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1 Introduction

Faced with the severe issue of global climate change, which concerns all humanity
around the world, the Chinese government has proposed the “3060” dual carbon target and
carried out emission reduction and carbon reduction actions based on it. According to
existing studies, many scholars consider the environmental pressures in different regions and
conduct targeted research and analysis on the influencing factors of carbon emissions, but
most of them are national or prominent provincial and municipal analysis. However, China
has a vast territory and various regions rely on different environmental conditions to develop
their own advantageous industries. Therefore, there are significant differences in
development characteristics and environmental pressures. When formulating low-carbon
development goals, it is not possible to generalize, and it is necessary to fully consider the
coordinated development of society and ecological environment, in order to achieve China’s
carbon emission reduction goals.

Cities are currently the main source of carbon emissions in China, accounting for over
80% of total emissions (Shan et al., 2017). Therefore, the key to achieving carbon reduction
goals and addressing climate change lies in starting from cities. Most of the scholars’ research
on the influencing factors of urban carbon emissions is limited to certain attribute factors of
the city itself, and ignores the impact of inter-city relations on carbon emissions. There are
socio-economic links between cities, such as population flow, technology diffusion,
industrial transfer, and trade exchanges, and in the process of inter-city exchanges,
urban carbon emissions will change with the changes of economic and trade relations

OPEN ACCESS

EDITED BY

Anil Pahwa,
Kansas State University, United States

REVIEWED BY

Yang Wang,
Yunnan Normal University, China
Liwei Ju,
Northeast Electric Power University,
China

*CORRESPONDENCE

Ruan Mengying,
rmying0043@163.com

RECEIVED 21 August 2023
ACCEPTED 14 November 2023
PUBLISHED 01 December 2023

CITATION

Zhigao L and Mengying R (2023),
Commentary: Research on the spatial
correlation network structure and
influencing factors of carbon emissions in
Chengdu-Chongqing
urban agglomeration.
Front. Energy Res. 11:1280715.
doi: 10.3389/fenrg.2023.1280715

COPYRIGHT

© 2023 Zhigao and Mengying. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE General Commentary
PUBLISHED 01 December 2023
DOI 10.3389/fenrg.2023.1280715

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1280715/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1280715/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1280715/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1280715/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1280715/full
https://doi.org/10.3389/fenrg.2021.701551
https://doi.org/10.3389/fenrg.2021.701551
https://doi.org/10.3389/fenrg.2021.701551
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1280715&domain=pdf&date_stamp=2023-12-01
mailto:rmying0043@163.com
mailto:rmying0043@163.com
https://doi.org/10.3389/fenrg.2023.1280715
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1280715


between cities, thus forming a relationship between cities in carbon
emissions. The national 5-year planning outline has proposed a
sustainable urbanization spatial pattern centered on the
development of urban agglomerations for four consecutive years.
Currently, there are 19 key urban agglomerations, with GDP
accounting for over 75% of the country and showing a sustained
growth trend. Urban agglomerations are not only the main driving
force for China’s socio-economic development, but also gradually
become an important hub for achieving high-quality development in
the new stage of development. For the government, only by
understanding the spatial distribution of carbon emissions within
urban agglomerations and clarifying the spatial correlation between
urban individuals and their spatial structure can practical carbon
emission reduction measures be formulated to achieve coordinated
emission reduction in the region. Studying the spatial correlation
structure of carbon emissions from the perspective of urban
agglomerations has enormous value.

At present, studies on the spatial association of carbon emissions
between regions can be divided into two categories, one is to use
spatial measurement (Tan et al., 2016; Marbuah and Amuakwa-
Mensah, 2017; Han et al., 2018) method, such as using SDM model
(Min and Tao, 2022), SBM model (Liu et al., 2021; Niu et al., 2022)
The spatial dependence of carbon emissions (Xianzhao et al., 2019)
and spatial spillover (Shengdong et al., 2022; Xiaoyu et al., 2022) or
through spatial autocorrelation models (Zhang and Lei, 2023)
spatial autocorrelation model, etc., To characterize the spatial and
temporal evolution of carbon emissions (Ahui et al., 2022; Chen
et al., 2023). Another approach is to use social network analysis
(Tengfei et al., 2022) The other is to use social network analysis to
study the structure of carbon emission linkage network, mostly
based on national (Ma et al., 2021) and provincial (YANG et al.,
2016) energy, industry (Shao and Wang, 2021). The spatial linkages
between energy, industry and industry have been analyzed. The
studies all agree that carbon emissions are not independent between
regions, but are spatially related to each other, and there are multiple
and complex spatial relationships, so the spatial linkages of carbon
emissions can be investigated for specific city networks. With the
help of SNA method and QAP regression method to analyze the
spatial association of carbon emissions, the network characteristics
can be reflected more comprehensively and intuitively. Caiquan
et al. (2019) combined the SNA and QAPmethods to investigate the
network structure evolution process of Chengdu-Chongqing and
Pearl River Delta urban agglomerations, respectively, while Ai et al.
(2021) compared the three major urban agglomerations of Beijing-
Tianjin-Hebei, Yangtze River Delta and Pearl River Delta to analyze
their structural characteristics and the reasons for their different
influencing factors. The development of urban agglomerations is not
only the development of central cities, but also the development of
small and medium-sized cities and towns. The development of cities
is faced with the serious challenge of economic growth demand and
pollution reduction and carbon reduction pressure.

This study complements the city-level carbon emission accounting
method, conducts research on city-level carbon emission accounting,
raises the attention of cities, and reasonably plans emission reduction.
In the past, most of the research on carbon emission issues started from
themacro level of the whole country and divided them into threemajor
regions according to the geographical location of provinces and cities,
namely, eastern, central and western regions, and the current research

on the application of social network analysis to the spatial correlation
of carbon emissions in urban agglomerations is still very limited. From
the perspective of urban agglomeration, this study selects the Chengdu-
Chongqing urban agglomeration as the research object, pays attention
to the emission reduction of cities as the main body of carbon
emissions, and analyzes the spatial correlation relationship of
carbon emissions and the influencing factors of carbon emission
spatial correlation of carbon emissions in Chengdu-Chongqing
urban agglomeration with SNA and QAP. Help China formulate
emission reduction policies in line with regional characteristics in
the implementation of regional coordinated development strategies,
avoid low-level carbon reduction, and provide theoretical support for
the development of low-carbon cities in the future.

2 Research methods and data sources

2.1 Overview of the study area

Compared with the Beijing-Tianjin-Hebei and Pearl River Delta
city clusters which have already matured, the Chengdu-Chongqing
city cluster, as a rapidly developing city cluster, continues to improve
its comprehensive strength and is highly valued by the state. The
Chengdu-Chongqing urban agglomeration has absolute advantages
in population, industry, technology and market in the western
region of China, and its innovation ability, openness and
economic development are superior to those of other regions in
the west, and the Chengdu-Chongqing urban agglomeration has
become a new economic growth pole in China with its strong
strength and abundant vitality. The Chengdu-Chongqing urban
agglomeration is in the development period, and taking it as a
research area has important theoretical and practical significance for
the high-quality development and coordinated development of the
western region. The Chengdu-Chongqing urban agglomeration,
centered on Chengdu and Chongqing, plays a leading role in the
western region and contains 16 cities, including Zigong, Luzhou,
Deyang and Mianyang, with a total area of 185,000 square
kilometers, a resident population of 102.77 million in 2020, and a
regional GDP of nearly 6.8 trillion yuan, accounting for 7.3% and
6.7% of the country’s population and GDP, respectively.

According to the carbon emission estimation results of
Chengdu-Chongqing urban agglomeration in 2020, the skewness
of total carbon emission and carbon emission intensity reach
2.419 and 1.420 respectively, both of which are greater than 1,
showing a highly right-skewed skewed distribution; the kurtosis
reaches 4.629 and 3.235 respectively, both of which are greater than
3, which is considered to be a spike and thick-tailed distribution,
with an extremely large number of low-carbon emission cities and a
great gap of carbon emission between cities.

As can be seen from Figure 1, in terms of total carbon emissions,
Chengdu and Chongqing in particular stand out, and carbon
emissions in the urban agglomeration generally show a cluster-like
distribution pattern toward large and medium-sized cities; in terms of
carbon emission intensity, the carbon emission intensity of
Chongqing and its surrounding cities is lower than that of other
western cities, and the urban agglomeration as a whole shows a low
trend in the east and a high trend in the west. Thus, it can be
concluded that there are obvious spatial correlations and clustering of
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carbon emissions in the Chengdu-Chongqing urban agglomeration,
and there is great room for optimization and adjustment.

2.2 Research methodology

2.2.1 Determination of spatial association network
of carbon emissions in urban agglomerations

In the analysis of social networks, it is important to confirm the
relationships. Currently, two methods, vector autoregressive
model and gravity model, are mostly used to describe the
spatial correlation. However, it is difficult to accurately grasp
the lag order when using vector autoregression, which will lead
to the network structure characteristics cannot be expressed
exactly and cannot reflect the spatial correlation network
evolution form, so this paper adopts the gravitational model to
describe the correlation relationship between cities, and the
specific formula is as follows:

Iij� k
MiMj

Db
ij

(1)

In Formula (1), i、j represents the city; Iij denotes the city i and
city j correlation relationship between cities, and the deeper the
correlation between cities, the larger the value; (Mi,Mj)denotes the
quality of the city, and its value is related to the association property
of the city itself; Dij indicates the geographical distance between
cities; k、 b are constants, which are obtained by regression.

Ehrlich believes that the factors affecting environmental
carrying capacity are mainly population, economy and
technology, and proposes the IPAT model: I=P×A ×T, where: I
represents environmental load; P represents population size; A
represents affluence; and T represents technology level. By
incorporating these indicators into the comprehensive
consideration of urban carbon emission quality, the traditional
gravitational force model is improved as follows (Song et al., 2018):

Gij � Ci

Ci + Cj
×

�������
PiCiEiTi

4
√ �������

PjCjEjTj
4
√

Dij

ei−ej( )2 (2)

In Formula (2), Gij is i city’s contribution to j the carbon
emission attractiveness of the city; C、P、E、T、e are carbon
emissions, total population, GDP, R&D input amount of
industrial enterprises, and GDP per capita, respectively; D
denotes the spatial distance between cities, and Dij

ei−ej denotes the
“economic distance”.

The above equation is calculated to obtain the carbon
emission correlation matrix, which is converted into a binary
matrix I. The average value of the gravitational force between
cities is calculated as the critical value, and the gravitational force
above the critical value is recorded as 1, when the carbon
emissions of two cities are linked; the gravitational force below
the critical value is recorded as 0, when the carbon emissions of
two cities are not linked.

2.2.2 Network characteristics index measurements
(1) Overall network characteristic index measurement

The network density reflects the number of members who have
interrelationship, and the larger the value indicates the closer the
relationship of carbon emission between cities, the more it can
influence the association. The expression of network density is:

D � M

N N−1( ) (3)

In Formula (3), D is the network density; M is the number of
association relationships that actually exist; N is the number of
nodes, and N (M − 1) denotes the maximum number of association
relationships that can be reached.

Network relatedness reflects the degree to which the nodes
contact each other. The more associations exist between cities,
the greater the degree of correlation, the higher the correlation

FIGURE 1
Distribution of carbon emission characteristics of Chengdu-Chongqing urban agglomeration in 2020 (Tons of tons).
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between cities in carbon emissions, indicating that the carbon
emission correlation network is more stable The expression of
network relatedness is:

C � 1 − V

N N−1( )/2[ ] (4)

In Formula (3), C is the network relevance; V is the number of
unreachable point pairs. The network rank degree describes the
degree of asymmetric accessibility between cities, the more one-way
connections the higher the rank degree, and the greater the gap
between the central city and the edge city. The expression of network
rank degree is:

H � K

max K( ) (5)

In Formula (5), H is the network rank degree; K is the number of
pairs of symmetric reachable points; max(K) is the logarithm of the
maximum number of possible reachable points.

Network efficiency portrays the efficiency of inter-city
connections. The more inter-city connections, the stronger the
link between cities in terms of carbon emissions, the lower the
network efficiency and the more stable the network. The expression
of network efficiency is:

E � L

max L( ) (6)

In Formula (6), E is the network efficiency; L is the number of
redundant lines; max(L) is the maximum possible number of
redundant lines.

(2) Individual Network Characteristics Index Measure

The point degree centrality measures the extent to which a city is
at the center, and a larger value indicates that the city is more
connected to other cities, more central and has more power. The
degree of carbon emission association distinguishes the direction,
and the degree centrality is divided into point-out degree and point-
in degree. The point-out degree reflects the degree of carbon
emission spillover of a city, specifically the number of
associations sent out by the city actively; the point-in degree
reflects the degree of carbon emission benefit of a city,
specifically the number of associations received by the city. The
expression of point degree centrality is as follows:

DC � Ind + Out

2 N−1( ) (7)

In Formula (7), DC is the point degree of centrality; Ind is the
point-in degree; and Out is the point-out degree.

The higher the value, the stronger the “intermediary” role played
by the city in the network and the greater the ability to control the
relationship. The expression of intermediation centrality is

BC �
2∑N

j
∑N
k
gjk i( )/gjk

N−1( ) N−2( ) (8)

In Formula (8), BC is the intermediary centrality; gjk is the city j
and the city k the number of shortest association paths that exist

between, gjk is the city j and k is the number of shortest association
paths between cityi is the number of shortest association paths
between city and city.

Proximity to the center reflects the extent to which a city is
uncontrolled. A higher value indicates that the faster the city
establishes connections with other cities in the network, the less
vulnerable it is to the influence of other cities. The expression of
proximity centrality is

CC �
∑N
j�1
dij

N − 1
(9)

In Formula (9), CC is the degree of proximity to the center; dij is
the city j and the city k the shortest distance between.

2.2.3 QAP analysis
QAP is a non-parametric test to determine the relationship between

relationship matrices. Many scholars have searched for the driving
factors of the formation of spatial correlations of carbon emissions from
the national, provincial and municipal perspectives (Song et al., 2018;
Wang et al., 2018) The study found that the influence of geographic
space, economic development, energy intensity, industrial structure,
technology level, environmental protection level and urbanization rate
is stronger. According to previous studies, these factors are assumed to
influence the spatial association of carbon emissions in urban
agglomerations, and the following model is established:

Nⅇt � f D,E, F, P,T,R,U( ) (10)
Net in the model denotes the carbon emission network

relationship of urban agglomerations, and the explanation of
each variable is shown in Table 1.

In which all indicator data are matrices, the data from 2016 to
2020 are selected as samples, and the average values of different
indicators for each city in the sample period are calculated, which are
used as benchmark values and the absolute differences between cities
are used to construct a difference matrix for QAP correlation and
regression analysis.

2.3 Data sources

The decade of 2011–2020 was chosen as the sample period,
and the data of each indicator were obtained from the China
Statistical Yearbook, Chongqing Statistical Yearbook, Sichuan
Statistical Yearbook, and China City Statistical Yearbook, and
the spatial distance between cities was obtained from the
distance between the geographic centers of gravity of each
city measured in ArcGIS. There is no strict and uniform
accounting method for urban carbon emissions due to the
existence of different boundary divisions and accounting
methods. Meanwhile, many cities do not have city-level
energy balance sheets, and basic data are difficult to obtain,
making it difficult to directly calculate carbon emissions in cities
other than Chongqing. This paper combines Zhang and Lei
(2023) and Qiaonan et al. (2018); Li et al. (2019) and according
to the provincial energy balance sheet, the carbon emissions are
estimated by using the carbon dioxide emission coefficient of
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standard coal provided by BP China Carbon Emission
Calculator according to the percentage of each type of urban
energy consumption in the provincial level, and the specific
formula is as follows.

Ci� ∑ 2.493 ×aij × Ej (11)

In Formula (9), Ci denotes the carbon emissions of each city, and
Ej denotes the energy consumption of each category in the
provincial balance sheet, and aij is the allocation index of each
city under different energy consumption, and 2.493 is the CO2

emission factor of standard coal. The specific indicators are shown in
Table 2.

3 Structural characteristics of the
spatially linked network of carbon
emissions in the Chengdu-Chongqing
urban agglomeration

3.1 Overall network structure characteristics
and evolutionary trends

Firstly, the carbon emission gravitational matrix of Chengdu-
Chongqing urban agglomeration is calculated according to the
improved gravitational model, from which the spatial correlation
matrix of carbon emission of cities in Chengdu-Chongqing urban
agglomeration is constructed. In order to show the spatial
relationship of carbon emission of Chengdu-Chongqing urban
agglomeration more intuitively, the spatial correlation network

in 2020 is drawn using Netdraw in UCINET 6.0 as shown in
Figure 2.

The larger the point representing a city in the figure, the more it
is connected with other cities, and the more it is at the center of the
network. It can be found that Chengdu and Chongqing have the
closest connections with other cities; Deyang andMianyang, which
are close to Chengdu, and Ziyang, which borders both Chengdu
and Chongqing, also have more connections with other cities in the
network and have a higher position in the network; while Ya’an has
fewer connections with other cities because it is located in the far
west. Overall, it seems that each city has at least one linkage with
other cities, and the city cluster is full of carbon emission linkages
within the city cluster, showing a complex network structure
pattern. In order to further explore the evolution of the carbon
emission correlation network of Chengdu-Chongqing city cluster
from 2011 to 2020, the network density, network correlation
degree, network rank degree and network efficiency are
calculated for each year, and the specific results are shown in
Figures 3, 4.

As can be seen from Figure 3, the network density and the
number of correlations change in the same direction, with a “rise -
fall - rise” fluctuation. The average value of carbon emission
association number is only 64.2, which is much smaller than the
maximum possible association number of 240 (16 × 15), indicating
that the overall carbon emission spatial association of Chengdu-
Chongqing urban agglomeration is still at a low level. The spatial
association of carbon emissions in the Chengdu-Chongqing urban
agglomeration is still at a low level. However, during the sample
period, except for the period from 2015 to 2017, when the spatial

TABLE 2 Energy consumption categories and allocation indicators.

End consumption Allocation of indicators

1. Agriculture, forestry, animal husbandry and fisheries Total output value of agriculture, forestry, animal husbandry and fishery

2. Industry Industrial output

3. Construction industry Construction Industry Output

4. Transportation, storage and postal industry Passenger volume, freight volume

5. Wholesale, retail and accommodation, food and beverage industry Total retail sales of social consumer goods

6. Other Tertiary industry output

7. Resident life Population

TABLE 1 Definition of each variable and selection of indicators.

Variables Definition Selection of indicators

D Geospatial differences Geographical distance

E Differences in economic development levels GDP per capita

F Energy intensity differences Energy intensity

P Industry Structure Differences The proportion of the output value of the secondary industry in the total output value

T Technology level differences R&D investment amount

R Differences in environmental protection efforts Carbon emission intensity

U Differences in urbanization levels Urbanization rate
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association decreased, the degree of carbon emission spatial
association gradually increased in the rest of the period,
especially after 2017, and the carbon emission relationship
between cities became closer and closer, and the carbon emission
spatial association network has more room for improvement.

On the other hand, the correlation of the network remains
constant at 1 during the sample period, the spatial correlation and
spillover of carbon emissions from urban agglomerations are
prevalent, the network cohesion is large, and the carbon emission
network structure is stable. Moreover, the network rank is always
0 during this decade, which indicates that the hierarchical structure
within the urban agglomerations is very strict, and Chengdu and
Chongqing are always at the center of the network without changing
their status.

As can be seen from Figure 4, the network efficiency shows a
trend of “decline - rise - decline”, with a maximum value of 0.838 in

2011, then declining to 0.809 in 2013, rising to 0.819 in 2014 and
then declining again, and reaching a minimum value of 0.695 in
2020. The average value of network efficiency during the sample
period is 0.785, which seems to be high overall, with more
redundant connections in the network, but also shows that the
existing connections can ensure the stability of the network.

The trend of the evolution of the overall characteristics of the
spatially linked network of carbon emissions in the Chengdu-
Chongqing urban agglomeration indicates that since 2017, the
degree of spatial linkage of carbon emissions has become higher
and higher, the closeness of the network has become stronger, the
efficiency of the network has become lower, and the network
relationship has become more stable. The reason may be that
the 19th Party Congress in 2017 put forward the implementation
of a coordinated regional development strategy, attaching
importance to the conservation of resources and protection of
the environment, as well as providing guidance on industrial
adjustment as well as production and living. Direct energy
integration has been carried out among a large number of
cities, the energy internet system has been vigorously promoted,
horizontal linkages have been enhanced, and relevant policies have
been implemented, carbon reduction performance has entered the
full implementation stage, and emission reduction actions in the
Chengdu-Chongqing urban agglomeration have become more
closely collaborative, and the spatial association of carbon
emissions as well as the closeness of the network has been
enhanced accordingly.

Comparing with the existing studies, it is found that the
tightness and efficiency of carbon emission networks in Beijing-
Tianjin-Hebei urban agglomeration have not changed much in
recent years [25] The network density of the Pearl River Delta
urban agglomeration is on the rise, and the network efficiency
is on the decline. There are still many carbon emission spatial
links that can be established, especially between small and
medium-sized cities, to promote the optimization of carbon
emission spatial linkage networks. As for the network ranking

FIGURE 4
Carbon emission network efficiency of Chengdu-Chongqing
urban agglomeration, 2011–2020.

FIGURE 2
Spatial correlation network of carbon emissions in Chengdu-
Chongqing city cluster in 2020.

FIGURE 3
Carbon emission network density and correlation number of
Chengdu-Chongqing urban agglomeration, 2011–2020.
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(Ai et al., 2021) The rank degree of Beijing-Tianjin-Hebei urban
agglomeration fluctuates a lot, but generally decreases, gradually
breaking the strict status relationship and gradually increasing
the interconnection of carbon emissions among cities; the rank
degree of Pearl River Delta urban agglomeration has a higher value
and remains stable for a long time, indicating that some cities
are in a dominant position among Pearl River Delta cities in terms
of carbon emissions. The Beijing-Tianjin-Hebei city cluster
and the Pearl River Delta city cluster have developed more
maturely, and the cities within the city cluster are more closely
connected, compared with the Chengdu-Chongqing city cluster,
which has a strict hierarchy. The strict network hierarchy is
conducive to the current management of the Chengdu-
Chongqing urban agglomeration, helping to build high-quality
development and carbon emission reduction in Chengdu and
Chongqing through the coordination and communication of
each city, and then gradually radiating the cities around
Chengdu and Chongqing to realize the solid promotion of
economic development and carbon emission reduction activities
in the peripheral cities driven by the central cities. However, a
consideration of the whole reveals that small and medium-sized
cities have a lower status and unbalanced development. Over
time, this strict hierarchical structure needs to be improved,
requiring more emphasis on the linkages between small and
medium-sized cities, accelerating the establishment of carbon
emission linkages between individual cities, and pursuing the
development and progress of the city cluster as a whole.

3.2 Individual network structure
characteristics and evolutionary trends

The point centrality, intermediary centrality and proximity
centrality of each city in the Chengdu-Chongqing urban
agglomeration were calculated to analyze the position and
evolution of each city in the spatial correlation network of
carbon emissions, and the individual network characteristics of
each city in 2020 were measured as shown in Table 3.

As seen from Table 3, only Chongqing, Deyang, Mianyang,
Leshan and Yibin among the 16 cities have a point-out degree
greater than the point-in degree, showing a spillover effect;
Chengdu, Neijiang, Meishan, Guang’an, Dazhou and Ziyang have
a point-in degree greater than the point-out degree, showing a
receptive body; the rest have 5 other cities with equal point-in and
point-out degrees. It can be found that the mean value of point degree
centrality is 31.667, and there are five cities above the mean value. The
point degree centrality of Chengdu, which ranks first, is 96.667, much
higher than that of Chongqing, which is 63.333, and the point degree
centrality of Chongqing, which ranks second, is much higher than that
of Deyang, which ranks third, indicating that Chengdu and
Chongqing are at the center of the carbon emission correlation
network of Chengdu-Chongqing city cluster. Among the cities
below the average value, Leshan and Ya’an, the last cities, have
significantly lower point-out and point-in degrees than other cities,
with point-centeredness of 10.000 and 6.667, respectively, and are less
connected with other cities and are located at the edge of the network.

TABLE 3 Centrality analysis of carbon emission spatial correlation network of Chengdu-Chongqing city cluster in 2020.

City DC BC CC

Out Ind Centrality Sort by Centrality Sort by Centrality Sort by

Chongqing 12 7 63.333 2 12.857 2 83.333 2

Chengdu 14 15 96.667 1 54.878 1 93.750 1

Zigong 3 3 20.000 10 0.000 14 55.556 9

Luzhou 3 3 20.000 10 0.515 7 55.556 9

Deyang 9 6 50.000 3 5.836 3 71.429 3

Mianyang 8 4 40.000 4 0.986 5 68.182 4

Suining 4 4 26.667 7 0.509 8 57.692 5

Neijiang 4 5 30.000 6 1.620 4 57.692 5

Leshan 2 1 10.000 15 0.000 14 51.724 13

Nanchong 4 4 26.667 7 0.509 8 57.692 5

Meishan 2 4 20.000 10 0.317 12 51.724 13

Yibin 4 3 23.333 9 0.317 12 57.692 5

Guang’an 2 4 20.000 10 0.430 10 53.571 11

Dazhou 2 4 20.000 10 0.430 10 53.571 11

Ya’an 1 1 6.667 16 0.000 14 50.000 16

Ziyang 2 8 33.333 5 0.794 6 51.724 13
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The average value of intermediary center degree is 5.000, and
only Chengdu, Chongqing and Deyang are above the average value,
and the sum of intermediary center degree of these three cities
accounts for 91.96% of the total intermediary center degree of all
cities, reflecting the “intermediary” and “bridge” characteristics of
cities within the Chengdu-Chongqing urban agglomeration. This
reflects a serious imbalance in the “intermediary” and “bridge”
characteristics of cities in the Chengdu-Chongqing urban
agglomeration. The intermediary centrality of Chengdu is 54.878,
which is much higher than other cities, and has an important role in
taking over and controlling the carbon emission correlation of other
cities. Chengdu and Chongqing are in a dominant position. Except
for Chengdu, Chongqing, Deyang and Neijiang, the intermediation
centrality of all other cities is less than 1.600, and three of them are in
an extremely weak position with 0 intermediation centrality.

The mean value of proximity to the center is 60.681, among
which Chengdu, Chongqing, Deyang and Mianyang are higher than
the mean value, Chengdu and Chongqing are still significantly ahead
of other cities, and are in the position of “central actors” in the
carbon emission linkage network of Chengdu-Chongqing urban
agglomeration, which can establish carbon emission links with other
cities faster and have an impact on the carbon emission linkage
network. The four cities are at the center of the network. In addition,
these four cities are at the center of the network and play the role of
“intermediary”, with strong control ability and easy to link with
other cities. The cities below the average value have relatively weak
ability to obtain resources and are not driven by other cities, playing
the role of “marginal actor”.

Chengdu, Chongqing, Deyang, and Mianyang are ranked in the
top four in terms of point degree centrality and near-centrality in
2020, and in the top five in terms of intermediary centrality, and in
the top five in terms of GDP, urbanization rate, R&D expenditure,
and energy consumption in the Chengdu-Chongqing urban
agglomeration, indicating that the development of economy and
technology is crucial and plays a leading role in the spatial network
of carbon emissions. Meanwhile, Chengdu and Chongqing belong to
the core cities in Chengdu-Chongqing urban agglomeration, which
have obvious advantages in economy, industry and energy
compared with other cities within the urban agglomeration, and
pull other cities to develop through industrial agglomeration and
technology diffusion. Ziyang, Neijiang and Suining, which are
located between Chengdu and Chongqing, have advantages in
geographic location and are more connected with other cities in
the carbon emission network, with a more advanced position and
better development level than other cities. Therefore, promoting the
optimization of the spatial pattern of carbon emissions among cities
has become a key task in the synergistic development of Chengdu-
Chongqing city cluster at present.

At the same time, in order to more intuitively analyze the trend
of the evolution of the spatially correlated network structure of
carbon emissions of each city within the Chengdu-Chongqing urban
agglomeration during the sample period, three cut-off points in
2011, 2015 and 2020 were selected to compare the individual
characteristics of each city, and the results display that the
centrality of Chengdu and Chongqing in these three cut-off
points remains unshaken, and the point degree centrality of
Chengdu is always significantly higher than that of other cities,
but the intermediary centrality decreases, while Chongqing

experiences a rise followed by a decline. The centrality of most of
the remaining cities has increased, and the number of carbon
emission correlations within the city cluster is increasing, and the
corresponding network density is also increasing, especially the
centrality of Ziyang has increased tremendously from the ninth
place in 2011 to the fifth place. At the same time, it can be seen that
except Chengdu and Chongqing, the changes of the remaining cities
from 2011 to 2015 are smaller than those from 2015 to 2020, and it
can be seen in connection with the overall characteristics of the
network that the rapid development and improved status of small
and medium-sized cities after 2017 also make the carbon emission
spatial association network more stable.

4 Analysis of the influencing factors of
the spatial association of carbon
emissions in Chengdu-Chongqing
urban agglomeration

Firstly, the influencing factors of the spatial correlation network
of carbon emissions in Chengdu-Chongqing urban agglomeration
are examined by QAP correlation analysis, and the results are shown
in Table 4. It can be seen that D (spatial distance relationship) is
significant at the 1% level, F (difference in energy intensity), P
(difference in industrial structure) and R (difference in
environmental protection efforts) are significant at the 10% level;
E (difference in economic development level), T (difference in
technology level) and U (difference in urbanization level) are not
significant and have less correlation with the spatial correlation
network of carbon emissions. Meanwhile, the correlation coefficient
of D is negative, which is negatively correlated with the spatial
correlation network of carbon emissions; the correlation coefficients
of F, P and R are positive, which are negatively correlated with the
spatial correlation network of carbon emissions.

The regression results with the variables E, T, and U removed are
shown in Table 5. The fit of the regression equation is 0.534, and all
of them pass the test of significance level of 10%. It is concluded that
the four influencing factors of D, F, P and R can explain 53.4% of the
spatial association relationship, and the regression coefficients of D
and R are significant at the level of 1%, indicating that the distance
between cities and the strength of environmental protection have a
greater influence on the carbon emission association network of
Chengdu-Chongqing urban agglomeration. The coefficient of
distance is less than 0, which is negatively correlated with the
spatial association relationship. Since many resource
transportation and industrial transfer are more convenient when
the geographical distance is close, the reduction of distance is
beneficial to the formation of the spatial network of carbon
emissions. The regression coefficient of the difference in
environmental protection intensity is as high as 0.6482,
indicating that the greater the difference in environmental
protection intensity, the closer the association between carbon
emissions in cities, and the cities with strict control will be under
more pressure and will relieve their own pressure by transferring
carbon emissions to other cities as a last resort. At the same time, the
greater the difference in energy intensity and industrial structure, the
greater the positive effect on the spatial association of carbon
emissions. Energy intensity reflects energy use efficiency, and the
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level of science and technology can play a decisive role in energy use
efficiency, and the energy use efficiency of cities with advanced
technology is obviously higher than that of cities with backward
technology. In addition, the society attaches great importance to the
research of reducing carbon emission through technological
innovation, and the investment in science and technology and
the improvement of technology level will affect the spatial
association of carbon emission. In the future, the greater the gap
between the technological level of each city, the more the cities will
learn and exchange with each other, which will help to strengthen the
spatial association of carbon emissions in the urban agglomeration.

5 Conclusion and recommendations

5.1 Research findings

Taking the Chengdu-Chongqing urban agglomeration as the
research object and constructing the carbon emission spatial
correlation network, the main conclusions can be obtained
through the analysis as follows.

(1) An examination of the overall characteristics of the spatially
linked network of carbon emissions in the Chengdu-Chongqing
urban agglomeration reveals that the network density and the
number of linked relationships fluctuate from 2011 to 2020, and
the degree of spatial linkage of carbon emissions gradually
increases after 2017, with the carbon emissions between cities
becoming more and more closely linked. The carbon emission
network structure is stable during the sample period, and the
hierarchical structure within the urban agglomerations is very
strict, with Chengdu and Chongqing always at the center of the

network unchanged, and the network efficiency also decreases
significantly after 2017, but the overall value still seems to
be high.

(2) Examining the individual characteristics of the spatially linked
network of carbon emissions in the Chengdu-Chongqing urban
agglomeration, we find that four cities, Chengdu, Chongqing,
Deyang and Mianyang, are located at the center of the network
and play the role of “bridges” to other cities, as well as “central
actors”. Chengdu and Chongqing, in particular, have a more
favorable external environment. Chengdu and Chongqing, in
particular, have a better external environment, a high
population density and a strong economic dynamism, and a
driving role to provide resources to support other cities. In
recent years, the intermediary centrality and proximity to the
center of Chengdu has decreased, giving other cities enough
space to develop. After 2017, many small and medium-sized
cities have developed rapidly, especially Deyang and Mianyang,
which have increased their connections with other cities,
improving their status and making the carbon emission
spatial correlation network more stable.

(3) QAP analysis of the factors influencing the association network
shows that the differences in four types of factors, namely,
spatial distance, environmental protection intensity, energy
intensity, and industrial structure, are the main reasons
affecting the spatial association of carbon emissions in the
Chengdu-Chongqing urban agglomeration, while the
technology level is closely related to these factors and will
also have an impact on the association of carbon emissions
in the future. Moreover, the greater the differences in
environmental protection, energy intensity and industrial
structure, the more likely they are to promote the formation
of carbon emission correlations.

TABLE 4 Results of QAP correlation analysis of spatial correlation matrix and influencing factors.

Variables R p-value s min max p ≥ 0 p ≤ 0

D −0.2553 0.0002 0.0635 −0.2063 0.2029 0.9998 0.0002

E −0.0025 0.4455 0.0416 −0.1323 0.1079 0.5581 0.4419

F 0.0513 0.0918 0.0412 −0.1431 0.0997 0.0918 0.9082

P 0.0555 0.0916 0.0416 −0.1367 0.1282 0.0916 0.9084

T −0.0181 0.2767 0.0419 −0.1332 0.0800 0.7235 0.2765

R 0.0513 0.0854 0.0412 −0.1345 0.0994 0.0854 0.9146

U −0.0158 0.2957 0.0413 −0.1425 0.1004 0.7043 0.2957

TABLE 5 Results of QAP regression analysis.

Variables Standardized regression coefficients Significance probability value Probability 1 Probability 2

D −0.2553 0.0000 1.0000 0.0000

F 0.1710 0.0011 0.0011 0.9989

P 0.0914 0.0350 0.0350 0.9655

R 0.6482 0.0005 0.0005 0.9995

R2 0.572 (0.534) 0.0000
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5.2 Policy recommendations

Faced with the increasingly severe pressure of climate change,
and along with the further promotion of urban agglomeration
construction, the Chengdu-Chongqing urban agglomeration
should carry out collaborative emission reduction, and a
comprehensive analysis of the spatial characteristics of carbon
emissions in the Chengdu-Chongqing urban agglomeration can
provide ideas to realize regional collaborative carbon emission
reduction. From the results of QAP analysis, it can be seen that
the differences in distance, environmental protection, energy
intensity and industrial structure have a great influence on the
spatial network of carbon emissions, so it is proposed to improve the
spatial network structure of carbon emissions through
“transportation-technology-industry”, improve infrastructure and
This suggests that we should improve the spatial structure of carbon
emission network through “transportation-technology-industry”,
improve the infrastructure and use market regulation to carry
out emission reduction activities.

(1) The closer the spatial distance, the easier it is to produce carbon
emission spillover, so to promote the development of backward
cities, it is necessary to focus on improving transportation planning
and strengthening spatial design to build a regional carbon
emission linkage network. By building links between central
cities, it will promote coordination and cooperation among
cities in the region, implement spatial layout planning for
transportation, energy and waste treatment, and improve the
allocation efficiency of resources. And we should strengthen the
information interconnection of carbon emission spatial correlation
within city clusters, establish dynamic carbon emission accounting
system, promote cross-city collaboration, and provide technical
support for the construction of regional carbon emission spatial
correlation network.

(2) Improve the technical level and promote the optimization and
upgrading of the energy structure. In terms of carbon emission
governance, we should focus on the entire urban agglomeration,
and encourage different cities to play synergies in low-carbon
development and technological innovation and form a linkage
developmentmodel. In the process of carbon emission reduction in
the Chengdu-Chongqing urban agglomeration, we should focus on
areas with high carbon emission intensity, and at the same time
strengthen technical exchanges between small and medium-sized
cities and Chengdu and Chongqing to improve energy intensity
and energy structure. Through innovative economic development
models, investment participation, research and development of
new technologies, etc., inject vitality into the development of small
and medium-sized cities, and optimize the regional carbon
emission related network system.

(3) Promote the orderly transfer and structural adjustment of
industries, enhance regional industrial linkages, and promote
inter-regional complementary advantages and coordinated
development. According to the characteristics of the carbon
emission correlation network of the Chengdu-Chongqing urban

agglomeration, give full play to the low-carbon radiation role of
core cities. The two cities of Chengdu and Chongqing can
encourage several neighboring cities to do a good job in
industrial restructuring, eliminate high-energy-consuming
enterprises, and develop low-carbon industries through
industrial transfer and technological exchanges. Accelerate
the cultivation of new industrial clusters in line with national
development strategies, vigorously introduce emerging
industries to promote industrial upgrading, upgrade and
transform traditional industries to meet market demand and
environmental control requirements, and adjust the proportion
and relationship between different industries in each city.
Gradually promote the transfer of industries from developed
cities to backward areas, and guide the flow of capital,
technology, labor and other factors into small and medium-
sized cities in the process of industrial transfer to strengthen
inter-city ties and improve regional industrial structure.
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