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Electricity is an essential factor of production. The trade of goods and services between different industrial sectors in different regions may lead to the transfer of embodied carbon emissions in the power sector, which makes the problem of “carbon leakage” widespread. As the world’s largest CO2 emitter, China’s systematic identification of the patterns and structural characteristics of embodied carbon transfer in its power sector is essential for reasonably defining emission reduction responsibilities and scientifically formulating emission reduction policies. Few studies have focused on interprovincial transfer characteristics of embodied carbon emissions in the power sector. Based on the multi-regional input-output tables of China in 2010, 2012, 2015, and 2017, this paper combined the complex network theory to construct the interprovincial power embodied carbon transfer networks (PECTNs1) of China, analyzed the topological nature, community structure and identified the key provinces in the networks with the help of complex network indicators. The results indicate that both direct and embodied carbon emissions from China’s power sector present an increasing trend during the study period. The scale and scope of power carbon emission transfer between provinces have been expanding, showing an transfer trend from west to east and north to south. China’s PECTNs have small-world characteristics. From 2010 to 2017, the sub-regional phenomenon in China’s PECTNs gradually decreased. In the network community, the provinces with stable relationships are close to each other and have closer carbon correlation. Coal resource-based and large economic provinces with high power demand tend to be the core of the networks. The position of Xinjiang in the networks is gradually prominent. According to the results of the study, differentiated carbon emission reduction schemes are formulated based on the roles played by different provinces to provide ideas for embodied carbon reduction among provinces in China’s power sector.
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1 INTRODUCTION
Global warming is one of the significant challenges facing mankind in the 21st century, and the issue of CO2 emissions has attracted more attention (Miao et al., 2023). By May 2022, 127 countries around the world have proposed or are preparing to introduce carbon neutral targets, which cover 88% of global CO2 emissions, 90% of GDP and 85% of the population (CIKD, 2022), but these efforts are still insufficient. The newly released Sixth Assessment Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC) reveals that the average annual global greenhouse gas emissions from 2010 to 2019 are at the highest level in human history. To limit the temperature rise to about 2°C, global greenhouse gas emissions still need to peak by 2025 at the latest (IPCC, 2022). As the world’s largest carbon emitter, under the background of international pressure and energy transformation1, China has proposed to achieve carbon peaking by 2030 and carbon neutrality by 2060 at the 75th United Nations General Assembly (Xi, 2020). From the perspective of emission sources, electricity and heat production are the main global carbon emission sources. The coal-dominated power supply structure is the main driving force for increasing carbon emissions from the power sector in developing countries. How to quickly shut down coal-fired power generation has become one of the most important steps to achieve carbon neutrality in the world (China.org.cn, 2023). China relies heavily on coal-dominated power generation in its power supply structure (Wang J. et al., 2022). According to the calculation from the data of British Petroleum (BP) and China Electricity Council, China’s total CO2 emissions in 2021 are 10.52 billion tons, and the power sector generated 4.53 billion tons of CO2 emissions, accounting for 43.02% of the total emissions. Thermal power accounts for about 68.03% of the total power generation (NBS, 2022a). Undoubtedly, emission reduction in the power sector is a key link of energy conservation and emission reduction in China and even the world. Electricity is a secondary energy. The separation of power production and consumption not only triggers the direct transfer of carbon emissions between regions, but also the transfer of carbon emissions embodied in goods and services with the interprovincial trade in goods and services of different industrial sectors between different regions. This total amount of direct and indirect emissions in the production of goods or services is called “embodied carbon” (Costanza, 1980; Dong et al., 2023). Embodied carbon analysis not only helps to grasp the whole process of carbon emission transfer more accurately and comprehensively, but also reveals the environmental impact of cross-regional trade, providing a powerful tool for quantitative assessment of interprovincial carbon emission transfer from the perspective of final demand (e.g., private consumption, exports).
In the analysis of tracking carbon emission flow, the input-output model is a useful tool. It was first introduced by Leontief (1974, 1970) and used to predict the impact of industrial changes on the whole economic system. With the intensification of environmental problems, scholars began to focus on its application in the field of embodied carbon emissions. In early studies, the single-regional input-output models (SRIO) was often used to measure the carbon emission flows of a country or group of countries due to foreign trade. For example, Italy (Mongelli et al., 2006), Spain (Sánchez-Chóliz and Duarte, 2004), India (Sun et al., 2017) and the six OECD countries (Wyckoff and Roop, 1994). To compensate for the shortcomings of SRIO in assuming “no differences in domestic and foreign production technologies” and “no distinction in the distribution of imports between end-use and intermediate use”, researchers developed a multi-regional input-output model (MRIO) to track the direct and indirect factors in different economies, and analyze the impact of trade on the use of factors in economies (Li et al., 2017). Currently, input-output analysis is not only used to study individual countries (Zhou et al., 2018; Ning et al., 2019; Xing et al., 2022), bilateral relationships (Dai et al., 2021; Zhang and Chen, 2022), cross-national studies on a regional scale (Chen and Chen, 2011), and cross-national embodied carbon transfers on a global scale (Davis and Caldeira, 2010; Wang Y. et al., 2022; Zhi, 2023), but also used in the analysis of carbon emissions related to different industries in different regions. Such as: Assess carbon pressure of service sectors in 41 countries and regions (Zhang, 2015), in four world regions (Ali, 2017) and in Tokyo, Japan (Long and Yoshida, 2018); calculate CO2 emissions of China’s construction industry (Liu L. et al., 2022); and idetify the key sectors driving China’s CO2 emissions (Guo et al., 2018). These studies provide reference for studying each country’s resource use and pollutant emissions. China’s power resources flow in the whole economic system through trade in goods and services, constituting a complex network of embodied carbon flows. Complex network theory can provide ideas for analyzing the structure and function of complex material flows and energy flows in economic systems. Complex network theory is a practical analytical framework for studying the characteristics of nodes, structures, and interactions between two nodes (Watts and Strogatz, 1998; Newman, 2003; Zhang and Li, 2022). It is widely used in quantitative assessment of direct and indirect effects (structural analysis, utility analysis, control analysis, etc.) in social networks (Zareie and Sheikhahmadi, 2018; Ishfaq et al., 2022), economic networks (Gao et al., 2014; Wang et al., 2018), transport networks (Tanuja et al., 2018; Wen et al., 2022), international trade networks (Pacini et al., 2021; Liu Y. et al., 2022), financial crisis diffusion networks (Acemoglu et al., 2017), in input-output networks (Grazzini and Spelta, 2022; Sun et al., 2023). After the rise of complex network theory, literature describing the structural characteristics of input-output networks by introducing complex network structure terms such as degree distribution, path length, and agglomeration coefficient also started to appear (Wang et al., 2017; Wang et al., 2019a; Cheng et al., 2023), which prompting the study of input-output networks to a new stage and bringing people new insights (Tang, 2014). Such studies have revealed that complex networks have great potential in analyzing system structures. In the complex network of embodied carbon flows in electricity, there are direct or indirect economic linkages between different regions and industries. A network-based carbon flow analysis can provide additional insights into carbon reduction strategies. However, the application of complex networks in the field of carbon emissions is limited, and only a few scholars have tried. For example, Jiang et al.(2019a, 2019b) combined multi-regional input-output analysis and complex network theory to quantify the roles of countries or sectors in the global carbon emissions embodied in trade transfer networks. Wang et al. (2021) used complex network theory to identify media sectors in China’s inter-provincial multi-sectoral embodied carbon net transfer networks. Although some scholars (Zhang et al., 2017; Fang and Chen, 2019; Zheng et al., 2021) used ecological networks to analyze the laws of carbon emission flows, none well reveal the structural characteristics of networks due to the different analysis focus. In view of this, this paper combines multi-regional environmental input-output analysis with complex network theory to construct input-output networks, and systematically analyzes the characteristics of carbon emission transfer embodied in China’s power sector from both temporal and spatial aspects. This paper expands the work of previous studies, particularly to: 1) The total embodied carbon emissions of China’s power sector are calculated from the demand side. 2) The rules and characteristics of embodied carbon emission transfer in China’s power sector are systematically described. 3) From the perspective of complex networks, the laws and structural characteristics of embodied carbon flows caused by electricity consumption in China are systematically analyzed, and the provinces that playing the key role in the embodied carbon transfer network are identified. To our knowledge, this may be the first attempt in the field. The work of this paper explores some details to provide references for the detailed formulation of interregional synergistic emission reduction policies in the power sector.
2 METHODOLOGY
2.1 Accounting of direct carbon emissions from the power sector
Direct monitoring data on carbon emissions from electricity are not available. In this paper, the method provided by IPCC was used to measure the direct carbon emissions from the power sector in 30 provinces. The calculation formula is as follows:
[image: image]
Where [image: image] denotes the estimated carbon dioxide emissions from the power sector in million tons; p represents the province; i denotes the energy types, including 20 kinds of energy such as raw coal, cleaned coal, other washed coal, etc., as shown in Table 1; E is the energy input of thermal power generation; δi is the carbon dioxide emission coefficient of the ith energy; NCV is the net calorific value; CEF is the carbon content level per unit heat; COF is the carbon oxidation factor, that is, the carbon oxidation rate during energy combustion; 44 and 12 are the molecular weights of carbon dioxide and carbon, respectively.
TABLE 1 | Energy types and coefficients.
[image: Table 1]2.2 Construction of environmental input-output model
This paper focuses on the carbon transfer triggered by the geographical separation of commodity production and consumption due to the interprovincial commodity inflows and outflows between the power sector of any province and various sectors of other provinces. Under the framework of MRIO model, the following equilibrium relationship exists:
[image: image]
Where X denotes the total output; F denotes final demand. A is the direct consumption coefficient matrix, A = [image: image], [image: image]. [image: image] denotes the direct consumption of sector i in province r for each unit product produced by sector j in province s, [image: image] represents the intermediate input of sector i in province r to sector j in province s; [image: image] is the total output of sector j in province s
By solving X in Eq. 2, the following equation can be obtained:
[image: image]
The total economic output of each sector in each province pulled by the final demand of each province can be calculated by Eq. 3.
Based on the general input-output model, this paper adds carbon emission data to establish an environmental input-output model. Among them, carbon emission data are expressed in physical quantities.
First, the direct carbon emission coefficient matrix is established.
[image: image]
Where [image: image] is the block matrix of direct carbon emissions generated by each sector in each province; [image: image] is the direct carbon emission coefficients of each sector in province r. Because this paper only considers carbon emissions from the power sector, the direct carbon emission coefficients of other sectors are set as 0. The direct carbon emission coefficient of the power sector can be expressed as follows.
[image: image]
where ED is the direct carbon emission coefficient vector of the power sector; [image: image] is the direct carbon emissions from the power sector of province s, which can be calculated by Eq. 1; [image: image] is the total output of the power sector of province s in the input-output table; [image: image] represents the carbon emissions caused by each unit of total output of the power sector in province s.
Thus, the environmental input-output model can be obtained:
[image: image]
Where, P denotes the embodied carbon emissions pulled by the final demand of each province; [image: image] is the complete carbon emission coefficient matrix, representing the carbon emissions pulled by the products of all related sectors consumed by the power sector to produce one unit of product.
2.3 Embodied carbon transfer network model of the power sector
With the help of complex network tools and construction principles, a directional weighted embodied carbon transfer network is constructed, as shown in Eq. 7. The network takes each province as the network node, takes the embodied carbon emission transfer amount of the power sector as the edge, the direction of the edge points to the direction of the embodied carbon emission transfer, and assigns a value to each edge with the amount as the weight.
[image: image]
where [image: image] denotes the embodied carbon emission transfer of electricity from province i to province j. We use Gephi software to visualize the network model and reveal the network structure of the embodied carbon emission transfer in the power sector of each province through the topological features of the complex networks.
In order to better reveal the essential features of PECTNs, this paper carries out edge weight analysis on the network model by referring to the approach of An et al. (2014). The idea is as follows: First, the weights of the edges are arranged from the largest to the smallest, and the proportion of the weight of each edge in the total weight is calculated. Then, the cumulative distribution graph of edge weights is constructed with the number of edges as the horizontal coordinate and the cumulative probability of edge weights as the vertical coordinate. At last, according to the observation and analysis of the distribution graph, appropriate thresholds are selected to eliminate the unimportant edges in the network.
2.3.1 Small-world characteristics
Small-world characteristics indicate that most nodes in the network are not directly connected, but they can reach each other in a small number of steps through other nodes (Wang et al., 2017). The network with small-world characteristics has good connectivity, and the control effect of one key node may quickly affect other nodes in the whole network. When analyzing a small world network, the measurement is generally the average path length and the clustering coefficient (Sun et al., 2017).
The average path length is the average of the distance between any two nodes in the network, and the smaller its value, the higher efficiency of information transmission between network nodes. It is calculated as (Watts and Strogatz, 1998):
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where N is the number of nodes of PETCN; [image: image] denotes the number of edges on the shortest paths of node i and node j.
The clustering coefficient is used to quantitatively portray the probability that any two nodes adjacent to a certain node in the network are also adjacent to each other, the clustering coefficient C of the PETCN can be defined as
[image: image]
Where [image: image] is the clustering coefficient of node I, [image: image] is the number of edge connections between mi neighbors of node i. If node i has only one neighbor or no neighbor, [image: image] is 0.
2.3.2 Community structure
In a complex network, there is a mutual clustering of nodes, which means that these nodes are more closely connected. Tightly connected nodes form small groups in the network, which is called community structure. Modularity is a commonly used standard to measure the quality of community division. The formula (Newman, 2003) is:
[image: image]
Where, W is the total embodied carbon emission transfer; [image: image] is the intensity of node i, that is, the sum of the embodied carbon transfer connected with node i; [image: image] is the embodied carbon transfer between node i and node j in the network; [image: image] [image: image] respectively represent the communities that nodes i and j belong to in the network. If the two nodes belong to the same association, the value is one; otherwise, the value is 0.
2.3.3 Importance of nodes
The value of a node in the network depends on the position of the node in the network. The more central the node is, the greater its value is, which involves the analysis of node centrality index.
2.3.3.1 Degree centrality
Degree centrality is the most direct indicator to measure the importance of nodes in a network. The formula is as follows.
[image: image]
Where N is the total number of nodes in the network. [image: image] is an adjacency matrix, which can be defined as follows:
[image: image]
2.3.3.2 Strength centrality
Strength centrality is the extension of degree centrality. According to the relationship between degree and weighted degree in network indices, this paper defines strength centrality of province i as the share of node i’s weighted degree in the total weighted degree of all nodes. The formula is as follows:
[image: image]
Where N is the total number of nodes in the network and [image: image] indicates the embodied carbon transfer of power between province i and province j.
2.3.3.3 Closeness centrality
Closeness centrality considers the proximity of a particular node to other nodes in the network using the distance method. The node with the largest closeness centrality tends to have the best view of the power embodied carbon flow. The closeness centrality of node i is given by
[image: image]
where N is the total number of nodes in the network, and [image: image] is the distance between node i and node j, which is defined as follows:
[image: image]
2.3.3.4 Betweenness centrality
Betweenness centrality reflects the ability of a node to act as a medium to control other nodes by the number of shortest paths that passthrough the node. The betweenness centrality of node k is defined as (Freeman, 1977):
[image: image]
where [image: image] denotes the number of shortest paths from node i to node j; [image: image] ([image: image]) denotes the number of shortest paths passing through node k among the shortest paths from node i to node j. In the PECTNs constructed in this paper, the higher the betweenness centrality, the greater the importance of the province, and the greater the impact on network transmission.
2.3.3.5 Eigenvector centrality
Eigenvector centrality assumes that the importance of a node depends not only on the number of its neighbors, but also on the importance of its neighbors (Bonacich and Lloyd, 2001). Specifically, the eigenvector centrality of node i is formulated as
[image: image]
Where [image: image] = ([image: image]) is the adjacency matrix of the network, x [image: image] , [image: image] is the maximum eigenvalue of the module of the matrix [image: image], and the eigenvector centrality x is the eigenvector corresponding to [image: image].
3 DATA SOURCES AND PROCESSING
The China multi-regional input-output tables in 2012, 2015 and 2017 used in this paper are from CEADs (China Emission Accounts and Datasets). “The 2010 China Multi-Regional Input-Output Table of 30 Provincial Units” is from Liu et al. (2014). The data of various energy consumption required to calculate the carbon emissions of electricity are from the energy balance tables (physical quantity) of each province in “China Energy Statistics Yearbook” of the corresponding year. The net calorific values of all kinds of energy mainly come from Appendix 4 Conversion Factors from Physical Units to Coal Equivalent of China Energy Statistical Yearbook 2018, and the missing data refer to Fan (2016). The carbon content per unit calorific value and carbon oxidation factor of each energy type are obtained from the Guidelines for the Preparation of Provincial Greenhouse Gas Inventories.
The research objects of this paper include 30 provincial regions except Tibet, Hong Kong, Macao and Taiwan. The abbreviations of the provinces are shown in Table 2.
TABLE 2 | Abbreviations of provinces.
[image: Table 2]4 RESULTS AND DISCUSSION
4.1 Overview of carbon emissions from the power sector
With the development of China’s power sector, the total direct carbon emissions caused by thermal power generation have increased from 3,301.78 Mt in 2010–4,152.84 Mt in 2017, an increase of 25.78%. This is consistent with the conclusions obtained by Gao et al. (2021) on carbon emissions of China’s industry sectors, who points out that the power sector contributes the largest increase in direct carbon emissions. As the “factory of the world”, China has produced one-third of the world’s industrial products. Its rapid economic growth has driven an explosion growth of energy over the past 3 decades. Developed countries such as the United States and Europe have been able to cut emissions more easily because their slow economic growth. China needs to make breakthroughs in generating more electricity while reducing carbon emissions.
The characteristics of carbon emissions from electricity in different provinces in China varied significantly during the study period. Provinces such as Hebei, Shanxi, Inner Mongolia, Shandong, Henan and Xinjiang have higher coal resource endowments, a higher share of coal power, and relatively higher carbon emissions from the power sector. Provinces with lower carbon emissions are mainly divided into three categories: the first category is Hubei, Hunan, Yunnan, Sichuan and Guangxi, which are primarily located in the southwestern regions with abundant water resources and a high proportion of hydropower. China’s six mega-water projects on the Jinsha River and Yangtze River in the region together constitute the world’s largest clean energy corridor. The second category is the less developed provinces such as Hainan and Gansu. Due to the small scale of their power sector and backward grid construction, the provinces have less demand for electricity, and the power carbon emissions are also less. The last category is the economically developed municipalities such as Shanghai, Tianjin, Beijing and Chongqing, which pay attention to environmental protection, generate less electricity, continuously optimize and adjust their industrial structure, and implement the concept of green and sustainable power development well.
As can be seen from Figure 1, during the study period, the rankings of power carbon emissions in Yunnan, Ningxia and Xinjiang changed greatly. Among them, Xinjiang and Ningxia rose from 24th and 20th in 2010 to 8th and 13th in 2017, respectively. Xinjiang’s carbon emissions from electricity increased 3.33 times from 52.11 Mt in 2010 to 225.89 Mt in 2017. This is related to the continuous growth of thermal power generation in Xinjiang, which increased by 3.30 times from 2010 to 2017 (NBS, 2022b). With the development of economy, the development mode of power in Xinjiang is extensive, the high coal consumption has not been improved, and the energy utilization efficiency is relatively low, resulting in high carbon emissions. The same situation also exists in Ningxia, but the magnitude of change is smaller than that in Xinjiang, mainly because of the smaller geographical area and relatively fewer resources. Yunnan’s ranking dropped from 17th in 2010 to 27th in 2017, mainly because with the improvement of water resources development and utilization, the proportion of hydropower exceeded that of thermal power, which highlights the vital role of renewable energy in carbon emission reduction of power.
[image: Figure 1]FIGURE 1 | Direct carbon emissions from power sector in provinces of China.
4.2 Description of embodied carbon emissions in the power sector
Similar to direct carbon emissions, the total embodied carbon emissions from electricity between provinces in China are increasing from 2,661.97 Mt in 2010–3,475.86 Mt in 2017, with a total increase of 30.57%. In fact, China’s interprovincial electricity transmission has increased significantly, nearly doubling from 587.90 billion kWh in 2010 to 1,129.90 billion kWh in 2017. The increase of electricity trading volume also increases interprovincial embodied carbon emissions.
As can be seen from Figure 2, the provinces with higher power embodied carbon emissions mainly include Guangdong, Shandong, Jiangsu, Henan, Hebei and Zhejiang. These provinces, as major power producers, mainly rely on coal power. Among them, Guangdong, Shandong and Jiangsu have a higher level of economic development and broader economic radiation, resulting in a large amount of power embodied carbon transfer. Provinces with lower emissions are mainly in the central and western regions, such as Hainan, Qinghai, Ningxia, Gansu, Guizhou, Sichuan and Yunnan. Among them, Sichuan, Guizhou and Yunnan are dominated by hydropower and have a good power structure. Qinghai, Gansu and Ningxia have a lower level of economic development and less economic radiation; Hainan generates less electricity and is mainly self-sufficient.
[image: Figure 2]FIGURE 2 | Embodied carbon emissions from power sector in provinces of China.
Considering only the interprovincial carbon transfer, it can be seen from Figure 3 that China’s power embodied carbon emission transfer is mainly concentrated in the central and northern regions. In the north, the transfer route is from coal-rich regions such as Inner Mongolia and Shanxi to provinces such as Beijing, Hebei and Shandong, which is consistent with the “north line” of China’s West-East power transmission project. In the central part, the transfer route is from Jiangsu and Henan to provinces such as Shandong, Guangdong and Zhejiang, which reflects the large demand for electricity in East China. From 2010 to 2017, the scale and scope of power carbon emission transfer among provinces have been expanded, from 2010 mainly distributed in the central and northern regions to 2017, the regional characteristics were broken, but on the whole, the transfer trend from west to east and north to south was shown. This also demonstrates the existence of inter-regional “carbon leakage” in China’s power sector. It is consistent with the conclusions of Ma (2021), which pointed out that “West-East Power Transmission” leads to carbon leakage of the coastal provinces and carbon overload of the hinterland provinces. The expansion of the scope of power embodied carbon transfer reflects the expansion of the scope of electricity market players and the deep economic integration. It can be predicted that with the deepening power reform, the transfer of power services between provinces will be more flexible, and the power embodied carbon transfer will be further expanded.
[image: Figure 3]FIGURE 3 | Embodied carbon emission transfer of China’s power sector in 2010 (A), 2012 (B), 2015 (C) and 2017 (D).
During the study period, the embodied carbon transfer has been inactive in the northwest regions where Ningxia, Qinghai and Gansu are located. These regions have good resource endowment and power production can meet their own development needs. At the same time, the economic development of these regions is relatively backward, and there is no need for a large amount of electricity, goods and services to be transferred in. The interregional embodied carbon emissions that meet the needs of economic and social development are less.
4.3 Characteristics of embodied carbon emission transfer networks in the power sector
Based on the analysis idea of edge weight mentioned above, the cumulative probability distribution of edge weight is constructed as shown in Figure 4. It can be seen that the cumulative probability of each year increases rapidly with the increase of the number of edges until the cumulative probability is greater than about 95%. Therefore, 75% of the edges covering 95% of the embodied carbon transfer volume are selected as the basis for constructing the networks, and the remaining edges are removed.
[image: Figure 4]FIGURE 4 | Cumulative probability distribution of edge weights.
The directed weighted networks of China’s interprovincial power embodied carbon emission transfer in 2010, 2012, 2015 and 2017 are shown in Figure 5. The circle indicates the province. The size of the circle represents the weight; The lager the circle, the greater the weight. The directed edge represents the direction of the embodied carbon emission transfer. The thickness of the edge represents the weight of the embodied carbon emissions from power sector. The thicker the edge, the greater the embodied carbon emission transfer.
[image: Figure 5]FIGURE 5 | Embodied carbon emission transfer networks of China’s power sector in 2010 (A), 2012 (B), 2015 (C) and 2017 (D).
4.3.1 Small-world characteristics
The key indicators of the small-world characteristics of PECTNs of China are shown in Table 3. It can be seen that the average aggregation coefficients in 2010, 2012, 2015 and 2017 are 0.742, 0.786, 0.768, and 0.777, respectively, with values between 0.7 and 0.8 (range: 0–1) and a small fluctuation range. This indicates that more than 70% of the trading partners of one province in the PECTNs may be trading partner of other provinces, and the network as a whole shows a strong aggregation state. Compared with the clustering coefficient of 0.511 mentioned by Ge et al. (2016) in their study of rare earth trading networks, the PECTNs studied in this paper is more compact.
TABLE 3 | Characteristics of the PECTNs.
[image: Table 3]The average path length has a range of values greater than 1, with smaller numbers indicating tighter connections between nodes in the network. The average shortest path lengths in 2010, 2012, 2015, and 2017 were 1.378, 1.267, 1.289, and 1.332, respectively, and the values were between 1.2 and 1.4, indicating that any two provinces in the network could achieve the transfer of power embodied carbon through 1.2 to 1.4 provinces on average. Compared with the average shortest path of 1.4 in the graphite trade network studied by Wang et al. (2019b), the shortest paths of the PECTNs in this paper is smaller.
China’s interprovincial PECTNs have large aggregation coefficients and short average path lengths. The networks as a whole have small-world characteristics. Therefore, any impact on key provinces would quickly spread to other provinces and may significantly impact the entire economic system. From an international perspective, the accelerated development of the global energy Internet proposed by China will also promote the large-scale transfer of the power embodied carbon emissions aronud the world. Controlling carbon emissions in key areas according to local conditions will significantly improve the level of carbon emission reduction.
4.3.2 Community structure
Based on the principle of modularity maximization, the communities of the PECTNs in 2010, 2012, 2015 and 2017 have been classified, as shown in Figure 6. Different colors represent different communities, which we define as yellow community C1, pink community C2, blue community C3 and green community C4.
[image: Figure 6]FIGURE 6 | Communities of PECTNs in 2010 (A), 2012 (B), 2015 (C) and 2017 (D).
The size of modularity is intended to reflect the closeness among community members. The connections among nodes within the community are denser, the connections of nodes among groups are relatively sparse (Newman, 2003). It can be seen that the number of communities decreased from four to two from 2010 to 2017, which reflects the gradual weakening of the sub-regional phenomenon in China’s PECTNs. It further confirms that constantly developing power market has brought more opportunities for the free flow and optimal allocation of electricity commodities and production factors in a wider range, and power resources have achieved a larger-scale sharing, which is consistent with the goal of China’s power market reform.
Through our analysis, the network communities of embodied carbon emission transfer in China’s power sector show some characteristics: First, the PECTNs as a whole are tightly linked, and any two communities are closely linked, and no one is isolated. Second, the pink community C2 is the largest community with the largest amount of internal embodied carbon emission transfer, and its proportion in the total embodied carbon emission in the network increased from 69.4% in 2010 to 85.6% in 2017. Third, some geographically close provinces have stable relationships and are always located in the same communities, e.g., Inner Mongolia and Beijing in C1, Hebei, Henan, Jiangsu, Zhejiang, Liaoning and Tianjin in C2, Heilongjiang and Jilin in C2 (2010, 2015 and 2017) or C3 (2012), Guangdong and Hainan in C4 (2010) or C2 (2012, 2015 and 2017), Sichuan, Guangxi and Chongqing in C4 (2010 and 2012) or C1 (2015 and 2017). Fourth, there is gradual among the community member. Northern resource provinces such as Inner Mongolia, Shanxi and Xinjiang belong to one community in 2010, but they belong to different communities from 2012 to 2017, along with the supply of electricity to the east and south.
4.3.3 Role of the nodes-identification of key provinces
Due to the difference of resource endowments, economic levels and power structures, provinces play different roles in the PECTNs. The centrality theory of complex network is used to analyze the role of provinces in the network.
4.3.3.1 Analysis based on degree centrality
In the PECTNs, the more provinces have a transfer relationship with a certain province, the more important the province is in the network.
As can be seen from Figure 7, the degree centrality values of Hebei, Inner Mongolia, Jiangsu, Shandong, Henan and Guangdong in each year are above 0.9, indicating that these six provinces have had power embodied carbon transfer with more than 90% of the provinces, and the transfer relationship is relatively stable. Among them, Inner Mongolia, Hebei and Henan are provinces with relatively abundant coal resources, and they have undertaken the responsibility of delivering electricity to provinces with scarce resources and power shortages. Shandong, Jiangsu and Guangdong, as economically developed provinces with large demand for electricity, need to purchase electricity from other provinces to relieve their own power pressure. It can be inferred that with the economic globalization and deep integration of international industrial chain, the transfer of power carbon emissions embodied in the trade of goods and services is more likely to occur in major trading countries such as China and the USA, and their importance is self-evident.
[image: Figure 7]FIGURE 7 | Degree centrality.
During the study period, the degree centrality value of Xinjiang increased the most, from 0.43 in 2010 to 0.97 in 2017, which is inseparable from the continuous strengthening of power grid construction in Xinjiang and the rich trading modes. Over the past decade, four Xinjiang power transmission channels has been built, which not only provides strong support for the efficient development and utilization of energy sources in Xinjiang, but also makes it possible for the rich energy resources to be converted into electricity to support the increasing power supply of other provinces. Next is Chongqing, the degree centrality value increased from 0.53 in 2010 to 0.96 in 2015 and then decreased to 0.86 in 2017. Chongqing’s resource endowment is not high, and there is a power shortage with the growth of power demand, thus resulting in the increasing number of interprovincial power trading objects. The small decrease in 2017 maybe due to the increase of clean energy supply to Chongqing’s power demand with the improvement of the utilization level of hydropower in Southwest China.
4.3.3.2 Analysis based on strength centrality
Unlike degree and degree centrality, strength centrality focuses on the quality of the transfer relationship compared to the number of transfer partners.
The strength centrality values of Inner Mongolia, Shandong, Henan, Jiangsu, Hebei, Guangdong, Zhejiang and Shanxi have always ranked among the top 10, and their cumulative strength centrality is around 0.5 in each year. It can seen that provinces with higher strength centrality values also tend to have higher degree centrality values. These provinces play a vital role in the power trading market, with a high proportion of power embodied carbon transfer in the network. Among them, the intensity centrality value of Inner Mongolia has always ranked the first. With its rich coal resources, Inner Mongolia is an important force in interprovincial power supply.
As seen in Figure 8, the strength centrality of Xinjiang has the largest change, increasing from 0.00843 in 2010 to 0.04491 in 2017, ranking at the forefront. Xinjiang has the largest coal reserves and the second largest reserves of wind and solar energy in China. No matter the number of transfer partners or the quality of transfer relationships, the power trading between Xinjiang and other provinces has become increasing close. According to State Grid Xinjiang Electric Power Co., Ltd. Xinjiang’s power transmission has increased from three billion kWh in 2010 to 43.5 billion kWh in 2017, gradually becoming one of the essential components of the interprovincial power trading market.
[image: Figure 8]FIGURE 8 | Strength centrality.
4.3.3.3 Analysis based on closeness centrality
The provinces with higher closeness centrality in the networks have the shortest total distance from all other provinces, and they have the closest connections to other provinces, so they have the location advantage in the process of power embodied carbon transfer.
As can be seen from Figure 9, Inner Mongolia, Henan, Jiangsu, Shandong, Hebei, Shanxi and Anhui have higher closeness centrality values, ranking top 10 all the time, which indicates that these provinces are in the core position of the networks and are more likely to have power embodied carbon emission transfer with other provinces, and their carbon emission transmission efficiency is higher. These provinces are located in the hinterland of North, Central and East China. Most of them are rich in coal resources, and they are conducting close power transactions with other provinces with their carbon resource endowment and geographical location advantages. If more efforts are made to control these nodal provinces in the formulation of energy conservation and emission reduction policies, better carbon emission reduction effects may be achieved.
[image: Figure 9]FIGURE 9 | Closeness centrality.
Qinghai ranks consistently low in closeness centrality value, which is due to its location in northwest inland of China and its greater average distance from other nodes in the networks. During the study period, the closeness centrality value of Qinghai decreased significantly, from 0.4377 in 2010 to 0 in 2017, probably due to the high proportion of hydropower and solar power generation in Qinghai’s power structure, and the optimized power structure significantly reduces the embodied carbon transfer amount of power. Unlike Qinghai, Xinjiang’s closeness centrality value increased from 0.6087 in 2010 to 0.9667 in 2017, and its ranking rose from 28th in 2010 to fifth in 2017. It is mainly because Xinjiang is a large coal province, and its power structure is still dominated by thermal power generation. However, with the construction of extra-high voltage and the improvement of power infrastructure in Xinjiang, the radiation range of “power transfer from Xinjiang to outside” is expanding, and the efficiency of carbon transmission is also gradually improving.
4.3.3.4 Analysis based on betweenness centrality
The higher the betweenness centrality value of the nodes in the networks, the stronger the control ability of other nodes in the PECTNs, which play the role of bridges in the networks.
As shown in Figure 10, the betweenness centrality values vary widely among provinces, with only a small number of provinces playing a significant mediating role. The betweenness centrality value of Jiangsu, Guangdong, Henan, Hebei, Inner Mongolia and Shandong is always higher. On the one hand, these provinces are important power production provinces dominated by coal power; on the other hand, among these provinces, Hebei and Inner Mongolia shoulder the task of supplying coal to the whole country, while economically strong provinces like Guangdong, Jiangsu, Shandong and Henan, have a great demand for power. Therefore, these provinces play the bridge role in the networks and have stronger control over the transfer of power embodied carbon emissions of other provinces.
[image: Figure 10]FIGURE 10 | Betweenness centrality.
In terms of changes, the betweenness centrality values of Gansu and Jiangsu have decreased greatly. The betweenness centrality value of Gansu was 30.28 in 2010, and has been 0 since 2012, with the largest decrease. Gansu is located in Northwest China, which has less power embodied carbon transfer with other provinces except Xinjiang. With the continuous improvement of Xinjiang’s power grid and the improvement of transmission capacity, it is not necessary to conduct interprovincial power trading through Gansu. The betweenness centrality value of Jiangsu decreased from 55.47 in 2010 to 27.24 in 2017. Jiangsu is located in East China, where the power market is more flexible, the regional characteristics of power trading are gradually weakened, and its control over the power trading in surrounding regions has also diminished. On the contrary, the betweenness centrality value of Henan increased significantly from 32.08 in 2010 to 62.74 in 2017. Located in the Central Plains of China, Henan is adjacent to both resource-based and developed provinces. It plays a solid betweenness role as an essential link of power transmission from the western regions to the eastern and southern regions of China.
4.3.3.5 Analysis based on eigenvector centrality
Eigenvector centrality emphasizes more on the surrounding environment of network nodes. A province is considered important if it has more linked provinces and the provinces linked to it are in important positions, the province is also considered an important province. The eigenvector centrality can be used to describe this indirect influence.
As shown in Figure 11, the eigenvector centrality values of Jiangsu, Guangdong, Henan, Shaanxi, Beijing, Hebei and Zhejiang were always high during the study period, among which Jiangsu, Guangdong, Henan, Shaanxi and Beijing ranked in the top 10. It indicates that these provinces have strong association with the key provinces in the networks and their indirect influence is strong. Shaanxi and Hebei are close to Inner Mongolia and Shanxi, which have a high amount of power embodied carbon transfer. Beijing is located in the Beijing-Tianjin-Hebei Economic Zone, adjacent to Hebei and close to Inner Mongolia, so its indirect influence is strong. Jiangsu, Henan and Zhejiang are geographically close to each other and located in the central and eastern regions, where the power embodied carbon transfer is active, so they influence each other. Guangdong, as a strong economic province, has a large demand for power, and there are a large number of power transactions with coal-rich provinces such as Hebei, Shanxi, Inner Mongolia and Jiangsu, so its eigenvector centrality value is also high.
[image: Figure 11]FIGURE 11 | Eigenvector centrality.
The eigenvector centrality values of Qinghai and Hainan are always low. This is because the small difference between power generation and consumption of the two provinces (basically the same), and the power production is mainly used to meet the needs of their economic development, with limited traded power.
5 CONCLUSION AND POLICY RECOMMENDATIONS
5.1 Conclusion
This paper combined the input-output analysis with the complex network theory to establish a directed weighted network of embodied carbon emission transfer in China’s power sector in four different years. The complex network analysis indicators are used to analyze the evolution characteristics of the networks and identify the key provinces. The main findings are as follows.
(1) From 2010 to 2017, the total direct carbon emissions from China’s power sector showed an increasing trend. Carbon emissions from the power sector are also relatively high in regions with high coal resource endowments, such as Hebei, Shanxi and Inner Mongolia. The carbon emission level of power sector is relatively low in regions with a high proportion of hydropower in the southwest, province-level municipalities with high economic development level, as well as less developed regions with less demand for power, such as Hainan and Gansu.
(2) The provinces in China with higher power embodied carbon emissions are mainly concentrated in the provinces with large coal-based power production, while the provinces with lower rankings are mainly concentrated in the central and western regions. The transfer of power embodied carbon emissions is mainly concentrated in the central and northern regions, showing a transfer trend of “west to east and north to south”. From 2010 to 2017, the scale and scope of power carbon emission transfer among provinces have been expanding.
(3) On the whole, China’s power embodied carbon emission transfer networks have small-world characteristics, which is not only reflected in the large aggregation coefficients of the networks, showing a strong aggregation state, but also in the short average path lengths of the networks, taking only 1.2–1.4 intermediate provinces for the transfer of embodied carbon emissions from one province to any other province, and the relationship between provinces is close.
(4) From 2010 to 2017, the number of communities divided by the PECTNs decreased, the phenomenon of sub-regions gradually weakened, and the community members became more integrated. In the community division, provinces with stable relationships are geographically close to each other and have closer carbon linkages.
(5) Resource-based provinces such as Inner Mongolia, Hebei and Shanxi, economically strong provinces such as Guangdong, Shandong and Jiangsu, and geographically advantageous central China (such as Henan) are often in an important position in the PECTNs. Benefiting from the improvement of power infrastructure, Xinjiang has gradually gained prominence in the network by supporting the power supply of more and more provinces while transforming its resource advantages into economic advantages.
5.2 Policy recommendations
China is world’s largest generator of electricity, and its considerable volume makes its low-carbon development decisions crucial to mitigating global climate change. According to China Emission Accounts and Datasets (CEADs), in 2020, China’s carbon emissions per kilowatt-hour in the power sectorwas 594g, higher than the world average (487 g), the United States (335 g) and the European Union (269 g). It can be seen that there is a long way to go to reduce carbon emissions in the power industry. To further optimize carbon emission reduction measures, the following targeted suggestions are proposed based on the international background and the findings of this paper.
(1) The development of green power can significantly reduce the level of carbon emissions in the power sector. In recent years, China has led the world in installed wind, solar and nuclear power (IEA et al., 2021), while demonstrating an unparalleled capacity to expand zero-carbon electricity. To promote the clean, green and low-carbon transformation of the power sector, first is to control the scale of coal power construction and promote reasonable growth of coal power generation capacity according to local conditions. Second, the power generation target and utilization rates of new energy in each region should be set reasonably. In the case of limited space for hydropower growth, the central and eastern regions can be encouraged to develop wind power and photovoltaic power generation in a decentralized and distributed manner, and orderly develop nuclear power projects with comparative advantages in cost and power generation efficiency. Third, accelerate the formulation of technical standards for energy conservation and emission reduction to promote relevant technological innovation and promotion. Fourth, establish a compensation mechanism for systematic peak regulation and frequency regulation or auxiliary service market, mobilize the enthusiasm of various plant units to participate in the auxiliary service market, and improve the absorption capacity of the system for non-fossil energy power generation.
(2) The phenomenon of regional agglomeration in PECTNs of China is gradually weakening, and the scale and scope of power carbon emission transfer among provinces are expanding. To better promote the realization of power trading, on the one hand, it is necessary to promote the construction of smart grids, make full use of the existing interregional grids, expand interregional power support deployment, maximize the use of the regional power structure characteristics, and relieve the power tension in each province by staggering the peaks. On the other hand, market trading platform should be actively promoted. All market players can participate in power trading through various means, such as spot, so as to promote the sharing and optimal allocation of power resources in a wider range, promote green energy consumption, and boost regional complementary development.
(3) The interregional PECTNs have small-world characteristics. The power carbon emission reduction policies formulated for any province may soon radiate to other provinces, thus affecting the whole sector. Therefore, emission reduction policies should be formulated carefully, taking into account the overall situation, comprehensively consider the position and role of each province in the networks, and formulate coordinated emission reduction policies according to local conditions. As far as the international community is concerned, more attention should be paid to the important position of international powers (e.g., China and the United States) in the reduction of embodied carbon emissions from power sectors. In the process of promoting the global energy clean transformation, countries with conditions can carry out power interconnection cooperation nearby.
(4) The reverse distribution of energy resources and demand in China has brought about the transfer of embodied carbon emissions from the power sector. Coal-based provinces and large economic provinces with high power demand are often at the core of the networks. Therefore, the development of emission reduction policies in the power sector should balance the relationship between supply and demand and formulate differentiated countermeasures. Power suppliers, such as Inner Mongolia, Shanxi, Hebei, Anhui and Xinjiang, should optimize the power production structure, improve the use of renewable energy and reduce carbon emissions from the production side. The power demand side, such as Guangdong, Beijing, Zhejiang and Shanghai, should actively promote the low carbon concept, save electricity, or provide financial support for energy saving and emission reduction technologies or technological upgrading for the power production area. For areas with a strong intermediary role like Jiangsu and Henan, the level of technology and equipment for power transmission and energy storage should be improved to facilitate the use of renewable energy. Similarly, for the international “carbon leakage” caused by the differences in environmental policies, developed countries should actively invest in capital and technology and formulate corresponding supporting measures to prevent the occurrence of “carbon leakage” while implementing the power emission reduction polices. Developing countries should also do their best to reduce emissions according to their own level of economic development.
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