181
Coke carbon emission intensity
(kt/10000yuan)
Gasoline carbon emission intensity
(kt/10000yuan)
Agriculture, Forestry, Animal Husbandry, Fishery and Water
Conservancy
4.03571E-05
 2.64788E-06
 6.38613E-06
Mining and Washing of Coal
 0.001949192
 4.11636E-06
 7.61418E-07

Extraction of Petroleum and Natural Gas
 1.79136E-05
 0
 1.75616E-06

Mining and Processing of Ferrous Metal Ores
 7.2083E-05
 6.25597E-05
 5.84769E-07

Mining and Processing of Non-Ferrous Metal Ores
 5.00156E-05
 2.19811E-06
 1.0621E-06

Mining and Processing of Nonmetal Ores
 0.000183671
 3.3044E-06
 5.6319E-07

Support Activities for Mining and Mining of Other Ores
 0.000622156
 0
 6.18063E-06

Processing of Food from Agricultural Products
 5.52925E-05
 6.09421E-06
 4.50346E-07

Manufacture of Foods
 0.000127026
 1.181E-07
 5.79704E-07
0
 Manufacture of Liquor, Beverages and Refined Tea
 7.18493E-05
 0
 6.65181E-07

1
 Manufacture of Tobacco
 3.12072E-06
 0
 1.40908E-07

2
 Manufacture of Textile
 4.65296E-05
 1.47294E-07
 5.28694E-07

3
 Manufacture of Textile, Wearing Apparel and Accessories
 4.71648E-06
 0
 7.33641E-07

4
 Manufacture of Leather, Fur, Feather and Related Products and

Footwear

4.08708E-06
 0
 6.84404E-07
5
 Processing of Timber, Manufacture of Wood, Bamboo, Rattan, Palm,
and Straw Products
1.24153E-05
 0
 3.78675E-07
6
 Manufacture of Furniture
 9.3322E-07
 2.80943E-07
 9.13608E-07

7
 Manufacture of Paper and Paper Products
 0.000434517
 0
 4.85351E-07

8
 Printing and Reproduction of Recording Media
 1.5134E-05
 0
 1.44362E-06

9
 Manufacture of Articles for Culture, Education, Arts and Crafts, Sport

and Entertainment Activities

4.39797E-06
 4.01211E-07
 8.49293E-07
0
 Processing of Petroleum, Coking and Processing of Nuclear Fuel
 0.002048444
 3.5591E-06
 1.28296E-06

1
 Manufacture of Raw Chemical Materials and Chemical Products
 0.000526785
 0.000126308
 6.47551E-07

2
 Manufacture of Medicines
 6.20669E-05
 2.04656E-07
 6.09019E-07

3
 Manufacture of Chemical Fibers
 0.000310294
 6.32119E-06
 2.87296E-07

4
 Manufacture of Rubber and Plastics Products
 2.74346E-05
 0
 1.06712E-06

5
 Manufacture of Non-metallic Mineral Products
 0.000624476
 3.7335E-05
 6.75058E-07

6
 Smelting and Pressing of Ferrous Metals
 0.000823655
 0.001571614
 1.50974E-07

7
 Smelting and Pressing of Non-ferrous Metals
 0.000855729
 2.37159E-05
 2.57568E-07

8
 Manufacture of Metal Products
 1.37545E-05
 2.66955E-05
 7.94106E-07

9
 Manufacture of General Purpose Machinery
 3.79027E-06
 1.9292E-05
 1.04657E-06

0
 Manufacture of Special Purpose Machinery
 2.6011E-06
 1.63136E-06
 1.17196E-06

1
 Manufacture of Automobiles
 4.53893E-06
 1.18322E-06
 1.08391E-06

2
 Manufacture of Railway, Ship, Aerospace and Other Transport

Equipments

9.51956E-06
 1.91056E-07
 1.46142E-06
3
 Manufacture of Electrical Machinery and Apparatus
 1.09837E-06
 8.93678E-08
 7.97371E-07

4
 Manufacture of Computers, Communication and Other Electronic

Equipment

3.59888E-06
 0
 3.09206E-07
5
 Manufacture of Measuring Instruments and Machinery
 7.9196E-07
 0
 1.27391E-06

6
 Other Manufacture
 1.77002E-06
 0
 5.99402E-07

7
 Utilization of Waste Resources
 1.33104E-05
 1.03515E-05
 1.50248E-07

8
 Repair Service of Metal Products, Machinery and Equipment
 0
 0
 8.45965E-07

9
 Production and Supply of Electric Power and Heat Power
 0.005665117
 1.72996E-06
 8.65041E-07

0
 Production and Supply of Gas
 0.000423961
 9.68378E-07
 1.29727E-06

1
 Production and Supply of Water
 1.65764E-05
 0
 3.1375E-06

2
 Construction
 4.61615E-06
 1.17588E-07
 5.52036E-06

3
 Transport, Storage and Post
 5.41554E-06
 0
 0.00015757

4
 Wholesale, Retail Trade and Hotel Restaurants
 2.84896E-05
 3.03346E-07
 4.49801E-06

5
 Others
 9.13155E-06
 2.72992E-08
 1.00666E-05
4
Appendix C. The kerosene intensities, diesel oil intensities, residual fuel oil intensities of 45 sectors in 2018
Sector
 Kerosene carbon emission
intensity(kt/10000yuan)
Diesel oil carbon emission
intensity(kt/10000yuan)
Residual fuel oil carbon emission
intensity(kt/10000yuan)
Agriculture, Forestry, Animal Husbandry, Fishery and Water
Conservancy
1.33174E-07
 4.08524E-05
 3.6473E-08
Mining and Washing of Coal
 8.55829E-08
 2.138E-05
 3.48906E-08

Extraction of Petroleum and Natural Gas
 0
 9.77432E-06
 6.15877E-06

Mining and Processing of Ferrous Metal Ores
 0
 2.65287E-05
 2.70867E-08

Mining and Processing of Non-Ferrous Metal Ores
 2.26116E-07
 1.44708E-05
 9.68473E-07

Mining and Processing of Nonmetal Ores
 7.74743E-09
 2.07752E-05
 1.22088E-08

Support Activities for Mining and Mining of Other Ores
 0
 0.000232684
 1.51778E-06

Processing of Food from Agricultural Products
 6.57057E-09
 1.23205E-06
 7.74101E-08

Manufacture of Foods
 0
 1.21688E-06
 2.77516E-07
0
 Manufacture of Liquor, Beverages and Refined Tea
 9.92218E-09
 1.03992E-06
 1.02502E-07

1
 Manufacture of Tobacco
 0
 5.62648E-07
 0

2
 Manufacture of Textile
 1.55404E-09
 5.8029E-07
 3.9591E-07

3
 Manufacture of Textile, Wearing Apparel and Accessories
 0
 7.3469E-07
 7.1788E-08
(continued on next page)
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Sector
 Kerosene carbon emission
intensity(kt/10000yuan)
182
Diesel oil carbon emission
intensity(kt/10000yuan)
Residual fuel oil carbon emission
intensity(kt/10000yuan)
4
 Manufacture of Leather, Fur, Feather and Related Products and
Footwear
1.9669E-09
 4.43902E-07
 7.64551E-08
5
 Processing of Timber, Manufacture of Wood, Bamboo, Rattan,
Palm, and Straw Products
1.82565E-09
 1.07501E-06
 5.56209E-08
6
 Manufacture of Furniture
 2.96413E-09
 1.1646E-06
 4.98241E-08

7
 Manufacture of Paper and Paper Products
 0
 2.53366E-06
 1.00971E-06

8
 Printing and Reproduction of Recording Media
 3.64161E-09
 1.63625E-06
 1.18598E-07

9
 Manufacture of Articles for Culture, Education, Arts and Crafts,

Sport and Entertainment Activities

2.11651E-08
 9.59678E-07
 9.78356E-08
0
 Processing of Petroleum, Coking and Processing of Nuclear Fuel
 4.69385E-09
 4.20501E-06
 0.000132316

1
 Manufacture of Raw Chemical Materials and Chemical Products
 6.834E-08
 1.47954E-06
 2.12956E-05

2
 Manufacture of Medicines
 2.15925E-09
 1.10088E-06
 2.4499E-07

3
 Manufacture of Chemical Fibers
 7.41028E-09
 7.75384E-07
 5.60518E-07

4
 Manufacture of Rubber and Plastics Products
 3.4786E-09
 1.47468E-06
 3.84635E-07

5
 Manufacture of Non-metallic Mineral Products
 3.34373E-08
 1.18495E-05
 6.34918E-06

6
 Smelting and Pressing of Ferrous Metals
 8.92631E-10
 2.34374E-06
 4.17306E-08

7
 Smelting and Pressing of Non-ferrous Metals
 5.21545E-08
 2.33819E-06
 1.35675E-06

8
 Manufacture of Metal Products
 3.50502E-08
 1.51786E-06
 1.78852E-07

9
 Manufacture of General Purpose Machinery
 1.21009E-07
 1.59594E-06
 5.0199E-08

0
 Manufacture of Special Purpose Machinery
 6.71264E-08
 1.47964E-06
 8.22741E-08

1
 Manufacture of Automobiles
 1.61081E-08
 1.23974E-06
 2.28455E-08

2
 Manufacture of Railway, Ship, Aerospace and Other Transport

Equipments

2.63258E-06
 3.51122E-06
 9.06369E-07
3
 Manufacture of Electrical Machinery and Apparatus
 2.07435E-08
 6.50479E-07
 1.01037E-07

4
 Manufacture of Computers, Communication and Other

Electronic Equipment

7.29011E-09
 2.53373E-07
 2.35889E-08
5
 Manufacture of Measuring Instruments and Machinery
 5.0309E-08
 4.77386E-07
 3.96397E-08

6
 Other Manufacture
 5.62199E-08
 9.22767E-07
 2.21485E-08

7
 Utilization of Waste Resources
 3.17076E-08
 1.83598E-06
 3.47914E-07

8
 Repair Service of Metal Products, Machinery and Equipment
 1.08689E-06
 7.99068E-06
 5.88223E-07

9
 Production and Supply of Electric Power and Heat Power
 6.03726E-08
 2.33713E-06
 1.93226E-07

0
 Production and Supply of Gas
 0
 8.28004E-07
 5.90349E-08

1
 Production and Supply of Water
 0
 2.08044E-06
 1.02431E-07

2
 Construction
 1.94779E-07
 6.28676E-06
 3.77145E-07

3
 Transport, Storage and Post
 9.27711E-05
 0.000306927
 5.05447E-05

4
 Wholesale, Retail Trade and Hotel Restaurants
 2.60587E-07
 3.6594E-06
 1.77849E-07

5
 Others
 4.98328E-07
 5.45359E-06
 4.55898E-08
4
Appendix D. The natural gas intensities, of 45 sectors in 2018
Sector
 Natural gas carbon emission intensity(kt/10000yuan)
Agriculture, Forestry, Animal Husbandry, Fishery and Water Conservancy
 2.52623E-07

Mining and Washing of Coal
 1.90905E-05

Extraction of Petroleum and Natural Gas
 0.000262316

Mining and Processing of Ferrous Metal Ores
 3.69448E-08

Mining and Processing of Non-Ferrous Metal Ores
 2.07696E-06

Mining and Processing of Nonmetal Ores
 2.85862E-06

Support Activities for Mining and Mining of Other Ores
 5.13973E-05

Processing of Food from Agricultural Products
 7.17227E-06

Manufacture of Foods
 1.75511E-05
0
 Manufacture of Liquor, Beverages and Refined Tea
 1.78432E-05

1
 Manufacture of Tobacco
 2.55659E-06

2
 Manufacture of Textile
 2.08652E-05

3
 Manufacture of Textile, Wearing Apparel and Accessories
 5.69603E-06

4
 Manufacture of Leather, Fur, Feather and Related Products and Footwear
 2.57884E-06

5
 Processing of Timber, Manufacture of Wood, Bamboo, Rattan, Palm, and Straw Products
 4.02865E-06

6
 Manufacture of Furniture
 3.3554E-06

7
 Manufacture of Paper and Paper Products
 2.9847E-05

8
 Printing and Reproduction of Recording Media
 1.16364E-05

9
 Manufacture of Articles for Culture, Education, Arts and Crafts, Sport and Entertainment Activities
 1.57553E-05

0
 Processing of Petroleum, Coking and Processing of Nuclear Fuel
 9.04008E-05

1
 Manufacture of Raw Chemical Materials and Chemical Products
 8.28619E-05

2
 Manufacture of Medicines
 8.8721E-06

3
 Manufacture of Chemical Fibers
 2.90411E-05

4
 Manufacture of Rubber and Plastics Products
 1.06669E-05

5
 Manufacture of Non-metallic Mineral Products
 4.02147E-05

6
 Smelting and Pressing of Ferrous Metals
 3.5315E-05

7
 Smelting and Pressing of Non-ferrous Metals
 2.48532E-05

8
 Manufacture of Metal Products
 2.25112E-05

9
 Manufacture of General Purpose Machinery
 8.60307E-06

0
 Manufacture of Special Purpose Machinery
 9.23021E-06

1
 Manufacture of Automobiles
 6.92734E-06

2
 Manufacture of Railway, Ship, Aerospace and Other Transport Equipments
 0.000132939
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Sector
183
Natural gas carbon emission intensity(kt/10000yuan)
3
 Manufacture of Electrical Machinery and Apparatus
 4.19509E-06

4
 Manufacture of Computers, Communication and Other Electronic Equipment
 5.43407E-06

5
 Manufacture of Measuring Instruments and Machinery
 2.14013E-06

6
 Other Manufacture
 1.86291E-05

7
 Utilization of Waste Resources
 2.64024E-05

8
 Repair Service of Metal Products, Machinery and Equipment
 8.02307E-06

9
 Production and Supply of Electric Power and Heat Power
 0.000163401

0
 Production and Supply of Gas
 3.24644E-05

1
 Production and Supply of Water
 6.91569E-06

2
 Construction
 2.01205E-07

3
 Transport, Storage and Post
 5.4937E-05

4
 Wholesale, Retail Trade and Hotel Restaurants
 7.33645E-06

5
 Others
 1.99031E-06
4
Appendix E. Carbon dioxide emissions structure decomposition and derivation based on input-output method

x ¼ Axþ y ð1Þ

where x is a (n× 1)matrix, representing total production of each production sector i, j= 1,2,…j…n; y is the(n× 1)matrix of sector net output or final
demand; A is the (n × n)matrix of the direct consumption coefficient, and aij represents the value of the goods or services directly consumed by the
product (or industry) sector i in the production and operation process of the unit output of the product (or industry) sector j.

aij ¼
xij
xj

ð2Þ

x ¼ I � Að Þ � 1y ð3Þ

(I − A)−1 is the inverse of Leontief, and I is the identity matrix.

∑x jð Þ ¼ x ð4Þ

where x(j) represents the output that all sectors must produce in order to obtain the final demand of sector j.

Ax jð Þ þ y jð Þ ¼ x jð Þ ð5Þ

y(j)is a matrix in that all elements have a value of zero, except the value corresponding to the final demand of the production sector j.

A I � Að Þ � 1y jð Þ þ y jð Þ ¼ x jð Þ ð6Þ

Let E be thematrix of carbon dioxide emissions directly generated by each unit of output of different industries; y(j) stands for final use. The following
formula can be obtained:

EA I � Að Þ � 1y jð Þ þ Ey jð Þ ¼ Ex jð Þ ð7Þ

EA I � Að Þ � 1yþ Ey ¼ Ex ¼ E I � Að Þ � 1y ð8Þ

where A(I − A)−1 = (I − A)−1 − I and assume D = (I − A)−1, the simplified expression is as follows (9):

E D � I½ �yþ Ey ¼ Ex ð9Þ

According to this method, the total carbon dioxide emissions caused by the final demand of an industry has no less than two components: internal
component, Ej(djj − 1)yj, which is given by the size of the corresponding elements of the main diagonal and shows the carbon dioxide emissions
caused by the sector during the production of intermediate inputs needed to meet the final demand; Spillover component, ∑i≠j Ejdjjyj,which is
given by the other elements in the corresponding column and represents the carbon dioxide emissions caused by other sectors in producing the
inputs provided to sector j; In addition, we can obtain the final use component from Eq. (9), Ejyj, which represents the carbon dioxide emissions
directly related to the final demand. Formula (10) can be obtained:

Cj ¼ Ej djj � 1
� �

yj|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
internal component

þ ∑i≠j Eidijyj|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover component

þ Ejyj|{z}
final use component

ð10Þ

djj ¼ 1 � ajj
� � � 1 � 1
h i

þ 1 � ajj
� � � 1∑i≠jajidij þ 1 ð11Þ

djj � 1 ¼ 1 � ajj
� � � 1 � 1
h i

þ 1 � ajj
� � � 1∑i≠jajidij ð12Þ
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Also due to Eqs. (11) and (12), the total (direct and indirect) carbon dioxide emissions of sector j can be divided into:

Cj ¼ Ej 1 � ajj
� � � 1 � 1
h i

∑m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

own internal component

þ Ej 1 � ajj
� � � 1∑i≠jajidij∑

m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back component

þ∑i≠jEidij∑
m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

spillover component

þ Ej∑
m¼1,2,3
m ymj|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}

final use component

¼ Ej 1 � ajj
� � � 1 � 1
h i

y1j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal one

þ Ej 1 � ajj
� � � 1 � 1
h i

y2j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal two

þ Ej 1 � ajj
� � � 1 � 1
h i

y3j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
own internal three

þ Ej 1 � ajj
� � � 1∑i≠jajidijy1j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back one

þ Ej 1 � ajj
� � � 1∑i≠jajidijy2j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back two

þ Ej 1 � ajj
� � � 1∑i≠jajidijy3j|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

feed � back three

þ∑i≠jEidijy1j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover one

þ∑i≠jEidijy2j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover two

þ∑i≠jEidijy3j|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
spillover three

þ Ejy1j|ffl{zffl}
final use one

þ Ejy2j|ffl{zffl}
final use two

þ Ejy3j|ffl{zffl}
final use three

ð13Þ

Appendix F. Data of carbon emission coefficient
Energy name
C
C
C
R
G
K
D

R
R
W
A
P
M

R
R
W
A
P
M

R
R
W
A
P
M
L

R
R
W
A
P
M
L

Average low calorific value
 Conversion Factor
 Carbon content per calorific value (ton carbon/TJ)
184
Carbon oxidation rate
 CO2 emission factor
oal
 20,908 kJ/kg
 0.714 3 kgce/kg
 26.37
 0.94
 1.9003 kg-co2/kg

oke
 28,435 kJ/kg
 0.971 4 kgce/kg
 29.5
 0.93
 2.8604 kg-co2/kg

rude Oil
 41,816 kJ/kg
 1.428 6 kgce/kg
 20.1
 0.98
 3.0202 kg-co2/kg

esidual fuel Oil
 41,816 kJ/kg
 1.428 6 kgce/kg
 21.1
 0.98
 3.1705 kg-co2/kg

asoline
 43,070 kJ/kg
 1.471 4 kgce/kg
 18.9
 0.98
 2.9251 kg-co2/kg

erosene
 43,070 kJ/kg
 1.471 4 kgce/kg
 19.5
 0.98
 3.0179 kg-co2/kg

iesel oil
 42,652 kJ/kg
 1.457 1 kgce/kg
 20.2
 0.98
 3.0959 kg-co2/kg

atural gas
 38,931 kJ/m3
 1.330 0 kgce/m3
 15.3
 0.99
 2.1622 kg-co2/m3
N
Explanation:

1.A fuel with a low (level) calorific value equal to 29,307 kilojoules (kJ) is called 1 kilogram
of standard coal (1 kgce).
2.The first two columns of the above table are derived from the "General Principles of
Comprehensive Energy Consumption Calculation" (GB/T 2589-2008)
3.The last two columns of the above table are derived from the "Guidelines for Compiling
Provincial Greenhouse Gas Inventories" (Fagaiban Climate [2011] No. 1041)
4.Calculation method of "CO2 emission coefficient": Take "raw coal" as an example
1.9003=20,908*0.000000001*26.37*0.94*1,000*3.66667
Appendix G. The decomposition of the total carbon dioxide emissions in 2018
Activity
 Own internal one
 Own internal two
 Own internal three
kt
 %
 kt
 %
 kt
 %
ailway transport
 78
 0 %
 47
 0 %
 58
 0 %

oad transport
 3095
 1 %
 1038
 1 %
 1019
 0 %

ater transport
 127
 0 %
 43
 0 %
 681
 2 %

ir transport
 212
 0 %
 123
 0 %
 667
 1 %

ipeline transport
 3
 0 %
 1
 0 %
 2
 0 %

ultimodal transport and transport agents
 150
 0 %
 134
 0 %
 170
 0 %

oading, unloading, handling and warehousing
 142
 1 %
 64
 0 %
 91
 0 %

he postal service
 170
 1 %
 50
 0 %
 135
 1 %
T
L

Activity
 feed-back one
 feed-back two
 feed-back three
kt
 %
 kt
 %
 kt
 %
ailway transport
 11
 0 %
 1
 0 %
 2
 0 %

oad transport
 576
 0 %
 176
 0 %
 173
 0 %

ater transport
 12
 0 %
 4
 0 %
 66
 0 %

ir transport
 9
 0 %
 2
 0 %
 18
 0 %

ipeline transport
 2
 0 %
 1
 0 %
 1
 0 %

ultimodal transport and transport agents
 35
 0 %
 31
 0 %
 39
 0 %

oading, unloading, handling and warehousing
 36
 0 %
 16
 0 %
 23
 0 %

he postal service
 9
 0 %
 3
 0 %
 7
 0 %
T
L

Activity
 Spillover one
 Spillover two
 Spillover three
kt
 %
 kt
 %
 kt
 %
ailway transport
 12,505
 50 %
 1057
 4 %
 1626
 6 %

oad transport
 71,534
 34 %
 12,925
 6 %
 13,406
 6 %

ater transport
 5747
 14 %
 1067
 3 %
 16,986
 41 %

ir transport
 7792
 17 %
 1152
 3 %
 15,443
 34 %

ipeline transport
 2051
 33 %
 6,44
 10 %
 1278
 21 %

ultimodal transport and transport agents
 8755
 16 %
 7812
 14 %
 9907
 18 %

oading, unloading, handling and warehousing
 6172
 28 %
 2765
 12 %
 3956
 18 %

he postal service
 2433
 21 %
 7,15
 6 %
 1921
 17 %
T
Activity
 Final use one
 Final use two
 Final use three
kt
 %
 kt
 %
 kt
 %
ailway transport
 7921
 31 %
 743
 3 %
 1117
 4 %

oad transport
 72,096
 35 %
 15,881
 8 %
 16,126
 8 %

ater transport
 3766
 9 %
 770
 2 %
 12,231
 29 %

ir transport
 6260
 14 %
 1075
 2 %
 12,808
 28 %

ipeline transport
 1123
 18 %
 352
 6 %
 700
 11 %

ultimodal transport and Transport agents
 9685
 17 %
 8642
 15 %
 10,960
 19 %

oading, unloading, handling and warehousing
 4248
 19 %
 1903
 9 %
 2723
 12 %

he postal service
 2969
 26 %
 872
 8 %
 2344
 20 %
T
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Appendix H. The decomposition of consumption expenditure, capital formation and export
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Appendix I. The decomposition of the carbon dioxide emissions from coal consumption in 2018
Activity
R
R
W
A
P
M

R
R
W
A
P
M

R
R
W
A
P
M
L

R
R
W
A
P
M
L

Own internal one
186
Own internal two
 Own internal three
kt
 %
 kt
 %
 kt
 %
ailway transport
 1
 0 %
 0
 0 %
 0
 0 %

oad transport
 25
 0 %
 8
 0 %
 8
 0 %

ater transport
 1
 0 %
 0
 0 %
 6
 0 %

ir transport
 2
 0 %
 1
 0 %
 5
 0 %

ipeline transport
 0
 0 %
 0
 0 %
 0
 0 %

ultimodal transport and transport agents
 1
 0 %
 1
 0 %
 1
 0 %

oading, unloading, handling and warehousing
 1
 0 %
 1
 0 %
 1
 0 %

he postal service
 1
 0 %
 0
 0 %
 1
 0 %
T
L

Activity
 Feed-back one
 Feed-back two
 Feed-back three
kt
 %
 kt
 %
 kt
 %
ailway transport
 0
 0 %
 0
 0 %
 0
 0 %

oad transport
 5
 0 %
 1
 0 %
 1
 0 %

ater transport
 0
 0 %
 0
 0 %
 1
 0 %

ir transport
 0
 0 %
 0
 0 %
 0
 0 %

ipeline transport
 0
 0 %
 0
 0 %
 0
 0 %

ultimodal transport and transport agents
 0
 0 %
 0
 0 %
 0
 0 %

oading, unloading, handling and warehousing
 0
 0 %
 0
 0 %
 0
 0 %

he postal service
 0
 0 %
 0
 0 %
 0
 0 %
T
L

Activity
 Spillover one
 Spillover two
 Spillover three
kt
 %
 kt
 %
 kt
 %
ailway transport
 10,712
 82 %
 922
 7 %
 1413
 11 %

oad transport
 56,556
 72 %
 10,189
 13 %
 10,572
 14 %

ater transport
 3969
 23 %
 771
 5 %
 12,266
 72 %

ir transport
 5741
 31 %
 926
 5 %
 11,585
 63 %

ipeline transport
 1834
 51 %
 576
 16 %
 1143
 32 %

ultimodal transport and transport agents
 5847
 33 %
 5218
 29 %
 6617
 37 %

oading, unloading, handling and warehousing
 4600
 48 %
 2061
 21 %
 2949
 30 %

he postal service
 1604
 47 %
 471
 14 %
 1266
 37 %
T
Activity
 Final use one
 Final use two
 Final use three
kt
 %
 kt
 %
 kt
 %
ailway transport
 64
 0 %
 6
 0 %
 9
 0 %

oad transport
 584
 1 %
 129
 0 %
 131
 0 %

ater transport
 31
 0 %
 6
 0 %
 99
 1 %

ir transport
 51
 0 %
 9
 0 %
 104
 1 %

ipeline transport
 9
 0 %
 3
 0 %
 6
 0 %

ultimodal transport and transport agents
 79
 0 %
 70
 0 %
 89
 1 %

oading, unloading, handling and warehousing
 34
 0 %
 15
 0 %
 22
 0 %

he postal service
 24
 1 %
 7
 0 %
 19
 1 %
T
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Appendix J. The decomposition of the carbon dioxide emissions from diesel oil consumption in 2018
Activity
R
R
W
A
P
M

R
R
W
A
P
M

R
R
W
A
P
M

R
R
W
A
P
M
L

Own internal one
187
Own internal two
 Own internal three
kt
 %
 kt
 %
 kt
 %
ailway transport
 36
 1 %
 22
 0 %
 27
 1 %

oad transport
 1422
 3 %
 477
 1 %
 468
 1 %

ater transport
 58
 1 %
 20
 0 %
 313
 3 %

ir transport
 97
 1 %
 57
 1 %
 306
 3 %

ipeline transport
 1
 0 %
 0
 0 %
 1
 0 %

ultimodal transport and transport agents
 69
 0 %
 62
 0 %
 78
 0 %

oading, unloading, handling and warehousing
 65
 1 %
 29
 1 %
 42
 1 %

he postal service
 78
 2 %
 23
 1 %
 62
 2 %
T
L

Activity
 feed-back one
 feed-back two
 feed-back three
kt
 %
 kt
 %
 kt
 %
ailway transport
 5
 0 %
 0
 0 %
 1
 0 %

oad transport
 265
 0 %
 81
 0 %
 80
 0 %

ater transport
 6
 0 %
 2
 0 %
 30
 0 %

ir transport
 4
 0 %
 1
 0 %
 8
 0 %

ipeline transport
 1
 0 %
 0
 0 %
 1
 0 %

ultimodal transport and transport agents
 16
 0 %
 14
 0 %
 18
 0 %

oading, unloading, handling and warehousing
 17
 0 %
 7
 0 %
 11
 0 %

he postal service
 4
 0 %
 1
 0 %
 3
 0 %
T
L

Activity
 spillover one
 spillover two
 spillover three
kt
 %
 kt
 %
 kt
 %
ailway transport
 464
 9 %
 23
 0 %
 41
 1 %

oad transport
 3097
 6 %
 511
 1 %
 536
 1 %

ater transport
 518
 5 %
 74
 1 %
 1189
 12 %

ir transport
 545
 5 %
 41
 0 %
 974
 9 %

ipeline transport
 34
 3 %
 11
 1 %
 21
 2 %

ultimodal transport and transport agents
 942
 6 %
 840
 5 %
 1065
 6 %

oading, unloading, handling and warehousing
 400
 8 %
 179
 4 %
 256
 5 %

he postal service
 280
 8 %
 82
 2 %
 221
 6 %
T
L

Activity
 final use one
 final use two
 final use three
kt
 %
 kt
 %
 kt
 %
ailway transport
 3638
 71 %
 341
 7 %
 513
 10 %

oad transport
 33,118
 60 %
 7295
 13 %
 7408
 14 %

ater transport
 1730
 17 %
 354
 4 %
 5618
 57 %

ir transport
 2876
 25 %
 494
 4 %
 5883
 52 %

ipeline transport
 516
 48 %
 162
 15 %
 321
 30 %

ultimodal transport and transport agents
 4449
 27 %
 3970
 24 %
 5035
 30 %

oading, unloading, handling and warehousing
 1951
 38 %
 874
 17 %
 1251
 25 %

he postal service
 1364
 38 %
 401
 11 %
 1077
 30 %
T
Appendix K. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.spc.2022.06.021.
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