
Complex network analysis of
embodied carbon emission
transfer in China’s construction
industry

Wenwen Xiao1, Xianshun Fu1, Wenhao Song1 and Lili Wang2*
1School of Management Engineering, Shandong Jianzhu University, Jinan, China, 2School of Business,
Shandong Jianzhu University, Jinan, China

The construction industry is an important material production sector of the
national economy, and trade in goods and services between different
industrial sectors in different regions may result in the transfer of embodied
carbon emissions from the construction industry. A systematic identification of
the relationships and structural characteristics of the embodied carbon transfer in
the construction industry is crucial for rationally defining the responsibility for
emission reduction and scientifically formulating emission reduction policies to
promote the effective promotion of China’s carbon emission reduction actions.
Based on the calculation of input-output theory, this study constructs a multi-
regional input-output (MRIO) model of 31 provinces in China containing
28 industries to estimate the carbon emissions of the construction industry in
2017, it also combines the complex network theory to construct the industrial and
regional embodied carbon transfer network of China’s construction industry, and
calculates the network structure indexes to deeply explore the spatial transfer
network structure characteristics of the embodied carbon transfer between
regions of China’s construction industry in 2017. The results show that the
construction, energy and building materials manufacturing sectors are at the
core of the sectoral carbon transfer network structure, with strong network
control. The embodied carbon transfer network between regions in the
construction industry has a small-world character, more than 40% of all
relevant regions have carbon transfer relationships with other regions,
significant carbon emissions are transferred from the resource-rich,
industrially well-endowed central-western and north-eastern provinces to the
economically developed south-eastern coastal provinces. According to the
results of the study, differentiated carbon emission reduction plans are
formulated, and policy suggestions for optimizing the carbon emission
reduction plan of the construction industry are put forward.
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1 Introduction

In 2023, the Sixth Assessment Report of the United Nations Intergovernmental Panel
on Climate Change (IPCC) that the construction industry accounts for 31% of global energy
consumption and 21% of carbon emissions Quan et al. (2022), making it a significant source
of carbon emissions globally. The construction industry involves the design, construction,
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maintenance and demolition of buildings, as well as the production,
transportation and use of related materials and energy, and is closely
related to the metallurgical, building materials, petrochemical,
electromechanical and light industries Zhu et al. (2022). While
driving the development of other industries and improving the
living conditions of residents, the construction industry is also an
important carbon emitting industry. The construction industry is a
typical “apparent low carbon, embodied high carbon” industry,
which usually has low direct carbon emissions during the
operation phase, but high direct and indirect carbon emissions
during the production of materials, transportation, construction
and maintenance of old buildings Fanwen et al. (2019). At the same
time, the construction industry will also provide products and
services for other industries, and the complex inter-industry
linkages, changes in the final demand of each industry sector
through the inter-industry linkages directly or indirectly affect
their own carbon emissions and those of other industries.
Embodied carbon emissions often span multiple regions, leading
to inter-regional carbon transfers and increasing the difficulty of
tracking and managing carbon emissions. It is unclear which
industries have significant carbon transfer relationships with the
construction industry, and the spatial linkages of the carbon transfer
relationships in the construction industry are not clear; furthermore,
the government has not yet introduced policies related to the
management of carbon transfer in the construction industry to
reduce emissions. Therefore, in order to study the multi-region
embodied carbon transfer problem in the construction industry,
clarify the responsibilities of each participant in the industry chain to
formulate fair emission reduction policies Xiao and Peng (2023) and
realize the low-carbon development of the construction industry, the
research objectives of this paper are as follows:

1) Using input-output theory and data to systematically measure
the quantitative relationship of carbon transfer between the
construction industry and other industries and the amount of
carbon transfer between the construction industry in
different regions.

2) Complex network theory was utilized to construct industrial
and regional carbon transfer networks, and network indicators
were calculated to identify key industrial nodes and key
regional nodes.

3) Relevant policy recommendations are made based on the
analysis of the results.

2 Literature review

2.1 Carbon reduction in the
construction industry

In the context of globalization, cross-regional trade facilitates
material exchanges while promoting resource and environmental
interactions so that carbon emissions are no longer restricted to
specific regions Wen and Zhang (2020), the formation of global
value chains has facilitated the formation of inter-regional carbon
transfer relationships Liu et al. (2021a). Embodied carbon in the
construction industry includes building design, material production,
construction, the use phase, as well as demolition and waste disposal,

with 98% of the responsibility for reducing emissions stemming
from upstream and downstream related industries such as energy
consumption, material transportation and waste management
Shenjun et al. (2016).

The construction and demolition of buildings generates a large
amount of waste, which, if not properly disposed of, has a direct
impact on the sustainable development of the construction industry
Liu et al. (2021b). A number of studies have been carried out by
scholars on the reduction of emissions from building construction
and demolition waste. In order to figure out how the reduction of
construction and demolition waste (C&DW) affects economic
growth, Wang et al. (2023) used standard deviation ellipse
modeling, environmental Kuznets curves (EKCs), and geographic
detector to investigate regional differences and heterogeneity in
C&DW and economic growth, taking Chinese provinces as the
subject of the study. Liu et al. (2023) constructed an (SD) model of
C&DW carbon emission management under different sorting
modes to explore the relationship between the factors affecting
carbon emissions in the management process of C&DW and to
explore the carbon emission reduction effects of different policies.
Wang et al. (2021b) estimated the generation of construction and
demolition waste in various provinces of China, and utilized gravity
modeling and social network analysis (SNA) methods to investigate
the characteristics and impacts of spatially relevant structural
networks of construction and demolition waste generation.

Carbon measurement at the international level is usually based
on a country’s indigenous carbon emissions Spaiser et al. (2018).
Some developed countries have shifted their share of carbon
emissions to developing countries (or regions) such as China
through trade, with a quarter of the growth in greenhouse gas
emissions in developing countries coming from increased trade in
goods and services from developed countries Xiao et al. (2020). By
tracking the critical path of global cross-sectoral embodied carbon
transfers, one study found that transfers to the United States ended
mainly in the services sector, while transfers to China ended mainly
in the construction industry Xu et al. (2022). The economies of
China’s provinces are closely linked, and carbon emissions in one
province affect other provinces. Some scholars have analyzed the
regional differences in carbon emissions from buildings in China,
where trade has led to a transference of responsibility for carbon
emissions and emission reductions in the process of regional
integration Sanmang et al. (2018). As a result, a number of
scholars have analyzed the liability for carbon emissions from a
number of perspectives, most commonly discussing basic liability
accounting principles that differentiate on the basis of identified
emitting entities, including liability principles based on production,
income and consumption. Each principle has strengths and inherent
blind spots, and in order to propose fair and effective climate
policies, carbon emissions need to be accurately accounted for
using reasonable methodologies. It was not until the IPCC
proposed a greenhouse gas emissions inventory and algorithm
that a new era of greenhouse gas emissions accounting systems
began. Academics mainly use three methods to account for carbon
emissions: the actual measurement method, the mass balance
method and the carbon emission factor method Petrokofsky et al.
(2012), of which the carbon emission factor method is the widely
adopted method to estimate carbon emissions by constructing data
on energy activities and emission factors, and multiplying the
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product of emission factors and consumption Wang et al. (2023a).
For example, the carbon footprint of residential consumption
between provinces is calculated by using the carbon emission
coefficients of nine energy sources Wang et al. (2018), as well as
applying this method to analyze the carbon dioxide emissions
during the operation phase of green buildings Zhang et al. (2023).

2.2 Research on carbon emission transfers

Scholars have used Life Cycle Assessment (LCA) Chau et al.
(2015) and Input-output Analysis Pan et al. (2018) to study carbon
transfer between industries and regions based on different research
purposes. The LCAmethodology assesses the environmental impact
of an industry sector throughout the process from inputs of means of
production to product outputs, which is more suitable for tracking
carbon transfers of micro-products, Dalgaard et al. (2014) on the
carbon footprint of milk, and Beeftink et al. (2021) explained the
contribution of water softening methods to the reduction of carbon
footprints through the LCA. Input-output methods are based on
input-output data and the compilation of environmental input-
output tables, which can analyze the carbon emission intensity of
industries between regions, such as Qi and Xia (2022) use the multi-
region input-output model to estimate the carbon emissions of the
construction industry, and Wen and Zhang (2020) use the input-
output tables in conjunction with other analytical methods to
analyze the carbon emission transfer paths between industries,
Chen and Meng (2020) constructed a carbon transfer network in
China based on a multi-regional input-output (MRIO) model and
complex network analysis, revealing the transfer pattern between
provinces. Although the input-output method can accurately
calculate carbon transfers, it is difficult to measure the structure
of carbon transfers. The multi-regional embodied carbon transfer in
the construction industry expands the structure of industry linkage
from economic space to geographic space. From the network
perspective, the embodied carbon transfer system of the
construction industry consists of the embodied carbon transfer
network of the construction industry, as well as the regional
embodied carbon transfer network of the construction industry
formed on the basis of this network.

Complex network theory helps to analyze the structure and
function of material and energy flows in economic systems. Some
scholars apply the complex network analysis method to the analysis
of inter industrial carbon transfer. Jiang et al. (2019) established a
global carbon emissions transfer network to identify the impact of
the structural role of sectors on carbon emissions. Wang et al.
(2021a) calculated the inter-provincial sectoral linkages of embodied
CO2 in China, and described the clustering feature visualized and
identified the transfer media sectors with complex networks. Some
scholars combine networks with other models to analyze the carbon
emission of industries. He et al. (2020) used the modified gravity
model on carbon emissions from China’s power sector to build a
spatial correlation network. Wang et al. (2022) combined the
modified gravity model and social network analysis method to
deeply analyze the spatially associated network structure
characteristics and driving effects of the carbon emission
intensity in China’s construction industry. Some scholars have
studied the amount of carbon transfer between regions by

building input-output tables and calculating carbon dioxide
emission intensity, combined with input-output modeling. Duan
et al. (2018) combined Multi-Region Input-output (MRIO) analysis
and Ecological Network Analysis (ENA) to assess China’s carbon
flow and identified key carbon reduction areas and sectors. Carbon
emission transfer network studies in the construction industry
usually include carbon emission flow analysis, network topology,
influencing factors and regulation strategies, and sustainability
assessment Li and Zhu (2020). This helps to identify carbon
hotspots, explore participant relationships, analyze influencing
factors, and comprehensively evaluate the sustainability of the
construction industry.

2.3 Comments on the research literature

The relevant literature on carbon transfer contains a wealth of
unique and innovative ideas that provide a rich research base and
theoretical support for this paper, revealing two theoretical
underpinnings that support this study:

1) Input-output theory is used to systematically measure the
quantitative relationship of carbon transfer between the
construction industry and other industries, as well as the
amount of carbon transferred by the construction industry
between different regions. Input-output data between regions
are combined with industrial energy statistics to calculate the
carbon dioxide emission intensity of each industry sector.

2) Complex network theory is another key theoretical foundation
that provides a systematic approach to analysing the multi-
regional embodied carbon transfer in the construction
industry. Complex network theory can effectively describe
and analyse the complex structure of material and energy
flows in economic systems, and is particularly suitable for
exploring the influencing factors and transfer pathways of
carbon emissions.

In view of the fact that there are fewer studies on the structure of
carbon emission transfer in the construction industry, most of them
focus on the current status of carbon emission and its influencing
factors in a particular region or country, and lack systematic analyses
of inter-regional carbon emission transfer and interactions, and very
few of them combine the input-output method and the complex
network method to study the problem of carbon transfer. This paper
examines the structure of carbon emissions from China’s
construction industry to complement existing research. First,
using inter-regional input-output data and industrial energy
statistics, the inter-regional embodied carbon transfer matrix for
the construction industry is calculated, and weakly transferring
relationships and related industries are screened out to construct
a strongly correlation-based embodied carbon transfer network for
the construction industry. Secondly, based on the strong linkage of
embodied carbon between regions of the construction industry, a
regional embodied carbon transfer network for the construction
industry is constructed. Finally, the network structure indicators are
calculated to analyze the network structure of the regional embodied
carbon transfer network in the construction industry, clarify the
position of each industry and region in the network, and identify the
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core provinces of the embodied carbon transfer, so as to provide
references for the construction industry to formulate fair carbon
emission reduction policies in each region, and to realize the low-
carbon development of the construction industry. Given that there
are fewer studies on the structure of carbon emissions transfer in the
construction industry, this paper aims to explore the structure of
carbon emissions from China’s construction industry and to
complement existing studies. First, using inter-regional input-
output data and industrial energy statistics, the inter-regional
embodied carbon transfer matrix for the construction industry is
calculated, and weakly transferring relationships and related
industries are screened out to construct a strongly correlation-
based embodied carbon transfer network for the construction
industry. Secondly, based on the strong linkage of embodied
carbon between regions of the construction industry, a regional
embodied carbon transfer network for the construction industry is
constructed. Finally, the network structure indicators are calculated
to analyze the network structure of the regional embodied carbon
transfer network in the construction industry, clarify the position of
each industry and region in the network, and identify the core
provinces of the embodied carbon transfer, so as to provide
references for the construction industry to formulate fair carbon
emission reduction policies in each region, and to realize the low-
carbon development of the construction industry.

3 Methodology

3.1 Accounting of embodied carbon
emissions from the construction industry

The production of an industry requires a variety of inputs, of which
intermediate inputs are an important part, and these intermediate
inputs release CO2 directly in their production process due to the
combustion of fossil fuels, so that the production activities of an
industry cause other sectors to produce CO2 due to intermediate
demand. Industry i passes on its responsibility for CO2 emissions to
industry j when industry i emits CO2 as a result of supplying industry j
with its product. Similarly, industry jmay in turn have a carbon transfer
with industry k. In this way, an industrial carbon transfer network is
formed between industries in a region due to industrial techno-
economic relationships or supply and demand relationships.

From the perspective of inputs, the production of an industry i
requires intermediate inputs from several industries, and these
inputs emit CO2 directly in their production processes; all inputs
that emit CO2 directly can be considered to be caused by industry i,
and their responsibility should be attributed to it, from the
distributional point of view, the products of industry i can be
divided into two parts, one as intermediate inputs supplied to
other industries, and the other as final products, and the CO2

emitted by industry i also enters into the demand industries or
final consumables with the distribution of products. From the above
analysis, it can be seen that the extent to which industry i passes on
its responsibility for emitting CO2 to industry j is related to two
factors: the amount of intermediate inputs that industry i allocates to
industry j, and the amount of CO2 emitted per unit of product
produced by industry i. The methodology for calculating the inter-
industry carbon transfer coefficient is as follows:

cij � aij × ei (1)

The larger the carbon transfer coefficient, the higher the intensity of
carbon transfer between industries. Obviously, when the direct
consumption of industry j to industry i increases, the industry
carbon transfer coefficient cij increases; when the quantity of
CO2 directly emitted per unit of output of production industry i
increases, cij also increases. Where cij represents the industrial
carbon transfer coefficient; aij is the direct consumption
coefficient of industry j to industry i, which can be calculated
according to the input-output table;ei is the amount of CO2

directly emitted per unit of output of industry i, and ei can be
calculated according to the Energy Statistics Yearbook and the
input-output table.

With respect to aij, after assigning regional significance to the
industry, arsij � zrsij /x

s
j. Where arsij denotes the direct consumption of

industry i in province r on industry j in province s, zrsij denotes the
intermediate inputs of industry i in province r on industry j in
province s, and xs

j denotes the total outputs of industry j in
province s. Regarding ei, there is no department that releases the
direct test data of carbon emission of each industry, this paper chooses
the method provided by ipecac to measure the direct carbon emission
of each industry in 31 provinces, the steps are as follows:

Step 1, Calculate the total amount of CO2 directly emitted by
each industry. An industry’s direct emission of CO2 occurs at the
stage where it burns fossil fuels (consumption of electric energy does
not directly produce CO2), and fossil fuels contain three primary
energy sources (coal, crude oil, and natural gas) as well as five
secondary energy sources (coke, gasoline, kerosene, diesel oil, and
fuel oil), so that the total amount of CO2 emitted by industry i, and
directly by its production process, is the sum ofCO2 emitted from its
consumption of various fossil fuels. Sum, let it be Gi, then:

Gi � ∑8
s�1

us i( ) × fs (2)

Where us(i) represents the total amount of energy type s consumed
by industry i, which can be obtained from the China Statistical
Yearbook. fs is the CO2 emission coefficient of energy type s, which
is calculated by the following formula using the methodology
provided by the IPCC:

fi � NCVi × CEFi × COFi ×
44
12

(3)

NCV is the net calorific value;CEF is the level of carbon content per
unit of heat,COF is the rate of carbon oxidation when energy is
burned; 44 and 12 are the molecular weights of carbon dioxide
and carbon.

Step 2, Based on the total output Xi of each industry and the
total CO2 emissions Gi of each industry calculated above, calculate
the amount of CO2 emitted per unit product ei by the production
department i:

ei � Gi/Xi (4)

Taking C to denote the matrix of carbon transfer coefficients, A
to denote the matrix of direct consumption coefficients, and E to
denote the diagonal matrix generated from ei, then:

C � AE (5)
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3.2 Construction of industrial embodied
carbon transfer network model for the
construction industry

Carbon linkage is formed between two industries due to
industrial association, and the industrial carbon transfer
coefficient describes the strength of association between
industries caused by carbon transfer. The industrial carbon
transfer network is constructed as a directed graph with the
industry as the vertex and the carbon linkage between industries
as the edge Ma et al. (2023). Finding significant correlations from
multiple industry carbon linkages is the key to constructing a carbon
transfer network. Generally speaking, the edges with larger carbon
transfer coefficients play a more critical role in the network, while
some edges with smaller coefficients play a negligible role in the
network, which leads to the fact that not all nodes and edges in the
complete carbon transfer network are worth focusing on. Thus, in
order to deeply explore the structural characteristics of the network,
it is necessary to find the critical value to screen out the edges with
important roles.

In determining critical values, many models use subjective
empirical values such as 0.2, 0.5, or the mean. Although these
methods can identify significant associations, they are subjective.
Therefore, this paper uses the Weaver-Thomas index (W-T
index) to determine critical values in an endogenous manner
Hu et al. (2019). The W-T index is an effective tool for
determining significance indicators by comparing the observed
distribution with the hypothetical distribution to establish a
closest approximation to identify the critical elements of the
numerical series. Because inter-industry carbon emissions are
characterized by an inhomogeneous array, this paper adopts the
W-T index to determine the critical value, which can effectively
reduce the influence of subjective judgment in identifying strong
correlations.

The carbon transfer coefficients calculated from the input-
output tables are n × n order squares, and we use
C(i, 1), C(i, 2)/ , C(i, j),/C(i, n)(i � 1, 2, . . . , n) to denote the
nth indicator value under the ith sample and
C(1, j), C(2, j)/ , C(i, j),/C(n, j)(j � 1, 2, . . . , n) to denote the
nth sample under the jth indicator. The W-T index is calculated
from the column direction of the carbon transfer coefficient under
this definition. The calculation steps are as follows:

Step 1, arrange the samples under each index of the carbon
transfer coefficient matrix C, that is,
C(1, j), C(2, j)/ , C(i, j),/C(n, j)(j � 1, 2, . . . , n) are arranged
from largest to smallest to obtain a new adjustment matrix
F(i, j)(i, j � 1, 2,/n). Then, a matrix indexC(i, j) is set up to
represent the correspondence between the positions of matrix
C(i, j) and matrix F(i, j), where each element value is the
sorting number of the corresponding matrix F(i, j) element in
the jth column of the original matrix C(i, j).

Step 2, compute the W-T index matrix w(i,j) corresponding to
matrix F(i,j):

w i, j( ) � ∑n
i�1

s k, i( ) − 100 ×
F k, j( )
∑n
l�1

F l, j( )
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
2

(6)

s k, i( ) � 100/i k≤ i( )
0 k> i( ){ (7)

The minimum values of each column of the computed W-T index
matrix w(i,j) are formed into a row vector α, which can be expressed
as α � min{w(1, j), w(2, j), . . . , w(n, j)}. A position vector β is
constructed from the corresponding position of each element of
α in the matrix w(i,j).

Step 3, construct the 0–1matrix B based on the position vector β.
The construction principle is to compare i of any element B(i,j) of
the B matrix with the value of the element in the jth column of the
position vector β. If i≤ β(1, j), then B(i, j) � 1(i � 1, 2, . . . , n),
otherwise it is 0, which means that the 0–1 matrix B is obtained.

Step 4, readjust the position of the elements of the 0–1 matrix B.
The position of the 0–1matrix is restored according to the positional
relationship matrix indexC(i, j) obtained in the first step. Since the
study is on inter-industry carbon transfer and do not study the intra-
industry transfer, so the diagonal elements of the 0–1matrix with the
value of 1 are changed to 0, and finally the 0–1 matrix C′ of the
carbon transfer network is obtained.

The desired inter-industry carbon transfer network can be
plotted according to the obtained 0–1 matrix C′. For any element
C′(i, j) inC′, if the element is 1 it means that industry j and industry
i are strongly related and the two industries can be linked, otherwise,
no linking is done.

3.3 Construction of regional embodied
carbon transfer network model for the
construction industry

This paper focuses on the carbon transfer triggered by the
geographical separation of product production and consumption
due to provincial product inflows and outflows between the
construction industry in each region and various industries in
other regions. Within the framework of the MRIO model, the
following equilibrium relationships exist:

X � AX + F (8)
Where X is total output and F is final demand. A is the matrix of
direct consumption coefficients, A � [arsij ], and solving for X
through the equation yields the following:

X � I − A( )−1F (9)
The direct carbon emission coefficient matrix C has been

established above, and the elements of the matrix are the direct
carbon emission coefficients of each industry. Since this paper only
considers the carbon emission transfer relationship between the
construction industry and other industries, the direct carbon
emission coefficients among other industries except the
construction industry are set to 0 to get C*.Thus, an
environmental input-output model can be obtained:

P � C* p I − A( )−1F (10)
Where P is the specific carbon emissions from inter-regional final
demand, and C*p(I − A)−1 is the complete matrix of carbon
emission factors representing the carbon emissions from the

Frontiers in Environmental Science frontiersin.org05

Xiao et al. 10.3389/fenvs.2024.1409539

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1409539


production of one unit of product from all related industries
consumed by the construction industry.

Based on the inter-regional carbon transfer matrix P calculated
above, the emissions and strength of association of carbon transfer
between different industries are depicted. Taking provinces as
network nodes and inter-regional carbon transfer coefficients as
connecting edges, an inter-regional carbon transfer network can be
constructed. Through the W-T index above, the connecting edges
with important roles are screened out to construct the inter-regional
carbon transfer network needed for the study.

3.4 Embodied carbon transfer network
model of the construction industry

3.4.1 Small-world characteristics
Small-world characteristics make complex networks have good

connectivity, the control effect of a key node may quickly affect
other nodes in the whole network, even if some nodes are removed,
the network can still remain connected and the efficiency of
information dissemination will not be significantly reduced. The
small-world characteristics refer to the characteristics of the
average short path lengths and clustering coefficients between
nodes in the network.

The average path length is the average value of the distance
between any two nodes in the network, and the smaller its value, the
more efficient the information transfer between the network nodes.
The calculation method is as follows:

L � 1
N N − 1( )/2∑ dij (11)

Where N is the number of nodes in the network;dij is the number of
edges on the shortest path of node i and node j.

The clustering coefficient is used to quantitatively describe the
probability that any two nodes adjacent to a node in the network are
also adjacent to each other, and the clustering coefficient C is
calculated as:

C � 1
n
∑
i

Ci � 1
n
∑
i

2Ei

mi mi − 1( ) (12)

Where Ci is the clustering coefficient of node i and Ei is the number
of edge connections between neighborsmi of node i. Ci is 0 if node i
has only one neighbor or no neighbor.

3.4.2 K-shell decomposition method
The K-shell decomposition method is a graphical analysis

method based on network topology, which reveals the internal
structure and characteristics of the network by decomposing the
nodes in the network according to the shell hierarchy. In the K-shell
decomposition method, a shell is a set of nodes with the same
K-kernel value. This is done by removing all nodes with degree value
1 and their connected edges, repeating this operation until no more
points with degree value 1 appear in the network, and then
continuing to peel off points with degree value 2. And so on
until every node in the network is divided into the corresponding
k-shell, the k-shell decomposition of the network is obtained. Each
node in the network corresponds to a unique k-shell metric ks.

3.4.3 Definition and calculation method of
node degree

Node degree is an important index to portray the direction of
carbon transfer and its strength of individual nodes in the carbon
transfer network. In the carbon transfer network, the number of
edges of node i that directly point to other nodes is called the out-
degree of node i, denoted asOki; the number of edges of other nodes
that directly point to node i is called the in-degree of node i, denoted
as Iki, and the degree of node i is the sum of node out-degree Oki
and node in-degree Iki. Let the adjacency matrix of a carbon transfer
network given n nodes be A � (aij)n×n.

Oki � ∑n
j�1

aij (13)

Iki � ∑n
i�1

aji (14)

ki � Oki + Iki (15)

3.4.4 Definition and calculation method of
betweenness centrality

Betweenness centrality reflects the ability of a node to act as a
medium to control other nodes through the number of shortest paths
through that node. Assuming that the number of shortest paths for
material and information transfer between any two nodes s and t is
gst, where the number of shortest paths passing through a third node i
is nist, the betweenness centrality BCi of a node can be expressed as:

BCi � ∑
s≠i≠t

nist
gst

(16)

3.4.5 Definition and calculation method of
closeness centrality

Closeness centrality considers the proximity of a particular node
to other nodes in the network using the distance method. The
proximity centrality of node i is:

Ci � N

∑N
j�1

dij

, i ≠ j (17)

Where N is the total number of nodes in the network and dij is the
distance between node i and node j as defined below:

dij � 1
wik

+ 1
wkj

, k ≠ i ≠ j (18)

3.4.6 Definition and calculation method of
eigenvector centrality

Eigenvector centrality is a metric that reflects the importance of
a node by the degree of importance of its neighboring nodes. xi is the
importance value of node i,c is a constant of proportionality, and aij
is an element of the adjacency matrix of the network, then we have:

ECi � xi � c∑N
j�1

aijxj (19)

Written in the form of a matrix can be expressed as x � cAx and
transformed to Ax � c−1x. Then x can be understood as an
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eigenvector with the eigenvalue c−1 of the matrix A, so called
eigenvector centrality.

4 Data sources and processing

This paper uses the 2017 China Multi-Regional Input-Output
Tables from CEADs (China Emission Accountsand Datasets); the
industries in the input-output tables and the Energy Statistics
Yearbook are merged and harmonized through the 2017 update
of the National Economic Industry Classification (GB/T
4754–2017), and the industry codes are shown in Table 1; the
data on the various energy consumptions for calculating the
carbon emissions of the industries are taken from the current
year of the China Energy Statistics Yearbook; the carbon content
per unit calorific value and carbon oxidation factor of each energy
type are from the Guidelines for the Preparation of Provincial
Greenhouse Gas Inventories.

The study population of this paper includes 31 provincial areas
except Hong Kong, Macau and Taiwan. The abbreviated forms of
the provinces are shown in Table 2.

5 Results and discussion

5.1 Inter-industry embodied carbon transfer
relationships in the construction industry

The production process of the construction industry involves a
number of stages, such as the production of building materials,
building construction, use and disposal, and these stages are also
where carbon emissions are most concentrated. As can be seen from

Figure 1, among the top-ranked industries, metal smelting (s14),
electricity and heat production and supply (s22), non-metallic
products (s13), coal mining (s2), the chemical industry (s12), and
other industries (s28) are among the industries with high transfer
volumes. The production process of construction materials

TABLE 1 Industry sector code.

Sector code Industry Sector
code

Industry

s1 Agricultural, forestry and fishery products and services s15 General, specialized equipment

s2 Coal mining products s16 Transportation equipment

s3 Oil and gas extraction products s17 Electrical machinery and equipment

s4 Metal mining products s18 Communications equipment, computers and other electronic
equipment

s5 Non-metallic and other mineral extraction products s19 Instrumentation

s6 Food and tobacco s20 Other manufacturing products

s7 Fabrics s21 Metalwork, machinery and equipment repair services

s8 Textile, clothing,shoes, hats, leather, down and their
products

s22 Production and supply of electricity and heat

s9 Woodwork and furniture s23 Gas production and supply

s10 Paper, printing and educational and sporting goods s24 Water production and supply

s11 Petroleum, coking products and processed nuclear fuels s25 construction industry

s12 Chemical products s26 Wholesale, retail and accommodation restaurants

s13 Non-metallic mineral products s27 Transportation, storage and postal services

s14 Metal smelting and rolling products s28 Other industries

TABLE 2 Abbreviations of provinces.

Provinces Abbreviations Provinces Abbreviations

Beijing BJ Hubei HB

Tianjin TJ Hunan HN

Hebei HE Guangdong GD

Shanxi SX Guangxi GX

Inner Mongolia IM Hainan HI

Liaoning LN Chongqing CQ

Jilin JL Sichuan SC

Heilongjiang HL Guizhou GZ

Shanghai SH Yunnan YN

Jiangsu JS Xizang XZ

Zhejiang ZJ Shannxi SN

Anhui AH Gansu GS

Fujian FJ Qinghai QH

Jiangxi JX Ningxia NX

Shandong SD Xinjiang XJ

Henan HA
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consumes large amounts of energy and generates large carbon
emissions. For example, the production of cement and iron and
steel is one of the high carbon emitting industries, and the
construction industry absorbs a large amount of intermediate
products from these industries, receiving carbon transfers from
the s12 and s14 industries. The mechanical equipment and
means of transportation used during building construction also
consume energy and generate carbon emissions. For example, the
combustion of equipment such as excavators, cranes and trucks
emits exhaust gases, which contain greenhouse gases. During the use
phase of a building, energy consumption comes mainly from
heating, cooling, lighting and electricity. The use of fossil fuels
such as coal, oil and natural gas has led to corresponding carbon
emissions, and the increase in electricity consumption in the
construction industry, influenced by the electrification of
buildings, has received a significant carbon transfer from the

power sector. According to statistics, building energy
consumption accounts for around 30% of China’s total energy
consumption, directly contributing to the increase in
carbon emissions.

5.2 Inter-regional embodied carbon transfer
relationships in the construction industry

Trade relations between China’s provincial regions allow CO2 to
move between regions in the form of products. According to
Figure 2, the regions with a high transfer of embodied carbon
emissions from the construction industry are usually
characterized by the following three features: resource-rich, well-
built industrial base, and well-built manufacturing base, such as
Hubei, Zhejiang, Inner Mongolia, Hunan and Shandong. Most of

FIGURE 1
Industry embodied carbon transfer network in China.
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the regions with a high proportion of outward transfers are rich in
resources and have high economic aggregates; however, provinces
and cities with a better manufacturing base, smaller economic
aggregates and products that mainly serve the local market have
a lower proportion of carbon emissions transferred outward. On the
other hand, some regions such as Beijing, Shanghai, Jiangsu,
Shandong, Hebei, Liaoning and Sichuan have transferred a large
amount of carbon emissions to the construction industry in other
regions, and the regions with high transfer ratios, such as Shaanxi,
Guangxi, Heilongjiang, and Jiangxi, embody the following
significant features:One is that these regions have a faster
development of the construction industry and a larger
manufacturing sector, with more embodied carbon emissions
shifted to the construction industry; the other is that regions

with a more underdeveloped construction industry, such as
Jiangxi, Hainan and Guangxi, as well as resource-rich but
imperfectly structured industries, such as Heilongjiang and
Liaoning, have a higher proportion of construction, which is
reflected in a shift of carbon emissions to the construction
industry in these regions. Large-scale transfers take place mainly
between regions with abundant energy reserves and a better
industrial base and regions with a larger volume of construction.

Geographic visualization of the relationship between the
embodied carbon transfer in the construction industry in each
province, as shown in Figure 3, China’s construction industry
embodied carbon emissions in the central and eastern regions
show a large-scale transfer trend. Centered on Henan, Zhejiang
and Guangdong, the surrounding provinces and cities form a region

FIGURE 2
Inter-regional embodied carbon transfers in China’s construction industry.
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with a large scale of embodied carbon emissions and transfers from
the construction industry. Transfers within the Beijing-Tianjin-
Hebei region are more frequent, with the exception of a few
provinces in the west, all of which receive a large amount of
embodied carbon emissions from the middle reaches of the
Yellow River (e.g., Shaanxi and Henan), especially in the eastern
coastal region, which not only receives a large amount of embodied
carbon transferred from the middle reaches of the Yellow River, but
also receives transfers of embodied carbon from the northeastern
and southwestern regions. Such inter-regional carbon transfer paths
are often closely related to inter-provincial trade, and economic
cooperation between neighboring provinces is particularly

significant, thus creating a more pronounced geographic
proximity effect within economic zones.

During the study period, the embodied carbon transfer in the
northwest region, where Ningxia and Qinghai are located, has been
inactive, mainly due to the following reasons: firstly, compared with
other provinces, the level of economic development is low, and the
scale of the construction industry is relatively small. Secondly,
affected by land resource constraints, the two places are located
in the western region with more complex geographic conditions and
relatively scarce land resources, which also limits the development of
the construction industry. Finally, despite the abundance of
resources, the two regions have paid more attention to ecological

FIGURE 3
Geographic proximity of carbon transfer in China’s construction industry.
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environmental protection and sustainable development under the
influence of environmental protection policies and energy
transformation, and have taken measures to reduce carbon
emissions, thus lowering the amount of carbon transferred from
the construction industry. In addition, the energy and metal
industries in the Xinjiang region directly provide raw materials
for Hainan’s construction industry, thus transferring a significant
amount of carbon emissions from Xinjiang to Hainan.

5.3 Characterization of inter-regional
embodied carbon transfer networks in the
construction industry

The network model was analyzed for edge weights according to
the method of An et al. (2014). Using the number of edges as vertical
coordinates and the cumulative probability of edge weights as
horizontal coordinates, the cumulative distribution of edge
weights is constructed as in Figure 4. According to the graph of
cumulative distribution of edge weights, it can be seen that in the
regional embodied carbon transfer network of the construction
industry, 75% of the edges can cover 90% of the edge weight
values. Based on the above, the W-T index filters out the poorly
connected connecting relationships in the carbon transfer network,
better characterizing the inter-regional carbon transfer network in
the construction industry without making the network redundant
and obscuring the key features.

A total of 961 carbon transfer coefficients between regions were
obtained based on the methodology in Part II. Excluding the coefficients
of industry self-association, a total of 77 strong inter-regional associations
were screened using the W-T index. A network of inter-regional
embodied carbon transfers in China’s construction industry in 2017 is
constructed using provincial-level regions as nodes and strong
associations as the connecting edge criterion. As shown in Figure 5.

5.3.1 Small-world characteristic
The key indicators of the small-world characteristics of the inter-

regional embodied carbon transfer network in China’s construction
industry are shown in Table 3, where the average clustering coefficient
of the nodes in the network is 0.422, which suggests that more than

40% of a province’s trading partners may be those of other regions,
and that the whole network exhibits a strong state of aggregation.

The average path length has a range of values greater than 1, with
smaller values indicating tighter connections between nodes in the
network. The network has an average path length of 2.366, which is
midway between 2.3 and 2.4, indicating that any two provinces in
the network can, on average, realize the transfer of embodied carbon
from the construction industry through 2.3 to 2.4 provinces.

China’s inter-provincial construction industry embodied carbon
transfer network has a large aggregation coefficient and a short
average path length. The network as a whole is characterized by a
small world. As a result, any impacts on the key provinces will
quickly spread to other provinces and may have a significant impact
on the entire economic system.

5.3.2 K-shell decomposition
The k-shell decomposition of the regional carbon transfer network

for the construction industry leads to a simple network with five layers of
shells, as shown in Figure 6. The red nodes are located in the outermost
layer, ks � 3; the pink nodes are located in the second layer, ks � 4; the
green nodes are located in the third layer, ks � 5; the yellow nodes are
located in the fourth layer, ks � 6; and the blue nodes are located in the
innermost layer, ks � 7. Among them, the nodes of ks � 7 are the key
nodes in the network, and the regions represented by these nodes have a
high degree value in the carbon transfer network, which serves to transfer
the carbon emissions and maintain the network stability.

5.3.3 Network centrality analysis
Due to differences in resource conditions, economic levels and

policy structures, provinces play different roles in the network.
Using the centrality theory of complex networks, the role of
provinces in the network is analyzed.

5.3.3.1 Degree centrality analysis
Out-degree and in-degree are important indicators of the

relationship between nodes and directly reflect the relationship
between carbon inflows and outflows between regions. When a
region exports carbon to other regions, the greater the number of
regions to which the carbon flows, the greater the degree of outflow,
and similarly, the greater the number of other regions that export

FIGURE 4
Cumulative distribution of side weights.
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carbon to a region, the greater the degree of inflow. Out-degree and
in-degree reflect the breadth of the range of carbon outflows and
inflows of a node in the network, and are a direct indication of the
number of regions with which carbon transfers are taking place.
Carbon reduction measures taken in regions with large outward and
inward degrees will have an impact that radiates to neighboring
regions, resulting in a wider range of carbon reduction effects.

The inter-regional carbon transfer network of China’s
construction industry involves 31 provinces and regions, and there
are no isolated nodes in the network, and the out-degree and in-degree
of each node are shown in Figure 7. In terms of the out-degree, Hebei,
Jiangsu, Shandong, Hunan andGuangdong have a smaller out-degree,
representing a lesser relationship between carbon outflow from the
construction industry in these regions. Hainan, Beijing, Liaoning,
Guangxi, Chongqing, and Shaanxi have relatively large out-degree of
12, 6, 6, 5, 5, and 5, respectively, suggesting that the construction
industry in these provinces is developing more rapidly, while the out-
degree of the remaining 25 provinces are all between 0 and 5. Hainan
Province has the largest out-degree because it is the most critical
carbon outflow province as China’s free trade port and international
tourism and consumption center, and during the period of this paper’s
research data release, Hainan has introduced policy documents to
promote the sustained and healthy development of the construction
industry, and the development of the construction industry is in high

FIGURE 5
Regional embodied carbon transfer network in China’s construction industry.

TABLE 3 Small-world characteristics.

Indactors Value

Node numbers 31

Edge numbers 77

Cluster coefficients 0.422

Average path lenghts 2.366
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momentum, thus generating a higher carbon outflow relationship
with other provinces. In terms of in-degree, the province with the
highest in-degree is Guangdong, with a credits of 15, followed by
Zhejiang and Henan, both with in-degree of 13. This means that
Guangdong is a key carbon inflow province due to the booming
construction R&D and design industry and technological innovation
for emission reduction in Guangdong Province, which has a very
active market and provides full support to construction projects in
many other provinces. In terms of the degree of each province, which
is the sum of the outgoing and incoming degrees, the province with
the highest degree is Zhejiang, with a degree of 16, followed by Henan,
Guangdong, andHainan, which suggests that these regions are located
in the middle of the carbon transfer network, and are not only
transferring a large amount of carbon to other regions, but also
receiving a large amount of carbon transfers from other regions. These
regions play a key role in the construction trading market, indicating

that these regions not only have a large volume of construction, but
are also regions with a large manufacturing industry.

5.3.3.2 Betweenness centrality analysis
Betweenness centrality reflects whether a node is in a key position in

the flow process, with higher values indicating that the node has a
stronger control ability and plays the role of a “bridge” or “intermediary”
in the transfer process. Regions with greater betweenness centrality have
more carbon transfer paths passing through them and are in a key
position for inter-regional carbon transfers, controlling carbon transfers
between regions on both sides of the node, which usually leads to larger
carbon transfers for the node itself.

As shown in Figure 8, the betweenness centrality values of
provinces vary greatly, and only a few regions play an important
intermediary role. Hainan, Xinjiang, Henan, Zhejiang, and Shanghai
have higher betweenness centrality, which is greater than 10,

FIGURE 6
5-layer network after k-shell decomposition.
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FIGURE 7
Degree centrality.

FIGURE 8
Betweenness centrality.
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significantly higher than that of other regions, and have the strongest
control over carbon flow, which is the most critical “intermediary”
region in the network. On the one hand, Xinjiang and Henan bear
the task of supplying cement, bricks and tiles, concrete and other
building materials to the whole country, and on the other hand,
Shanghai, Zhejiang, Hainan and other economically powerful
regions are more active in the production of the construction
industry, with a high demand for building materials and
construction equipment. As a result, these regions play a
bridging role in the network and have stronger control over the
transfer of embodied carbon emissions from other regions.

5.3.3.3 Closeness centrality analysis
Provinces with higher closeness centrality in the network have

the shortest total distance and closest connections to other
provinces, and have a positional advantage in the construction
industry’s embodied carbon transfer process.

As shown in Figure 9, Guangdong, Zhejiang, Henan, Hainan,
Shaanxi, Jilin, Liaoning, Guangxi, Beijing and Inner Mongolia have
higher closeness centrality and rank in the top ten, indicating that
these regions are at the core of the network and are more likely to
transfer carbon emissions with other regions, with a higher
efficiency of carbon emission transfer. These regions are located
in the hinterland of northern, central, and eastern China. Most of
them are rich in coal resources and trade closely with the
construction industry in other regions by virtue of their carbon
resource endowment and geographical location. If these nodes are
further controlled in the formulation of energy-saving and
emission reduction policies, better carbon emission reduction
can be realized.

5.3.3.4 Eigenvector centrality analysis
Eigenvector centrality puts more emphasis on the surroundings

of a network node and is used to describe the indirect influence of a
node. A node is also considered to be an important node if it has a
high number of associated nodes and the nodes connected to it are in
an important position. In the regional carbon transfer network of the
construction industry, the more a region has a large number of
carbon transfer associations with other regions, and the more the
region with which it is associated is in the center of the network, then
the feature vector centrality of the province is also stronger. Regions
with high eigenvector centrality are often key regions requiring
carbon emission reduction, and while taking measures to reduce
their own carbon emissions, the effect can also be further radiated to
their neighboring key provinces, which is important for the overall
carbon emission reduction of the network.

As shown in Figure 10, Guangdong, Henan, Zhejiang, and
Shaanxi have higher eigenvector centrality during the study
period, and in addition, Hainan, Liaoning, Guangxi, Beijing,
Inner Mongolia, and Shandong are also ranked in the top ten,
indicating that these regions have a strong correlation with the key
regions in the network, and that their indirect influence is stronger.
Guangdong and Zhejiang are economically developed regions in
China with well-developed manufacturing and service industries,
attracting a large amount of talent and resource inputs, thus having a
high eigenvector centrality in the network. As the political and
cultural center of China, Beijing, Henan, Shandong and other places
are in the economic center of China, and their geographical location
makes them play an important role in the network. Shaanxi, as a
province rich in energy resources, Liaoning and Shandong are
important industrial bases, and their industrial layout and

FIGURE 9
Closeness centrality.
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resource advantages also support their eigenvector centrality in
the network.

5.4 Discussion

In this study, input-output theory can analyze the flow of products
and services between economic sectors, and complex network theory
reveals the nodes and structural characteristics of the carbon emission
transfer network, identifying the key nodes and major carbon
emission pathways. The research findings were also verified
through analyses in terms of industrial structure, local resource
endowment, and current policies in the industry and region, which
also verified the applicability of the input-output theory in revealing
the relationship of carbon emissions among economic sectors and the
validity of the complex network theory in analyzing the relationship of
carbon emissions among industries and regions.

The building materials production sector and the building
construction sector are major contributors to carbon emissions. In
particular, the building materials production sector, such as the iron
and steel and cement industries, has significantly higher carbon
emissions than other sectors. This finding underscores the
importance of focusing on these high-carbon emitting sectors and
promoting the application of cleaner production technologies and the
optimization of the industrial structure in the process of promoting a
low-carbon transition in the construction industry.

The transfer of carbon emissions between regions is characterized
by significant pathways and patterns. The southeastern coastal
provinces have transferred significant amounts of embodied carbon
from the midwestern and northeastern provinces through the

procurement of construction materials. This model reflects the
regional characteristics of China’s construction supply chain and the
complexity of carbon transfer. The impact of this embodied carbon
transfer needs to be taken into account when formulating emission
reduction strategies, so that effective control of overall carbon emissions
can be achieved through interregional cooperation and coordination.

6 Conclusion and policy
recommendations

The theoretical significance of this study lies in the application
of a combination of input-output theory and complex network
theory to the study of carbon emissions in the construction
industry, which complements the study of multiregional carbon
emissions transfer. By constructing an embodied carbon transfer
network, this study reveals the key nodes and major transfer paths
of carbon emissions in the construction industry, providing a new
perspective for understanding the interregional transfer of
carbon emissions.

In terms of practical significance, the results of this study
provide an important reference for the formulation of
differentiated carbon reduction policies. By identifying the key
sectors and regions of carbon emissions, it helps to correctly
grasp the regulatory path for the realization of carbon emission
reduction targets in regions and construction-related industries, and
policymakers can take targeted measures.

The following conclusions can be drawn from the above spatial
transfer characteristics and industrial transfer characteristics of
embodied carbon emissions from the construction industry: it

FIGURE 10
Eigenvector centrality.
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can be seen that the allocation of responsibility for carbon emission
reduction in China’s construction industry involves many sectors
and complex inter-regional allocation. The construction industry is
one of the major carbon emission industries in China. The large-
scale transfer of embodied carbon emissions from China’s
construction industry occurs between provinces with high
economic relevance, which is mainly reflected in the transfer of
resource-rich western provinces to the more economically
developed eastern provinces, centered on Jiangsu, Zhejiang,
Guangdong, Hainan and other provinces, and other provinces
with close trade relations to form a neighboring relationship with
the largest embodied carbon emissions from the construction
industry in the country, and the largest scale of the transfer.
Among them, energy-intensive industries in resource-rich
provinces are mostly carbon emitters, and construction industries
in economically developed regions are mostly carbon receivers.
Overall, the main direction of transfer has shifted from the west
to the central and eastern regions. At present, the construction
industry is dominated by carbon inflows, and it mainly considers
changing its demand for products from upstream industries to
realize emission reductions, showing obvious carbon outflows
relative to other industries, and should focus on the carbon
emissions of its own output.

In the above research, this paper puts forward the following
policy recommendations:

1) Focus on the management of the core nodes of the network,
metal smelting, electricity, heat production and supply
industry, non-metallic manufacturing industry is the most
critical industry in the carbon transfer network, but also an
important driving force for the rapid development of China’s
economy, it is necessary to appropriately raise the standard of
carbon emissions, to encourage rationalization of the structure
of its use of fossil fuels, and to optimize the energy structure of
the parts and components, building materials and other
industries.

2) Promoting the development of green buildings, supporting
and promoting green building standards, starting with
building design, material selection, construction,
maintenance and use in order to reduce the energy
consumption and environmental impact of buildings,
promoting the recycling and reutilization of waste,
wastewater and low-carbon building materials, upgrading
building construction equipment and upgrading
construction techniques, and realizing the organic fusion of
whole-life carbon-reducing and long-term carbon-control to
promote the process of green buildings.

3) Implementing the allocation of responsibility for carbon
emission reduction. According to the characteristics of
energy consumption and input and output of each industry,
emphasize the differences in carbon emissions between
industries and implement industry classification and
management. For high-energy-consuming industries,
supply-side reform should be promoted, new technologies
and processes should be adopted to eliminate outdated
production capacity, improve energy utilization efficiency,
and at the same time find alternative energy sources to
form a green energy system; for industries with a high

demand for the supply of intermediary products, attention
should be paid to the intermediate production process,
accelerating vertical integration of the industrial chain,
strengthening carbon verification of products, and selecting
low-carbon emission intermediary products, so as to reduce
the source of carbon emissions.
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