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Abstract: Based on the carbon emission data in the Beijing-Tianjin-Hebei urban agglomeration from
2007 to 2016, this paper used the method of social network analysis (SNA) to investigate the spatial
correlation network structure of the carbon emission. Then, by constructing the synergetic abatement
effect model, we calculated the synergetic abatement effect in the cities and we empirically examined
the influence of the spatial network characteristics on the synergetic abatement effect. The results
show that the network density first increased from 0.205 in 2007 to 0.263 in 2014 and then decreased to
0.205 in 2016; the network hierarchy fluctuated around 0.710, and the minimum value of the network
efficiency was 0.561, which indicates that the network hierarchy structure is stern and the network has
good stability. Beijing and Tianjin are in the center of the carbon emission spatial network and play
important “intermediary” and “bridge” roles that can have better control over other carbon emission
spatial spillover relations between the cities, thus the spatial network of carbon emissions presents
a typical “center—periphery” structure. The synergetic abatement effect increased from —2.449 in
2007 to 0.800 in 2011 and then decreased to —1.653 in 2016; the average synergetic effect was —0.550.
This means that the overall synergetic level has a lot of room to grow. The carbon emission spatial
network has a significant influence on the synergetic abatement effect, while increasing the network
density and the network hierarchy. Decreasing the network efficiency will significantly enhance the
synergetic abatement effect.

Keywords: carbon emissions; spatial network; synergetic abatement; Beijing—Tianjin—-Hebei urban
agglomeration; SNA

1. Introduction

With the carbon dioxide concentration in the atmosphere increasing, a series of problems, such
as global warming, glacier melting, sea level rise, and so on, have been triggered, which pose a
serious threat to the sustainable development of human society and the security of the ecology and
the environment [1]. The signing of the Paris Agreement demonstrates the determination of the
international community to actively cope with global climate change. The signatories agreed to control
the average rise of the global temperature within less than 2 °C above the pre-industrial level and to
strive to control the temperature rise within 1.5 °C above the pre-industrial level. However, the annual
Greenhouse Gas Bulletin issued by the World Meteorological Organization in 2017 pointed out that
the average level of carbon dioxide in 2016 was 145% of that of pre-industrialization, and the average
concentration of carbon dioxide in the world reached 403.3 parts per million, which surpassed the
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historical record [2]. This shows that working to reduce greenhouse gas emissions, mainly composed
of carbon dioxide, and promote the coordinated development of the socio-economic and ecological
environment are still major issues that need to be solved urgently in all countries of the world.

As the largest developing country in the world, China has become one of the largest carbon
emitters [3,4]. How to deal with this contradiction between development and the environment in
China has always been a global focus [5]. In order to solve this problem, the government of China
is committed to achieving the goal of cutting carbon-emitting intensity by 40-45% before 2020 and
plans to reach the peak of carbon emissions around 2030. Because of the vast territory of China and the
differences in the development level of each region, natural resources endowment, and geographical
environment [6], it is difficult for all regions to achieve the low-carbon development goals formulated by
the state in the same way [7]. Therefore, finding a coordinated development path in terms of economy,
society, and the ecological environment that is suitable for China’s national conditions is the major
premise for achieving the goal of carbon emission reduction. In fact, China is currently implementing
a series of regional and spatial development strategies, such as the synergetic development of Beijing,
Tianjin, and Hebei and the construction of the Yangtze River Economic Zone [8]. The spatial correlation
of carbon emissions has broken through the traditional linear model and is gradually presenting a
nonlinear spatial structure with complex network structure characteristics. Thus, in order to adhere to
green and low-carbon development, it is an important policy for China to establish a new mechanism
of regionally coordinated development with urban agglomerations as the main body [9]. Against this
background, this paper chose the Beijing-Tianjin—-Hebei urban agglomeration as the research area,
focusing on the spatial network characteristics of carbon dioxide emissions and the synergetic emission
reduction effect. Based on the relational data and network analysis perspective, this took the spatial
correlation of carbon emissions as the breakthrough point, analyzing the spatial network structure
and the effect of its carbon emissions with the help of the social network analysis method. This aimed
at formulating emission reduction policies that are more in line with regional characteristics in the
implementation of a regional coordinated development strategy in China, as well as providing a
reference and basis for achieving synergetic emission reduction among regional cities.

2. Literature Review

Carbon emissions have always been a hot issue in academic research and also a key issue
in regional socio-economic development. Early studies focused on the relationship between
carbon emissions and economic development [10,11] and systematically explored the principles
and mechanisms of carbon emission reduction [12,13]. On this basis, scholars at home and abroad
have made great research achievements regarding carbon-emission intensity [14], carbon emission
performance [15], carbon emission quota [16], and factors affecting carbon emissions [17]. According
to recent studies, the spatial effects of carbon emissions have become an important research subject.
Many scholars use exploratory spatial data analysis (ESDA) to examine the characteristics of the spatial
correlation and spatial agglomeration of carbon emissions at the regional level. Grunewald et al.
explored the driving factors for the formation of spatial differences in carbon emissions and found that
energy intensity and energy structure were the main reasons for these spatial differences [18]. Marbuah
and Mensah took 290 urban districts in Sweden as research areas. Statistical tests were carried
out to analyze the spatial correlation of several pollutants, including carbon dioxide. The results
showed that the spatial spillover effect was the main driving factor of the environmental Kuznets
curve [19]. Through spatial econometrics, Wu studied the temporal and spatial pattern and evolution
mechanism of carbon emission reduction in different provinces of China and analyzed the emission
reduction characteristics of key provinces [20]. Wang et al. constructed spatial econometric models,
which were based on patent data about energy conservation and emission reduction and economic
externalities of spatial units that were transplanted into CO, emissions research [21]. Yan et al. used
the undesirable-slacks-based measure (SBM) model and evaluated the carbon emission efficiency [22].
You et al. applied the spatial panel method to address the problems of spatial dependency and the
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spillover effect among neighboring countries [23]. Sun et al. divided China into resource-based
and non-resource-based areas according to their industrial development level. Using the equity
measurement method, the dynamic differences of regional carbon emissions were discussed and the
causes of profit-loss deviation were revealed [24]. Wang et al. estimated the spatial dependence of the
carbon emission reduction potential at the provincial level, combined with the economic weight matrix
and the novel spatial panel data model [25]. Zhang et al. used Arc GIS to calculate the carbon emission
and absorption rates in China’s Beijing-Tianjin-Hebei agglomeration [26]. From the perspective of
research methods, some studies used social network analysis (SNA) [27-29] to analyze the regional
carbon emission spatial network structure. Most of the research on carbon emissions focuses on carbon
emission measurement and decomposition, carbon emissions’ influencing factors, and carbon emission
efficiency [30-32]. When using traditional spatial measurement methods to analyze carbon emissions
and their influencing factors, most of the literature only considers geographically similar factors.
An increasing number of researchers have proved that carbon emissions do not exist independently
in various regions but in a certain spatial correlation. Existing research often considers the spatial
correlation of carbon emissions from the perspective of provinces or regions and from the empirical
study of “attribute data” of carbon emissions. They do not reveal the linkage structure between regions
from the perspective of “relational data”. In addition, there are a few issues involved with the synergy
effect of carbon emission reduction among regions and how to strengthen the synergy of regional
emission reduction.

In summary, previous studies have thoroughly explored the issue of carbon emissions and
revealed the spatial correlation characteristics and spatial differences of carbon emissions to a certain
extent, which has laid the foundation for the study of regional synergetic carbon emission reduction.
However, the “relational data” have more analytical value, as they often determine the performance
of the “attribute data”. Therefore, on the basis of existing research, this paper uses the social
network analysis method to comprehensively deconstruct the spatial network characteristics of carbon
emissions in the urban agglomeration of Beijing, Tianjin, and Hebei, to analyze its synergetic emission
reduction effect. On this basis, the proposal of synergetic carbon emission reduction in an urban
agglomeration is put forward in order to understand the spatial correlation of carbon emissions as a
whole and to reveal the interconnected network structure of carbon emissions among regions and its
impact on synergetic carbon emission reduction. This can provide a decision-making reference for
achieving the goal of coordinated regional carbon emission reduction and formulating corresponding
carbon emission reduction policies.

3. Research Methods and Sources of Data

3.1. Construction of a Spatially Relevant Network of Carbon Emissions

Social network analysis is a quantitative analysis method for relational data, which has been
widely used in sociology, economics, management, and other disciplines. It takes “relationship” as
the basic unit of analysis and expresses the interaction among members as a pattern or rule based on
the relationship by studying the network relationship. The confirmation of relationships is the key to
the analysis of social networks. Currently, the methods of describing spatial correlation are mainly
the Granger Causality test based on the VAR model and the gravitational model or the improved
gravitational model [33-36]. This paper uses the improved gravity model to construct the spatial
correlation network of carbon emissions in the urban agglomeration of Beijing—Tianjin—Hebei, as the
VAR model is too sensitive to the selection of lag order, which would reduce the accuracy of the
characterization of the network structure characteristics [37-39]. In addition, the gravitational model is
not only applicable to the total data, but also can take economic and geographical factors into account.
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In Formula (1), i and j indicate i city and j city in the urban agglomeration of Beijing-Tianjin—-Hebei
respectively; G;; indicates the carbon emission gravity between cities; C; and C; indicate the carbon
emission of i city and j city, respectively; P; and P; indicate the total population of i city and j city,
respectively; E; and E; indicate the gross product of i city and j city, respectively; D;; indicates the
spatial distance between i city and j city; ¢; and ¢; indicate the per capita production of i city and j city,

% Value means “economic distance” between i city and j city.

According to Formula (1), the gravitational matrix of carbon emissions of the urban agglomeration
of Beijing-Tianjin—-Hebei can be calculated, then the average value of each row of the gravitational
matrix can be taken as the critical value. If the gravity is higher than the average value, then the value
is taken as 1, which indicates that there is a correlation between the city in this row and the carbon
emission of the city in this column. In contrast, if the gravity is lower than the average value, the

value is taken as 0, indicating that there is no correlation between the two. Thus, the spatial correlation

respectively.

matrix of carbon emissions in the urban agglomeration of Beijing-Tianjin—Hebei can be constructed.

3.2. Characteristic Index of the Spatial Network of Carbon Emissions

In social network analysis, four indicators—network density, network correlation degree, network
hierarchy, and network efficiency—are commonly used to reflect the overall characteristics of the
network structure, while for the individual network structure characteristics, degree centrality and
intermediary centrality are used to describe them [40,41].

For the structural characteristics of the entire network, if N is the number of urban nodes in the
carbon emission network of the urban agglomeration of Beijing-Tianjin-Hebei, the largest number of
possible correlations in the network is N x (N — 1); if the number of actual correlations in the network
is M, the density of the network can be expressed as follows:

Dn=M/[N x (N—1)]. @)

Network density reflects the closeness of the entire network structure. The greater the network
density, the closer the relationship between the carbon emissions of the cities in Beijing, Tianjin, and
Hebei and the greater the impact of the network structure on the carbon emissions of the cities.

If the number of pairs of unreachable points in the network is V, the formula for calculating the
degree of network correlation is as follows:

C=1-V/[Nx(N-1)/2]. 3)

The network correlation degree reflects the robustness and vulnerability of the spatial network
of carbon emissions. The greater the network correlation degree, the greater the direct or indirect
correlation between the cities in the spatial network of carbon emissions of the urban agglomeration
of Beijing-Tianjin—Hebei.

If the number of pairs of symmetrically reachable points in the network is K, max(K) is the number
of pairs of the most possible symmetrically reachable points in the network. Then, the hierarchy of the
network can be expressed as:

H =1— K/max(K). 4)

Network hierarchy describes the degree of asymmetric accessibility of cities in the network. The
higher the network hierarchy, the stricter the hierarchical structure among the cities. Only a few cities
are in the dominant position in the network.

If M is the number of redundant lines in the network, max(M) is the maximum possible number
of redundant lines. The formula for calculating the network efficiency of the network is as follows:

E=1— M/max(M). ®)
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Network efficiency characterizes the connective efficiency between cities in the network. The
lower the network efficiency, the more links that exist between cities in the network. Therefore, their
carbon emissions are closely related, generating more channels of spatial spillover.

For the structural characteristics of the individual network, if d; is the number of direct correlations
existing between i city and other cities in the carbon emission network of the urban agglomeration of
Beijing-Tianjin—Hebei, then the degree of centrality of i city can be expressed as:

Cali) = d(i)/ (N —1). ©)

Point-degree centrality measures the degree to which the cities of Beijing, Tianjin, and Hebei
are at the center of the spatial correlation network of carbon emissions. The greater the degree of
point centrality, the more the city is at the center of the network and the more connections it has with
other cities.

If gjx is the number of relationship paths between j city and k city and gj (i) is the number of cities
to pass through the relationship paths between j city and k city, the formula for calculating the degree
of intermediary centrality of cities is as follows:

2% (8k(i)/gj]
j<k

Coli) = (N—1)(N-2)

@)

The degree of intermediary centrality reflects the extent to which a city in the network can control
the relationship between the other cities. The greater the degree of intermediary centrality, the stronger
the “intermediary” role the city plays in the network, thus the greater the extent to which it can control
the correlation of carbon emissions of other cities [42].

3.3. Synergetic Effect Model of Carbon Emission Reduction

Due to externalities, the problem of environmental pollution needs to be treated through regional
coordination in order to make fundamental achievements. In the process of regional coordinated
emission reduction, regions with higher economic development levels and lower pollution levels are
regarded as learning examples for other regions [43]. If other regions can change the direction and
extent of pollutant emission in the same direction as the benchmark areas, the benchmark effect of
coordinated emission reduction will exist among the regions [44,45]. Considering this, this paper chose
Beijing, the central city of the urban agglomeration of Beijing-Tianjin-Hebei, as the benchmark area of
carbon emission reduction and used the methods of Cerqueira and Martins to construct the synergetic
effect model of carbon emission reduction of the urban agglomeration of Beijing-Tianjin-Hebei [46].

2

Corrbi,t -1— 1 (Cb,t B Cb) . (Ci,t B Ci) (8)

2 N ) L4 )
?; (ot —Cp) ?; (cip —Ci)

In Formula (8), Corry; ; shows the synergetic effect of carbon emission reduction of i city of the
urban agglomeration of Beijing-Tianjin—-Hebei for the year and the central city, Beijing. The closer the
value is to 1, the higher the synergy between the i city and the central city, Beijing. c;; indicates the
total annual carbon emissions of Beijing for the ¢ year and ¢}, is the average annual carbon emissions of
Beijing for the ¢ year. c;; indicates the total annual carbon emissions of i city in the urban agglomeration
of Beijing—Tianjin—Hebei for the t year and ¢; shows the average annual carbon emissions of i city in
the urban agglomeration of Beijing-Tianjin—Hebei.
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3.4. Sources of Data

This paper takes 13 cities, including Beijing, Tianjin, Shijiazhuang, Chengde, Zhangjiakou,
Qinhuangdao, Tangshan, Langfang, Baoding, Cangzhou, Hengshui, Xingtai, Handan, as the research
objects. The research time ranges from 2007 to 2016—10 years in total. The data of economy, population,
and energy consumption of each city come from the statistical annals of Chinese cities, the statistical
annals of China’s energy resources, the statistical annals of Beijing, Tianjin, and Hebei, and the statistical
annals and bulletins of Hebei cities in each year; these data are properly referred to.

Considering the lack of statistical data on carbon dioxide emissions at the urban level, this paper
adopts the simplified estimation method of carbon dioxide emissions based on apparent energy
consumption in the 2006 IPCC Guidelines for National Greenhouse Gas Inventories to calculate
the carbon dioxide emissions of each city in the urban agglomeration of Beijing-Tianjin—-Hebei.
The calculation formula is as follows:

44
EcoQZZ(EiXViXE’XOi)XE/ )

1

where E, is the total amount of carbon dioxide emissions generated by energy consumption, E; is
the apparent consumption of the i energy, V; is the low calorific value of the i energy, F; is the carbon
emission factor of the i energy, and O; is the oxidation rate of the energy. The conversion coefficient of
% converts the carbon atom mass to the carbon dioxide molecular mass. Considering the availability of
the data, this paper chooses several kinds of energy sources—coal, coke, crude oil, gasoline, kerosene,
diesel, raw oil, liquefied petroleum gas, and natural gas—to calculate the carbon dioxide emissions of
each city in the urban agglomeration of Beijing—-Tianjin—-Hebei [47-50]. Among them, the correlation
coefficients of various energy sources are mainly derived from the data published in the 2006 IPCC

Guidelines for National Greenhouse Gas Emissions Inventories.
4. Calculation Results and Analysis

4.1. Characteristic Analysis of the Spatial Network of Carbon Emissions

According to the improved gravity model of Formula (1) mentioned above, the carbon emission
gravity matrix of the urban agglomeration of Beijing-Tianjin—Hebei is primarily calculated and
converted into a spatial correlation matrix. In order to more effectively demonstrate the structure of the
spatial correlation network of carbon emissions of the urban agglomeration of Beijing-Tianjin—Hebei,
this paper draws a spatial correlation network of carbon emissions in 2016 by using the visualization
tool Net-draw from the software UCINET6.0 ( UCINET v6.0, Analytic Technologies, Lexington, KY,
USA). The specific results of the network are shown in Figure 1.
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Figure 1. Spatially relevant network of carbon emissions of the urban agglomeration of
Beijing-Tianjin-Hebei in 2016.

As is shown in Figure 1, the spatial correlation network of carbon emissions in the urban
agglomeration of Beijing-Tianjin—Hebei takes on a typical “center—periphery” structure. There are
32 correlations among the 13 cities and there is at least one spatial correlation among each city,
which indicates that the carbon emissions of each city are generally related in space, and the
urban agglomeration of Beijing-Tianjin—Hebei has a relatively stable spatial network structure of
carbon emissions.

In order to further investigate the spatial network characteristics of carbon emissions in the urban
agglomeration of Beijing-Tianjin-Hebei, the network density, network correlation, network hierarchy,
network efficiency, point degree centrality, and intermediary centrality were calculated based on
Formula (2-7). The spatial network characteristics of carbon emissions of the urban agglomeration
of Beijing—Tianjin—-Hebei from 2007 to 2016 were analyzed from two aspects: The entire network’s
characteristics and individual centrality. Firstly, the overall characteristics of the spatial network of
carbon emissions in the urban agglomeration of Beijing-Tianjin-Hebei were calculated; the specific
results are shown in Figure 2.
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Figure 2. Overall characteristic indicators of the spatial network of carbon emissions in the urban
agglomeration of Beijing-Tianjin—Hebei from 2007 to 2016.

According to the results of Figure 2, the network density of the spatial network of carbon emissions
in the urban agglomeration of Beijing-Tianjin—Hebei increased first and then decreased from 0.205
in 2007 to 0.263 in 2014, then to 0.205 in 2016. The increase of network density shows that the carbon
emission links between the cities of Beijing, Tianjin, and Hebei are getting closer, but the network
density has declined since 2014, which indicates that the spatial links of carbon emissions in the
urban agglomeration of Beijing-Tianjin—-Hebei have been reduced and it is imperative to enhance the
coordinated emission reduction among the cities. On the other hand, the correlation degree of the
spatial network of carbon emissions in the urban agglomeration of Beijing—Tianjin-Hebei over the
years is 1, which indicates that the structure of the carbon emission network of the urban agglomeration
of Beijing-Tianjin—Hebei is stable, there is general spatial correlation and spillover, and the network
accessibility is good. From 2007 to 2016, the network hierarchy fluctuated around 0.710, which indicates
that, in the spatial network of carbon emissions, the hierarchical structure between the cities of Beijing,
Tianjin, and Hebei is stricter and only a few cities are in the center of the network. The network
efficiency shows an oscillatory trend, with a minimum value of 0.561 and a maximum value of 0.697.
The value of the comprehensive network efficiency is relatively high, which indicates that there are
more redundant connections in the network and there are many overlaps in the spatial spillover of
carbon emissions. This also means that the existing network correlation can maintain the stability
of the network. The results indicate that the carbon emission spatial correlation is increasingly close
in the urban agglomeration. This result may have originated from China, which put forward the
goal of energy conservation and emission reduction starting in 2006. The carbon emission spatial
correlation was enhanced as the adjustment of the energy and industrial structure, the energy flow,
and the industrial transfer among the cities were gradually increased.

To compare with the existing research [27-29] on China’s provincial carbon emission spatial
network, our analysis shows that in the process of China’s current urban agglomeration development,
there also exists a stable and complex carbon emission spatial network structure and correlation
relationship among the cities in the urban agglomeration. The difference is that, in the national carbon
emission spatial network, the network hierarchical structure is gradually broken and an increasing
number of small provinces have changed the subordinate and edge positions in the network. However,
as the results show in Figure 2, the large cities are still in the center position and have the control status.
In other words, under the influence of the carbon emission spatial network, in order to improve the
carbon emission reduction efficiency of the urban agglomeration, the small cities in Hebei province
also need to take actions to change the subordinate and edge positions in the network. Only focusing
on the emission reduction measures of the large cities, such as Beijing and Tianjin, will not produce a
long-term mechanism for the realization of the regional emission reduction goals.
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Furthermore, according to Formula (6,7), two indices of each city in the urban agglomeration of
Beijing—Tianjin-Hebei—point degree centrality and intermediary degree—are calculated. Individual
centrality of the carbon emission network in the urban agglomeration of Beijing-Tianjin—Hebei is
analyzed but, due to the limitation of the length of the paper, only the calculation results of 2016 are
given, as shown in Table 1.

Table 1. Individual centrality analysis of the spatial network of carbon emissions in the urban
agglomeration of Beijing—Tianjin-Hebei in 2016.

City Out Degree  In Degree Cen]t)ri%;:; (%) Rank g:;:::f;:;i;f) Rank
Beijing 2 9 91.667 1 7.071 2
Tianjin 3 9 91.667 1 15.404 1

Shijiazhuang 4 1 33.333 3 0.253 6
Chengde 2 0 16.667 9 0.000 8
Zhangjiakou 2 0 16.667 9 0.000 8
Qinhuangdao 3 0 25.000 5 0.000 8
Tangshan 2 1 25.000 5 0.000 8
Langfang 2 2 16.667 9 1.010 3
Baoding 2 3 25.000 5 1.010 3
Cangzhou 2 1 16.667 9 0.253 6
Hengshui 2 0 16.667 9 0.000 8
Xingtai 3 2 33.333 3 0.758 5
Handan 3 0 25.000 5 0.000 8

From the results of Table 1, we can see that only three of the 13 cities, Tianjin, Beijing, and Baoding,
in the urban agglomeration of Beijing-Tianjin-Hebei have a higher point-in degree than point-out
degree. They belong to the recipient subject in the spatial network correlation of carbon emissions,
while the other ten cities have a higher point-out degree than point-in degree, belonging to the spillover
subject in the spatial network correlation of carbon emissions. From the results of the point-degree
centrality, the point-degree centrality of Beijing and Tianjin is up to 91.667, which is obviously higher
than that of other cities. This shows that Beijing and Tianjin are in the central position in the carbon
emission network and have more links with other cities. The cities with a relatively small degree of
centrality tend to send out a carbon emission correlation to the cities with a larger degree of centrality.
In terms of the intermediary centrality, Tianjin and Beijing still ranked in the first two places, with
15.404 and 7.071, respectively. The results of the other cities are far lower than those of Tianjin and
Beijing. It can be seen that Beijing and Tianjin, which lie in the center of the network, also play an
important role of “intermediary” and “bridge” in the spatial network of carbon emissions, while the
other cities are in a weaker position in the network. This is mainly because, as the two core cities
in the urban agglomeration of Beijing-Tianjin—-Hebei and compared to the cities of Hebei Province,
Beijing and Tianjin have benefited in terms of economic development, industrial structure, energy
consumption, and so on. This reveals that there is a significant carbon emission spatial transfer trend
from energy-rich cities to economically developed cities in China. Therefore, synergetic promotion
of inter-city carbon emission control will be the key work of the coordinated development of Beijing,
Tianjin, and Hebei in the future [51,52]. It is essential to analyze the synergetic emission reduction
effect in the urban agglomeration of Beijing-Tianjin-Hebei on the basis of clarifying the characteristics
of the spatial network of carbon emissions in Beijing, Tianjin, and Hebei.

4.2. Analysis of the Synergetic Effect of Carbon Emission Reduction

Based on the synergetic effect model of Formula (8) mentioned above, choosing Beijing as the
learning benchmark, the synergetic effect of carbon emission reduction in the urban agglomeration of
Beijing-Tianjin-Hebei was calculated from 2007 to 2016. The specific results are shown in Table 2.
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Table 2. The synergetic effect of carbon emission reduction in the urban agglomeration
of Beijing-Tianjin-Hebei.

City 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016  Mean
Tianjin —2404 -2.071 -1.100 0.705 0.827 0711  —0457 0.047 —0424 —-0.550 —0.466
Shijiazhuang —-2562 —1.728 —0.277 0.033 0.862 0619 —1.025 0.135 —0.287 -0.384 —0.461
Chengde —2.682 —1.031 -0922 -0.326 0.995 0.998 0514 —-09% —2.040 -3.021 -0.869

Zhangjiakou -3.378 —1.581 -0.709 0367 0969 0.723 —-0471 —-0.041 -0.38 —1.859 —0.637
Qinhuangdao  —2.722 —-1969 —-0.801 0.262 0856 0795 0.663 0.040 —0.508 —3.987 —0.737

Tangshan -3.116 —1.107 -0.246 0515 0.613 0440 —-0483 0330 0598 —0.569 —0.302
Langfang —2510 —-1.662 -0.799 —-0.004 0994 0844 0052 0.107 -2961 -1.009 -0.705
Baoding —2136 —2123 -0417 0.418 0.821 0.416 —0.820 0.530 —0.378 —0.199 —0.389
Cangzhou —2585 —2.063 —0.669 0.519 0.621 0.654 —0.485 0.597 —0.012 —-1.454 —0.488
Hengshui -1972 -2303 -1.037 0.300 0.799 0542 0466 0619 —0223 -2.079 —0.580
Xingtai —0.803 —2985 —0.753 0.165 0.532 0464 —0.184 0876  0.093 —2126 —0.472
Handan —2513 —1.614 —0.697 0.365 0.706 0380 —0.230 0.626 0523 —2421 —0.488

Mean —2449 1849 -0.702 0277  0.800 0632 —-029 0239 —-0500 -1.653 —0.550

Based on the results of Table 2, the closer the value is to 1, the higher the synergy between the
related city and the central city, Beijing. We can see that the synergetic effect of carbon emission
reduction in the urban agglomeration of Beijing-Tianjin—-Hebei shows a trend of rising first and then
declining. The average level of synergetic effect increased from —2.449 in 2007 to 0.800 in 2011, and
then decreased to —1.653 in 2016. This is mainly because Beijing, as the national political, cultural,
and technological innovation center, has been capable of controlling its carbon emissions within a
reasonable level for a long time, while other cities in the urban agglomeration of Beijing, Tianjin, and
Hebei are in the process of industrialization and urbanization and the level of carbon emissions in
all other regions shows a trend of continuous growth [9]. With the improvement of economic ties,
the interests of related cities and Beijing are more closely linked. If a city continues to follow the
original development path of high pollution and high emission, Beijing, which has a larger economic
volume, can respond by reducing the purchase of polluting products, thus forcing the city to follow the
benchmark of Beijing in terms of their production mode. In the past ten years, the average synergetic
effect in the urban agglomeration of Beijing-Tianjin—-Hebei was —0.550. There is still much room to
improve the overall synergetic level. From the perspective of each city, the synergetic effect of carbon
emission reduction is significant. The synergetic effect of carbon emission reduction between Tianjin,
Shijiazhuang, Tangshan, Baoding, Xingtai, and other cities and Beijing is relatively high. With the
further promotion of a coordinated development strategy of Beijing, Tianjin, and Hebei, a crucial
mission in the future will be to change the economic development mode of high investment, high
consumption, and high emission and to establish an effective mechanism of coordinated emission
reduction through relieving the non-capital functions of Beijing and upgrading the industrial transfer
in Beijing.

As mentioned above, structural data usually determine the performance of the attribute data.
Based on a clear description of the spatial network of carbon emissions in the urban agglomeration of
Beijing-Tianjin-Hebei and an in-depth analysis of the synergetic emission reduction effect in the urban
agglomeration of Beijing, Tianjin, and Hebei, this paper chose the annual average of the synergetic
emission reduction effect from 2007 to 2016 in the Beijing-Tianjin—Hebei urban agglomeration as the
explained variable, respectively, and chose the network intensity, network hierarchy, and network
efficiency from 2007 to 2016 as the explanatory variables. We carried out the ordinary least square
(OLS) regression, aiming to reveal the impact of the overall structure of the spatial network on the
synergetic emission reduction effect. The regression results are shown in Table 3.
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Table 3. The regression results of the relationship between the carbon emission network and synergetic
emission reduction effect in the urban agglomeration of Beijing-Tianjin-Hebei.

Explanatory Variables Model (1) Model (2) Model (3)
Constant Term —8.457 ** 6.646 * 7.540 **
Network Density 31.809 ** — —
Network Hierarchy — —10.283 * —
Network Efficiency — — —13.613 **
R? 0.441 0.173 0.448
F-statistic 6.312 1.671 6.480

Note: ** and * indicate that the effect is significant within the levels of 5% and 10% respectively.

According to the results of Table 3, the regression coefficients of network density, network
hierarchy, and network efficiency of the spatial correlation of carbon emissions in the urban
agglomeration of Beijing-Tianjin—Hebei are 31.809, —10.283, and —13.613, respectively, which indicate
that the spatial network of carbon emissions has a significant impact on the synergetic effect of carbon
emission reduction. The increase in network density and the decrease in network hierarchy and
network efficiency will significantly strengthen the synergetic effect of carbon emission reduction. This
is mainly because the increase in network density means that the number of relationships in the whole
network will increase, which will help to limit and narrow the spatial differences of carbon emissions
among cities in the network. The decline of the network hierarchy will gradually break down the strict
hierarchical structure among cities in the network, and the former subordinate and marginal cities will
have more discourse power. Additionally, the decline in network efficiency shows the increase of links
in the spatial network of carbon emissions, which will eliminate the comparative advantages of some
cities in the network in terms of carbon emissions and in turn increase the synergetic effect of carbon
emission reduction.

5. Conclusions and Policy Implications

5.1. Main Conclusions

Based on the data of 13 cities in the urban agglomeration of Beijing-Tianjin—-Hebei from 2007
to 2014, this paper adopted the improved gravitational model to characterize the spatial correlation
of carbon emissions in the urban agglomeration of Beijing-Tianjin—Hebei. On this basis, the spatial
characteristics of the carbon emission network in the urban agglomeration of Beijing-Tianjin—Hebei
were investigated by using the analysis method of the social network. Then, a synergetic effect model
of carbon emission reduction was constructed to analyze the synergetic emission reduction in the
urban agglomeration of Beijing-Tianjin—-Hebei. The main conclusions are as follows:

(1) During the research, the spatial correlation network of carbon emissions in the urban
agglomeration of Beijing—Tianjin—-Hebei presented a typical “center-periphery” structure. From the
overall structure of the network, the network density showed a trend of first rising and then declining
and the spatial relationship of carbon emissions in the urban agglomeration of Beijing-Tianjin-Hebei
still needs strengthening. The results of the network correlation degree show that the network
accessibility in the urban agglomeration of Beijing-Tianjin—Hebei is in good condition; the results
of the network hierarchy show that in the spatial network of carbon emissions, the hierarchical
structure among the cities of Beijing, Tianjin, and Hebei is stricter. Network efficiency showed an
oscillating trend, and its value was generally higher. These results indicate that the spatial correlation
of carbon emissions has broken through the traditional geographical limitation, showing a complex
multi-threaded spatial network correlation, with many overlapping phenomena in the spatial spillover
of carbon emissions. The spatial correlation network structure of carbon emissions in the urban
agglomeration has gradually stabilized.

(2) Based on the characteristics of network individual centrality, only three of the 13 cities, Tianjin,
Beijing, and Baoding, in the urban agglomeration of Beijing-Tianjin—-Hebei belong to the recipient
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subject in the spatial network correlation of carbon emissions. Beijing and Tianjin are in the center
position of the network in the spatial network of carbon emissions. They also play an important role of
“intermediary” and “bridge”, while other cities are weaker in the spatial network of carbon emissions.

(3) During the research, the synergetic effect of carbon emission reduction in the urban
agglomeration of Beijing-Tianjin—-Hebei showed a trend of rising first and then declining. The
average value of the synergetic effect of carbon emission reduction in the urban agglomeration of
Beijing-Tianjin-Hebei was —0.550 over the past ten years. There is still much room to improve
the overall synergetic level. From the perspective of each city, the differences in terms of the
synergetic effect of carbon emission reduction were quite obvious. The synergetic effect of carbon
emission reduction between Tianjin, Shijiazhuang, Tangshan, Baoding, Xingtai, etc., and Beijing was
relatively high.

(4) The spatial network of carbon emissions has a significant impact on the synergetic effect of
carbon emission reduction. The increase in network density and the decrease in network hierarchy and
network efficiency will greatly enhance the synergetic effect of carbon emission reduction. Therefore,
enhancing the network structure of spatial correlation of carbon emissions in the urban agglomeration
of Beijing-Tianjin-Hebei is an important driving mechanism to narrow the spatial differences of carbon
emissions, improve the spatial equity of carbon emissions, and promote the coordinated emission
reduction in these regions.

This paper has made a comprehensive analysis and research on the spatial network characteristics
and synergetic abatement effect of the carbon emissions in Beijing-Tianjin—Hebei Urban Agglomeration.
While we have obtained some research results, and they are of a certain theoretical and practical
significance, due to the limitations of personal research ability, there may be still some deficiencies
in the paper. Firstly, considering the availability and computability of the data, we only selected the
primary energy consumption to calculate the carbon emissions, in the future, we will consider adding
more energy consumption data, such as the electricity energy into the formula to improve the carbon
emissions calculation. On the other hand, the confirmation of relationships is the key to the analysis
of social networks. Currently, this paper uses the improved gravity model to construct the spatial
correlation network of carbon emissions in the urban agglomeration of Beijing-Tianjin—-Hebei. Whether
there will be more advanced methods to determine the network relationships is worth exploring.

5.2. Policy Implications

With the further development of major regional development strategies such as the coordinated
development of Beijing, Tianjin, and Hebei, as well as the construction of the Yangtze River Economic
Zone, it is an inevitable choice to establish a coordinated mechanism for carbon emission reduction
across these regions for the realization of national low-carbon development goals in the future.
Comprehensive analysis of the spatial characteristics of carbon emissions and the synergetic emission
reduction effects in the urban agglomeration of Beijing—Tianjin—-Hebei can provide solutions for the
cities in the Beijing, Tianjin, and Hebei provinces to formulate emission reduction policies based on
their piratical conditions in the process of synergetic development, in order to achieve the goal of
regional synergetic carbon emission reduction [7,53].

Through the research conclusions mentioned above, we can extract the following inspiration for
making policies: First, according to the structural characteristics of the “center—periphery” structure
of the spatial network of carbon emissions in the urban agglomeration of Beijing—Tianjin-Hebei,
we can establish a “lead—follow” type of synergetic emission reduction mechanism. In this type of
mechanism, Beijing and Tianjin are the overall leading areas of carbon emission reduction in the urban
agglomeration of Beijing—Tianjin—-Hebei, while other cities act as the following areas of carbon emission
reduction to promote the synergetic control on carbon emission reduction [54]. Secondly, the above
research shows that it is difficult to achieve the long-term mechanism of carbon emission reduction
by only improving the carbon emission reduction targets of each individual city. It is an inevitable
choice to establish a transregional carbon emission reduction coordination mechanism to achieve
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future carbon emission reduction goals. Thus, we should continuously adjust and optimize the spatial
network structure of carbon emissions. At the same time, we should strictly control the total amount
of carbon dioxide emissions from the perspective of spatial relations and attach more importance to
improving the efficiency of the spatial allocation of resources by using market mechanisms, further
boosting the trial establishment of the trading of carbon-emission rights in Beijing and Tianjin, and
taking the cities in Hebei province into the scope of trading [1,3]. Finally, we should accelerate the
coordinated development strategy of Beijing, Tianjin, and Hebei, establishing the regional sharing
mechanism of emission reduction responsibility and the system of emission reduction compensation
as soon as possible [55]. While ensuring the economic growth of underdeveloped cities, we should
promote the convergence of the level of carbon emissions with the central city, Beijing, enhancing the
synergetic effect of carbon emission reduction.
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