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The close production and consumption relationship between industries leads to
the embodied CO2 transfer among industrial sectors along with the exchange of
products. Thus, grasping the situation of embodied carbon transfers from the
demand side is of great significance for better reducing a country or region’s CO2

emissions. This study investigates the embodied carbon transfers in Guangdong
Province from 2002 to 2017 from the industrial dimension by applying a
hypothetical extraction method. An enhanced generalized RAS method was
utilized to predict the intersectoral carbon transfers in 2025 and 2030. The
results show that, from 2002 to 2017, the average proportion of carbon
emission output of 72.11% made the production and supply of electricity and
heat sector the main CO2 emission transfer exporter, while the other service and
construction sectors were the leading importers. Moreover, the embodied carbon
transfers between these three sectors are themain carbon transfer paths. By 2025,
the other service sectors will become the largest embodied carbon importers,
surpassing the construction sector. Therefore, it is necessary to control the
consumption demand of other service and construction sectors on the
demand side to reduce carbon emissions driven by demand.
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1 Introduction

For a long time, the continuous accumulation of greenhouse gasses such as CO2 has
caused the phenomenon of global warming. Globally, China has become the country with the
largest CO2 emissions with continuous industrialization. In this regard, China has proposed
a dual-carbon goal, that is, to reach carbon peak by 2030 and become carbon neutral by 2060.
The secondary industry, as a crucial contributor to regional economic development, is also
the main source of carbon emissions, making it an indispensable part of government carbon
reduction policies. The intermediate products produced by upstream sectors with high CO2

emissions are not entirely used by themselves. Driven by the demand of downstream sectors,
some intermediate products will transfer through the industrial chain, and carbon emissions
will also be transferred from the demand side to intermediate products. First, policymakers
tend to focus on higher CO2-emitting industries based on the producer principle; they
believe that major carbon emitting sectors should bear a greater responsibility for reducing
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emissions. However, such policies may not achieve long-term
carbon reductions significantly. Hence, it is essential to analyze
the intersectoral carbon transfers from a consumer principle to
explore how carbon emissions are transferred under demand-
driven, and to help the government formulate more effective
emission reduction policies.

Regarding the spatial dimension, previous studies mainly
explored the CO2 emission transfers between countries, regions,
or provinces. In the study of carbon transfers from a national
perspective, Wang and Han (2021) specifically analyzed the
possibility of implied carbon emissions and trade decoupling
between Chinese and American industries, crediting that in the
US exports from high-technology industry or service industry to
China, the decoupling has been best achieved. Some scholars are
conducting research on the embodied emission transfers between
multiple countries. Zhong et al. (2018) analyzed the carbon flows
from multi-country trade, and proposed that this part of CO2

emissions could then be lowered by increasing the proportion of
clean energy in total energy consumption. Wang et al. (2020) further
discussed the embodied emission transfers among major countries
from the perspective of industry, and found that China’s CO2

emission inflow is largely concentrated in the electromechanical
equipment and chemicals in developed countries. Huang and Zhang
(2023) found that digitization can better reduce the embodied CO2

emissions of exports under a higher global value chains (GVC)
position. Some studies have explored the characteristics of carbon
transfers between provinces in domestic trade. In China, the
network characteristics of inter-provincial embodied emission
transfers are significantly different (Sun et al. (2020)), and among
them, a significant portion of the embodied carbon flows occurs
between the southeastern coastal area and economically backward
provinces in the central and western regions (Li and Li (2022); Tao
and Wen (2022)). In addition, the generated carbon dioxide flows
accordingly with industrial transfers between different provinces. Li
et al. (2022) found that the paths of carbon and industrial transfers
were somewhat similar but not completely coupled. Other studies
explored the factors influencing inter-provincial carbon transfers.
Wang and Wang et al. (2021) believed that environmental
supervision and governance would inhibit the outflow of carbon
emissions, whereas urbanization and energy intensity would
promote its transfers. Wang and Hu (2020) found that 35.4% of
carbon emissions from 2007 to 2012 came from inter-provincial
demand from the production side, and this portion of carbon
transfers continued to increase.

Similar to carbon emission transfers in the spatial dimension,
since various industrial sectors play different roles in economic
development, exploring the relationship of embodied emission
transfers between industries is required, further promoting the
allocation of the emission reduction responsibilities (Xia et al.
(2022)). After drawing specific CO2 transfer paths of various
industries in China in 2012, Bai et al. (2018) found that the
electricity and heat generation and supply industry and
construction industry were the most important carbon emission
exporter and importer, respectively. Zheng et al. (2022) explored the
association among industrial carbon intensity, factor flow, and
industrial transfers from 30 provinces. After discussing the
carbon transfer path between industrial sectors, Li et al. (2021)
further investigated the potential influencing factors of the main

path. Sun and Fang (2022) discussed the identification and
optimization of unreasonable carbon transfers from a supply-side
perspective under environmental regulations.

Carbon transfers between industrial sectors are mainly based on
either complex network theory or the hypothetical extraction
method (HEM). In complex network theory, inter-industry CO2

emissions are described in the form of a network, in which the
industry itself is a node, and the amount of transferred CO2 is the
edge connecting the nodes (Du et al. (2018); Ma et al. (2019); Du
et al. (2020); Jiang et al. (2019); Wang and Yao (2022)). Therefore,
the carbon correlation between industrial sectors is reflected in
several characteristics of complex networks. On basis of complex
network analysis, Du et al. (2020) investigated the CO2 transfer
characteristics in 66 industries in the Yangtze River Economic Belt
through network density, network connectedness, degree centrality,
betweenness centrality, and other network characteristics. Wang
and Yu et al. (2021) explored the significant characteristics of CO2

emission transfers of 30 industries in China from 2002 to
2015 through complex network theory. The hypothetical
extraction method analyzes the economic relationship between
selected and other sectors by comparing the difference in
economic performance in the presence or absence of the selected
sector (Du et al. (2019); Hou et al. (2021); Dai et al. (2021); Hertwich
(2021)). Hou et al. (2020) focused on the embodied CO2 emission
transfers among multiple sectors in China from 1992 to 2012 and
concluded that the electricity and construction sectors were main
sectors with the greatest CO2 emission output and input,
respectively. Among Pakistan’s industrial sectors, Sajid (2020)
found that the textile and apparel sectors were the top carbon
emission importers.

Previous literature on CO2 emission transfer mainly examined
spatial dimensions, such as intercountry and interregional, while
research on industrial dimensions as the entry point for carbon
emission transfers is relatively insufficient. Although some studies
have focused on CO2 emission flows between industries from a
national perspective, the industrial structure between regions is quite
different, due to the different levels of development between regions.
Thus, further exploring the carbon emission transfers among
industries at the provincial and urban levels is necessary. As a
result, it is better to effectively identify the carbon correlation
characteristics and carbon emission transfer paths of industries in
different regions. About method use, complex network analysis and
hypothetical extraction method can accurately reflect the carbon
correlation characteristics among sectors. However, a complex
network analysis cannot show the specific carbon emission
transfers between sectors because it mainly represents the carbon
transfer relationship through the characteristics of the network. The
hypothetical extraction method can obtain the direction and size of
intersectoral carbon emission transfers by decomposing net
backward and forward linkage emissions.

In this study, we used the hypothetical extraction method
(HEM) as the research method to identify the main CO2

emission exporters and importers and analyzes the intersectoral
embodied carbon transfer path in Guangdong Province from
2002 to 2017. Through EGRAS method (Enhanced Generalized
RAS-Method), a prediction is made for the input-output table in
2025 and 2030 and the change in carbon transfers between industrial
sectors.
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2 Materials and methods

2.1 Hypothetical extraction method

The basic idea of HEM is to assume that the target sector is extracted
and has no economic correlation with other sectors, which was first
proposed by Schultz (1977) and now applied to research fields such as
carbon emissions, energy consumption, and land and water resources
(Wen et al. (2022); Li et al. (2022); Fang et al. (2022); Deng et al. (2018)).

By comparing the difference in economic performance in the
presence or absence of the selected sector, the impact of the selected
sector on the production and its economic correlation with other
sectors were analyzed.

HEM divides the industrial systemM into two industrial groups,
Ma and M-a, where Ma is the industrial group that needs to be
analyzed. The economic system can be given as:

Xa

X−a
[ ] � Aa,a Aa,−a

A−a,a A−a,−a
[ ] · Xa

X−a
[ ] + Ya

Y−a
[ ]5 Xa

X−a
[ ]

� Wa,a Wa,−a
W−a,a W−a,−a

[ ] · Ya

Y−a
[ ]

(1)
where I − A( )−1 � Wa,a Wa,−a

W−a,a W−a,−a
[ ].

Duarte et al. (2002) combined vertically integrated consumption
with traditional hypothesis extraction methods and divided CO2

emissions of the interested sector into four categories: internal,
mixed, net backward linkage, and net forward linkage emissions.
Moreover, vertically integrated consumption specifically reflects the
CO2 emissions from product consumption by each industry in this
study. The HEM is used to find out the inter-industry carbon
correlation, and the basic form is as follows:

Based on the I-O model, DCIi, reflecting the direct carbon
intensity, is calculated as:

DCIi � DCEi/Xi (2)
where the direct CO2 emissions of sector i is denoted by DCEi, while
Xi represents its total output.

The vertically integrated consumption of carbon emissions of
sector, VICi, is presented as follows:

VICi � ∑n
j�1
DCIjLijYi (3)

where Lij denotes the Leontief inverse matrix element, that is, the
corresponding element in L � (I − A)−1, and the sectoral final use is
represented by Yi.

By further decomposing the vertically integrated consumption
of carbon emissions, we can get the following categories:

Internal emissions (IE) refer to the CO2 emissions from the
products produced and directly used by the target industrial group,
Ma, for its own demand, and is shown as follows:

IE � DCIa · I − Aa,a( )−1 · Ya (4)
Mixed emissions (ME), which represents CO2 emissions of the

intermediate goods purchased by other industrial groups, M-a, from
the target industrial groups, Ma, and used in the production of Ma,
are calculated as follows:

ME � DCIa · Wa,a − I − Aa,a( )−1[ ] · Ya (5)

Net forward linkage emissions (NFL) reflect carbon emissions in
the process of target industrial groupMa’s products being purchased
by other industry groups, M-a, for their own use. The formula is as
follows:

NFL � DCIa ·Wa,−a · Y−a (6)
Net backward linkage emissions (NBL) refer to the carbon

emissions of products purchased from other industry groups,
M-a, by the target industry group, Ma, as an intermediate input.
The formula is as follows:

NBL � DCI−a ·W−a,a · Ya (7)
From the point of view of the whole economic system, the

following relationships exist: DCE � VIC, DCE � IE +ME +NFL,
VIC � IE +ME +NBL, and NFL � NBL.

By further decomposing NFL and NBL, we can obtain the
specific carbon emission transfers among the industrial sectors. If
sector H is a sector in other industrial groups M-a, the CO2

emissions shifted from industrial group Ma to sector H are
shown as follows:

NFLa→H � DCIa ·WaH · YH (8)
In contrast, the carbon emission transferred from sector H to

industrial group Ma can be expressed as follows:

NBLH→a � DCIH ·WHa · Ya (9)
By replacing the DCI in Eqs 8, 9 with the value-added rate of the

industrial sectors, VAR, the embodied value transfers between
industries can be presented as follows:

NFLVa→H � VARa ·WaH · YH (10)
NBLVH→a � VARH ·WHa · Ya (11)

2.2 EGRAS

The biproportional scaling method (RAS) was first brought
forward by Stone to correct for the direct consumption
coefficient. Due to the scenario analysis for 2025, 2030 and the
lack of statistical data support in the preparation process, we used
the EGRAS method, which was first proposed by He and Liu (2018)
to estimate the intermediate inputs in 2025, 2030. This method has
several advantages including number preservation, convexity
preservation, zero preservation, being unbiased, avoiding positive
and negative term offsets, and effectively retaining the prior
information. The model is shown as follows:

EGRAS � min∑
ij

aij − 1( ) ln aij
s.t.∑

j

aij ·X0
ij � ui, for all i

∑
i

aij ·X0
ij � vj, for all j

aij ≥ ε≥ 0, for all i, j
Xij � aij ·X0

ij, for all i, j
ε � e−30, exogenous variable (12)
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where X0
ij and Xij are the intermediate input in the reference period

and the target period, respectively; aij is defined as the ratio of Xij to
X0

ij; ui and vj are the total intermediate output of industry i and the
total intermediate input of industry j in the target period,
respectively.

2.3 Data

2.3.1 Industrial CO2 emissions
Industrial CO2 emissions caused by energy use can be presented

as follows:

CEi � ∑n
k�1

ei,k × ACVk × θk k � 1, 2,/, n( ) (13)

where CEi denotes the CO2 emissions generated by the fuel
consumption of industry i; ei,k is consumption of fuel k in
industry i, and fuel k’s average lower heating value is
expressed by ACVk. θk, the fuel k’s emission factor, is
presented as follows:

θk � Ck × Ok ×
44
12

(14)

where Ck represents carbon content per unit calorific value of fuel k,
and its carbon oxidation rate is represented by Ok.

The industrial energy consumption data in Guangdong Province
were collected from Carbon Emissions Accounts and Datasets
(CEADs), while the average lower heating value was obtained
from the associated table of China Energy Statistical Yearbook.
Carbon content per unit calorific value and carbon oxidation rate
were obtained from the Guidelines for the Preparation of the
Provincial Greenhouse Gas Inventory (Trial). See Supplementary
Appendix S1 for carbon emission factor and average lower heating
values for some fuels.

In order to maintain consistency of sector classification in
different data, this study divided the industries in I-O table into
28 sectors, then further adjusted and merged the sector in
carbon emission accounting accordingly. The corresponding
relationship between the sectors is shown in Supplementary
Appendix S2.

2.3.2 Compilation of comparable prices input-
output table

Referring to the compilation method of Li and Xue (1998), Liu
and Peng (2010), Xu (2016) and Lu (2019), this study compiles the
comparable price I-O tables for 2002, 2007, 2015, and 2017, with
2012 as the benchmark year. The price index of all sectors was
obtained from the National Bureau of Statistics of China and the
Guangdong Statistical Yearbook. The I-O tables in Guangdong
Province from 2002 to 2017 was taken from Guangdong
Provincial Bureau of Statistics.

2.3.3 Compilation of non-competitive input-
output table

With reference to Weber et al. (2008), we further adjust the
comparable price I-O table to a non-competitive I-O table with
comparable prices. It is assumed that both imports and domestic
products or services from outside the province flow to intermediate

input and final demand within the province (including exports and
domestic and external outflows).

2.3.4 Future change setting of carbon intensity
Based on the Action Plan for Carbon Peak before 2030 and “The

14th Five Year Plan” for Guangdong Province to Address Climate
Change, assuming that the carbon intensity of Guangdong Province
will decrease by 20.5% in 2025 compared with 2020, and by 18.5% in
2030 compared with 2025, then carbon intensity in 2025 and
2030 were calculated on the basis of 2002–2017. See
Supplementary Appendix S3 for more details.

2.3.5 Compilation of input-output tables of
Guangdong Province in 2025 and 2030

According to the input-output tables from 2002 to 2017, the
components such as added value, total intermediate, final use and
other components in the input-output table for 2025, 2030 can be
simply estimated. Finally, on basis of the intermediate demand of the
2017 input-output table, the EGRAS method was referenced to
estimate the intermediate input and complete the compilation of the
2025, 2030 input-output tables (Zhang et al. (2021)). See Table 1 for
the main assumptions and Supplementary Appendix S4 for detailed
compilation steps.

3 Results

3.1 Inter-industrial carbon emission
transfers from 2002 to 2017

The direct consumption of carbon emissions represents the
sectoral CO2 emissions on the supply side, while the vertically
integrated consumption represents it from a demand side. If the
sectoral direct consumption is greater than its vertically integrated
consumption, then it means a part of the CO2 emissions is shifted to
other industries along with the products, and vice versa. The direct
consumption and vertically integrated consumption in 28 industrial
sectors are presented in Table 2, taking the data of 2012 as a case.
The production and supply of electricity and heat sector (S22), metal
smelting and rolling sector (S14), and the transport, storage and post
sector (S26), these three sectors consumed a great deal of energy,
causing direct carbon emissions with 311.51, 33.21, 56.99 Mt
respectively. However, for these sectors, due to higher vertically
integrated consumption, carbon emissions from a supply side were
greater than those driven by their own needs, making them the main
embodied emission exporters. As for direct consumption of S22,
84% of carbon emissions came from products provided to other
industries rather than from intermediate products required for its
own production. This part of CO2 emissions was generated under
the demand of other industries and was transferred among various
sectors. In the other two sectors with embodied carbon emission
outputs (i.e., S14 and S26), this proportion was 64% and 47%,
respectively. The direct consumption of other service sectors (S28),
electrical, mechanical, and equipment manufacturing sector (S18),
the construction sector (S25), and manufacturing of communication
equipment, computers, and other electronic equipment sector (S19)
were less than the vertical integration consumption, which indicated
that the net CO2 emissions were transferred into these sectors. From
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the point of view of demand, the CO2 emissions of other service
sectors for their own production were 46.94 Mt, while from the
supply side, the carbon emissions were only 1.86 Mt. Approximately
45.09 Mt of carbon dioxide was hidden in the intermediate
products purchased by other service sectors from other
industries, which was 24.29 times the CO2 emissions from its
own production. The net carbon inflows of construction sector
were only 4.79 times that of the supply side, but the embodied
carbon emission input was 56.24 Mt, which made itself the largest
embodied CO2 importer.

3.1.1 Embodied carbon emission output and input
The NFL and NBL of the various sectors reflect their embodied

CO2 emission output and input between industries, respectively. As
shown in Figure 1A, from 2002 to 2017, five major industries with
the largest proportion of NFL among industrial sectors in
Guangdong Province were S22 (production and supply of
electricity and heat sector, ~72.11%), S26 (transport, storage and
post sector, ~10.83%), S14 (metal smelting and rolling sector,
~5.54%), S13 (non-metallic mineral products sector, ~3.51%),
and S11 (petroleum processing, coking and nuclear fuel
processing, ~1.64%), with the total carbon emission output
accounting for more than 90%. As the main energy production
and supply sector, the production and supply of electricity and heat
sector is an important upstream industry in economies, providing
other industries with the necessary electricity and heat to meet their
basic productive activities. Therefore, the important position of this
sector in the industrial chain makes it the largest exporter of carbon.

The proportion of embodied carbon outputs of the transportation,
storage, and post sector rose from 9.11% in 2002 to 12.71% in 2017. By
further decomposing the NFL of the transportation, storage, and post
sectors, we obtained the specific carbon emissions transferred from this
sector to another industrial sector. As seen in Figure 2A, the embodied
carbon transferred from the transportation, storage and post sector to
S28 (other service sectors), S25 (construction sector), S27 (wholesale,
retail and accommodation, catering sector) increased significantly from
2.04, 2.93 and 0.67Mt in 2002 to 8.97, 7.37 and 6.03Mt in 2017,
respectively. In 2017, these three paths accounted for more than 50% of
the CO2 emission outputs of the transportation, storage, and post sector.
Continuously strengthening domestic and international trade, such as

the rapid development of express services in the postal industry, has
promoted economic links between the transportation, storage, and post
sector, other service sectors, and the wholesale, retail, accommodation,
and catering sector, then further improved the carbon linkage
among them.

In addition, the proportion of embodied CO2 output of themetal
smelting and rolling sector increased significantly, from 2.60% in
2002 to 8.17% in 2017. As a major manufacturing province in China,
the development of advanced manufacturing in Guangdong
Province has increased the demand for ferrous and non-ferrous
metal materials in the electrical, mechanical and equipment
manufacturing sector, metal products sector, and general and
specialty equipment manufacturing sector. This increased
embodied carbon output of metal smelting and rolling sector, as
shown in Figure 2B, from which carbon emission transferred to S18
(electrical, mechanical, and equipment manufacturing sector)
increased from 0.43 Mt in 2002 to 6.49 Mt in 2017. The
proportion of this part of the carbon emission output of the
metal smelting and rolling sector also increased from 10.80% to
24.56%.

The CO2 emission input of the industries is expressed by NBL;
that is, the carbon emissions implied in the goods are transferred as a
result of purchasing products from other sectors. Figure 1B shows
that S25 (construction sector), S28 (other service sectors), S19
(manufacturing of communication equipment, computers, and
other electronic equipment sector), S8 (leather, furs, down, and
related products sector), S27 (wholesale, retail and accommodation,
catering sector), and S18 (electrical, mechanical, and equipment
manufacturing sector) were the top six sectors in Guangdong
Province with the highest CO2 emission input, transferring more
than 55% of the total CO2 emissions.

From 2002 to 2017, S25 (construction sector) was the top
embodied carbon importer. The share of transferred CO2 rose
from 18.46% in 2002 to 25.76% in 2007, decreased to 15.56% in
2012, and rose steadily to 17.02% in 2017. The proportion of carbon
emissions input of S29 (other service sectors) decreased from 12.46%
in 2002 to 7.23% in 2007 and increased to 15.92% in 2017, with a
trend of surpassing the construction sector as the largest embodied
CO2 emission importer. The large amounts of construction
materials and mechanical equipment required for construction

TABLE 1 Main assumptions for the compilation of input-output tables in 2025 and 2030.

2025 2030

Average annual change rate of GDP +6% +5%

Change in the proportion of added value

Manufacturing industry −2.5% −1.7%

Manufacturing of communication equipment, computers and other electronic equipment +0.6% +0.4%

Transportation Equipment +0.4% +0.2%

General and special equipment manufacturing +0.3% +0.18%

Service +4.5% +2.8%

Finance +3.5% +2.5%

Information transmission, software and information technology services +2% +1.2%

The average annual change rate of the GDP, in 2025 and 2030 is relative to that in 2020 and 2025, respectively, and the proportion of added value in 2025 and 2030 is relative to that in 2017 and

2025, respectively.
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and installation activities in the construction sector cannot bemet by
their own production. The same is true for other service sectors, such
as the tertiary industry. These two sectors are more likely to
purchase the products and services required for their
intermediate inputs from other industries during production.
Therefore, despite the large proportion of transferred CO2

emissions, they exhibited lower carbon emissions on the supply
side. As important advanced manufacturing industries in
Guangdong Province, S19 (manufacturing of communication
equipment, computers and other electronic equipment sector)
and S18 (electrical, mechanical and equipment manufacturing
sector) have also been taking a high proportion in carbon
emission transfers, and their carbon emission input increased
from 12.92 and 9.72 Mt in 2002 to 31.19 and 24.03 Mt in 2017.

3.1.2 The main paths of embodied carbon emission
transfers

By decomposing the NFL and NBL of the various industries, the
specific CO2 emission transfer amount between industrial sectors can be
obtained to further analyze the key embodied emission transfer paths.
Figure 3 summarizes the top 15 paths with the largest carbon emission
transfers in each year from 2002 to 2017, with a total of 20 paths. The
sum of the carbon emission transfers from these pathwaysmade up over
70% of the total. Among them, S22 (production and supply of electricity
and heat sector) accounted for 17 routes as carbon emission exporters. In
the other three paths, the carbon emission exporters were S13 (non-
metallic mineral products sector) and S26 (transportation, storage, and
post sector). As main embodied carbon exporters and importers, the
carbon correlation between S22, and S25 (construction sector) or S28
(other service sectors) naturally became the two most important carbon
emission transfer paths. However, it is noteworthy that in 2017, the
embodied CO2 emission input of S28 from S22 was 38.92Mt, that
exceeded the 37.73Mt transferred by S25 from S22 and became the
largest CO2 emission transfer path. Moreover, the proportion of CO2

emissions transferred from S22 to basic manufacturing sectors like S6
(food manufacturing and tobacco processing sector), S7 (textile sector),
and S14 (metal smelting and rolling sector) decreased significantly from
2.36%, 2.28%, and 1.97% in 2002 to 1.56%, 1.47%, and 0.62% in 2017,
respectively. In contrast, there was still a strong carbon emission
correlation with S19 (manufacturing of communication equipment,
computers, and other electronic equipment sector), S18 (electrical,
mechanical, and equipment manufacturing sector), and S22.

The changes in the proportion of embodied emission transfers and
the proportion of value-added transfers in the main carbon emission
transfer paths were shown in Supplementary Figure A1, respectively,
from 2007 to 2017. Among the six main paths, there was an obvious
correlation between the changes in the proportion of carbon transfers
and the change in the proportion of value-added transfers. It shows that
the embodied CO2 transfers between industries was, to a certain extent,
the embodiment of the value of products circulating in the industrial
chain, reflecting changes in the industrial structure. Therefore, the
changes of the main carbon emission transfer path reflect that
Guangdong Province is continuously developing advanced
manufacturing industry and striving to promote its structural
transformation and upgrading.

3.2 Inter-industrial carbon emission
transfers in 2025 and 2030

After a simple prediction of the carbon intensity of various
industries and using the EGRASmethod to compile the I-O tables of
Guangdong Province in 2025 and 2030, then the CO2 emissions in
these two periods were obtained, as shown in Supplementary Figure
A2. According to China’s Action Plan for Carbon Peak before 2030,
Guangdong Province is expected to realize the carbon peak target
between 2025 and 2030, with estimated carbon emissions of
523.78 and 519.53 Mt in 2025 and 2030, respectively.

3.2.1 Embodied carbon emission output and input
The main CO2 emission exporters among the industrial sectors in

2017–2030 are shown in Figure 4A, including S22 (production and
supply of electricity and heat sector), S26 (transportation, storage, and

TABLE 2 Direct consumption and vertically integrated consumption of
industrial sectors in Guangdong Province in 2012.

Sectors DCE (MtCO2) VIC (MtCO2) (DC-VIC)/DC

S3 0.79 0.07 0.90

S22 311.51 48.54 0.84

S14 33.21 11.88 0.64

S26 56.99 30.38 0.47

S21 5.29 3.03 0.43

S11 8.95 7.49 0.16

S23 1.27 1.29 −0.02

S13 17.77 19.60 −0.10

S1 4.67 7.60 −0.63

S7 3.89 6.39 −0.65

S27 9.69 24.94 −1.57

S5 0.17 0.52 −2.08

S12 5.90 21.37 −2.62

S10 6.42 30.35 −3.73

S25 11.75 68.00 −4.79

S6 1.81 11.00 −5.09

S4 0.18 1.28 −6.10

S20 0.23 2.30 −9.03

S24 0.07 0.82 −10.99

S15 1.69 22.63 −12.39

S19 1.97 26.54 −12.48

S16 1.25 17.53 −13.08

S8 1.48 22.21 −14.06

S17 0.77 12.62 −15.46

S18 1.71 37.09 −20.69

S9 0.39 9.22 −22.84

S28 1.86 46.94 −24.29

S2 0.00 0.00 —
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post sector), S14 (metal smelting and rolling sector), S5 (non-metallic
mineral products sector), and S27 (wholesale, retail, accommodation,
and catering sector). Furthermore, S22 remains the most important
sector with the largest embodied CO2 emission output; however, the
proportion of carbon emission output will decrease from 69.97% in
2017 to 55.73% in 2030, owing to the reduction in its own carbon
intensity and its reduced dependence of other industrial sectors on
electricity and heat. The embodied CO2 emission output of the
transportation, storage, and post sector and the metal smelting and
rolling sector will continue to increase from 2002 to 2017, from 12.71%
to 8.16% in 2017 to 17.32% and 13.55% in 2030, respectively.

In 2017–2025, the main sectors with embodied carbon inputs in
Guangdong Province were still S25 (construction sector), S28 (other
service sectors), S19 (manufacturing of communication equipment,
computers, and other electronic equipment sector), S18 (electrical,
mechanical, and equipment manufacturing sector), S8 (leather, furs,
down, and related products sector), and S27 (wholesale, retail,

accommodation, catering sector). The difference is that, in 2025, the
share of CO2 emission input of the other service sectors will begin to
exceed that of the construction sector and rise to 31.02% by 2030,
becoming the largest embodied CO2 emission importer, as presented in
Figure 4B. As Guangdong Province strives to accelerate industrial
structural transformation and hope to build a new system of modern
service industry, the share of GDP of other service sectors, mainly the
finance, information transmission, software, and information technology
service sectors, will continue to increase, and economic ties with other
industrial sectors will also strengthen. Additionally, it will lead to
increased input of carbon emissions.

3.2.2 Themain paths of embodied carbon emission
transfers

The first 10 carbon emission transfer paths of Guangdong Province
in each year in 2017, 2025, and 2030, totaling 14 paths, were analyzed,
and the results are shown in Figure 5. The carbon linkages between S22

FIGURE 1
The proportion of NFL/NBL of sectors in Guangdong Province from 2002 to 2017. (A) The top five sectors with the largest proportion of NFL. (B) The
top six sectors with the largest proportion of NBL. Notes: In (A), the broken line of production and supply of electricity and heat sector adopts the
secondary ordinate on the right-hand side.

FIGURE 2
Ten main carbon emissions transfer paths from major sectors in Guangdong Province from 2002 to 2017. (A) The transport, storage, and post sector.
(B) The metal smelting and rolling sector.
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(production and supply of electricity and heat sector) and S28 (other
service sectors), and between S22 and S25 (construction sector) remain
the most critical carbon transfer paths. The share of transferred CO2

emissions in these two pathways increases from 23.72% in 2017 to
27.94% in 2030. In addition, the proportion of embodied emission
transfers between S22 and S28 increased from12.08% in 2017 to 19.31%
in 2030, which is far higher than the 8.63% between S22 and S25. As
Guangdong Province enters the stage of high-quality development, the
productive service sector is becoming increasingly specialized,
promoting its integration with primary and secondary industries,
and the value-added rate of the service industry will constantly
increase, further promoting the economic development. Therefore,
the demand in the service sector for transportation and logistics has
been increasing, and the industry relationship between the service sector
and the transport, storage, and post sector has become closer. The
carbon emission transfers between S26 (transport, storage, and post
sector) and S28, and S26 and S27 (wholesale, retail and accommodation,

catering sector) has increased significantly from 8.99 and 6.00Mt in
2017 to 20.03 and 8.66 Mt in 2030. In addition, the proportion of
carbon emission transfers in these three paths between S16 (general and
special equipment manufacturing sector), S17 (transportation
equipment sector), S15 (metal products sector) and S14 (metal
smelting and rolling sector) respectively increased from 1.17%,
0.93% and 1.46% in 2017 to 2.58%, 2.39% and 2.33% in 2030. This
change is mainly due to the increase in the proportion of added value of
advanced manufacturing industry during the “Fourteenth Five-Year
Plan” period, which further strengthened the carbon emission linkages
between the above-mentioned industrial sectors.

4 Discussion

This study first compiles a non-competitive I-O table with
comparable prices in Guangdong Province from 2002 to

FIGURE 3
The top 15 carbon emission transfer paths among industrial sectors in Guangdong Province from 2002 to 2017.

FIGURE 4
The proportion of NFL/NBL of sectors in Guangdong Province from 2017 to 2030. (A) The top five sectors with the largest proportion of NFL (B) The
top six sectors with the largest proportion of NBL. Notes: In (A), the broken line of production and supply of electricity and heat sector adopts the
secondary ordinate on the right-hand side.
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2017 and then uses EGRAS to roughly compile the I-O table in
Guangdong Province in 2025 and 2030. Finally, we analyzed carbon
emission transfers from 2002 to 2017 and from 2017 to 2030 using
HEM. Some findings are as follows:

1) From2002 to 2017, the average proportion of carbon emission output
of the production and supply of electricity and heat sector reached
72.11%, that remains the most important CO2 emission exporter. In
2017, the proportion of embodied emission input of construction
sector reached 17.02%, while that in other service sectors was 15.92%.
Among the carbon transfer paths, the carbon linkage between the
production and supply of electricity and heat sector as exporter, and
construction sector and other service sectors as importers are themost
critical carbon transfer paths. In 2017, the other service sector
transferred 38.92Mt of carbon emissions from the production and
supply of electricity and heat sector, surpassing the path between the
construction sector and the production and supply of electricity and
heat sector as the largest carbon emission transfer path.

2) In 2017–2030, the production and supply of the electricity and
heat sector was still the main exporter with the highest CO2

emission output, but the proportion of carbon emission output
will decrease significantly, mainly because of decreased
dependence on electricity and heat and lower carbon
intensity. In 2025, the proportion of embodied emission input
of other service sectors will exceed that of the construction sector
and will become the leading CO2 emission importer. By 2030, the
carbon transfer path between the production and supply of
electricity and heat sector, and other service sectors will
account for 19.31% of carbon emissions.

Carbon transfers between industrial sectors shows that carbon
emission reduction policies cannot be targeted only at industries that
directly emit higher CO2. An increase in the demand of downstream
industrial sectors also results in increased carbon emissions from
upstream industries. Therefore, we put forward relevant suggestions
on the carbon emission reduction policies of industrial sectors from

the supply side and the demand side respectively, hoping to
scientifically realize carbon emission reduction from the
perspective of the whole industry chain.

On the supply side, most CO2 emission outputs are from the
important basic industries such as the energy supply, transportation,
and metal processing. Thus, there is a real need to limit direct CO2

emissions reasonably. Second, for the most important embodied CO2

emission exporter, it is also essential to optimize energy structure, and
promote the construction of wind power and photovoltaic bases, further
improving the exploitation and utilization of renewable energy. In
addition, key carbon emission exporters can also improve the energy
utilization rate in their own production processes, which reduces energy
consumption to a certain extent, thereby achieving the goal of carbon
emission reduction. The government can also encourage relevant
sectors to adopt green and clean technology for production and
accelerate the technological development of clean energy to directly
reduce CO2 emissions.

On the demand side, it is also required to reduce the demand of
these sectors such as the construction sector and other service
sectors on the premise of maintaining the stable development of
the industry. This eases CO2 reduction pressure on the upstream
production industries. Specifically, the industrial sector can improve
the efficiency of electricity usage and reduce unnecessary losses.

Overall, it is required to scientifically monitor the carbon
transfer path among the main carbon emission exporters and
importers, especially the path involving the energy supply sector,
pay close attention to the carbon correlation changes among
industries, and further explore the main drivers behind the path.
Thus, corresponding measures can be taken to address different
carbon transfer paths to achieve more scientific and efficient carbon
emission reductions while maintaining stable economic growth.

This study mainly studies the carbon emission transfer between
industrial sectors in Guangdong Province based on the input-output
table, and analyzes the main carbon emission transfer sectors and
paths. In this study, the industrial sectors such as the metal smelting
and rolling sector are the main carbon emitters, while other studies

FIGURE 5
The top 15 paths of carbon emission transfer among sectors in Guangdong Province from 2017 to 2030.
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have shown that industrial land use affects economic performance
and regional carbon emissions (Pan et al. (2021); Shu and Xiong
(2019)). Therefore, in the future, we can further explore how to
achieve urban carbon emission reduction more effectively from the
perspective of land use and industrial space layout.
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