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To achieve the goal of carbon neutrality and win the blue-sky defense battle, the environmental situation in Beijing-Tianjin-Hebei and surrounding areas is still grim, and the optimization of its industrial structure and energy structure is imminent. With the rapid development of interregional trade in intermediate products, carbon emissions are transferred across regions with the trade. Due to the large differences in the technology, industrial structure, and economic development of cities, extending the environmental governance chain of Beijing-Tianjin-Hebei and surrounding areas is indispensable. In this article, based on the interregional input-output tables in 2002, 2007, and 2012, we establish the average propagation length (APL) model and the structural path analysis model Structural Path Analysis model for analyzing the carbon conduction relationship in Beijing-Tianjin-Hebei. And we also compare the situation of the Yangtze River Delta and the Pearl River Delta. The results show that: i) From perspective of the whole urban clusters, Beijing-Tianjin-Hebei has obvious characteristics of coal-fired urban clusters. More than 65% of the carbon-containing resources in Hebei’s coal industry are transferred to the electricity and heat industry. In the carbon conduction chain, the carbon emissions caused by electricity and heat industry, which acts as an intermediary, account for more than 85% of the total emissions. ii) From the perspective of industrial structure transfer within the urban clusters, Hebei Province has an important resource support position. Its secondary industry can not only effectively alleviate the shortage of energy supply in other resource provinces, but also has great development potential in the improvement of economic benefits. iii) From the perspective of specific industry sectors, resource provinces such as Shanxi and Inner Mongolia have high carbon emission coefficients in the electricity and heat industry, which is the main reason for the high carbon emissions in the transfer chain.
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INTRODUCTION
The Beijing-Tianjin-Hebei regional plan was first proposed by the National Development and Reform Commission in 2004, and the plan involves 11 cities including Beijing, Tianjin and Hebei. It was not until 2011 that the Beijing-Tianjin-Hebei urban clusters included all cities in Hebei Province to achieve integrated and coordinated development. However, since the Beijing-Tianjin-Hebei urban clusters was proposed, its economic contribution has not been outstanding. From 2011 to 2019, the average contribution rate of Beijing-Tianjin-Hebei to economic growth was 7.52%, while the average contribution rates of the Yangtze River Delta and Pearl River Delta were 19.67 and 10.61%, respectively. The insufficiency of Beijing-Tianjin-Hebei economic drive is closely related to the positioning of its urban cluster. Compared with the maintaining growth in the central and eastern regions, Beijing-Tianjin-Hebei, as a new growth pole of the Chinese economy, is more rational in terms of economic growth. In terms of the general development strategy, government emphasizes the transformation of economic mode, improvement of economic quality, and emphasis on energy conservation and emission reduction while maintaining stable growth.
In order to achieve the goal of “stabilizing growth and adjusting structure”, energy conservation and emission reduction must be the focus of improving the quality of regional economic growth. The current international situation is becoming more and more complex, China’s export-oriented economy has been seriously affected, and the role of the core engine of the regional economy has become increasingly prominent. How to play the role of regional clusters and take into account of their ecological benefits is also the focus and difficulty of future development. In recent years, despite of the positive changes in the coordinated development of Beijing-Tianjin-Hebei, environmental issues have always been a major pain point. Due to the unbalanced regional development, the Beijing-Tianjin-Hebei has obvious urbanization gap. And the influx of population into the economically developed cities, namely Beijing and Tianjin, has caused huge pressure on the two cities’ resources, environment, electric power transportation, etc. The positioning and development of Beijing’s “Four Centers” faces greater challenges. As the hinterland of Beijing and Tianjin, Hebei’s functional status has always been relatively clear, that is, as a resource support area for Beijing-Tianjin-Hebei economic development and an experimental area for industrial transformation and upgrading. However, at present, Hebei Province still has problems such as the insufficient supply of its own energy, unreasonable energy consumption structure, and low energy efficiency. With the proposal of the Beijing-Tianjin-Hebei coordination strategy and the establishment of the Xiongan New Area, higher requirements have been placed on the environmental conditions and pollution emissions of Hebei. Hebei is also facing the dual dilemma of energy conservation, emission reduction, and increased resource use.
How to meet the higher requirements of the national strategy on regional environmental conditions and energy conditions while ensuring the resource needs of economic development in the Beijing-Tianjin-Hebei is the focus of this study. Based on this, we first analyze the Beijing-Tianjin-Hebei urban cluster as a whole, compare the carbon transmission chain and industry linkages in the Yangtze River Delta and the Pearl River Delta, and study the focus of the overall emission reduction of the urban cluster. Secondly, based on the main resource provinces identified by the overall carbon transmission chain of the urban cluster, we further study the carbon transfer of industries in the Beijing-Tianjin-Hebei and other resource provinces. Finally, considering the current situation of insufficient self-sufficiency of some resources and the increasing proportion of external energy in Hebei, we focus on the key industries in Hebei and explore the characteristics of carbon transfer docking with industries in other provinces.
LITERATURE REVIEW
At the end of the 20th century, many scholars studied energy consumption and carbon emissions, and they found that with the increasing frequency of international trade and inter-regional trade, changes in the demand for products or resources often resulted in energy consumption and total carbon emissions in the areas where the resources were provided. Usually, the carbon emission in the consumption area is very small, but the resource supply area is limited by the production technology and cost, and the total carbon emission may be very large (Williams et al., 1987; Xie and Chen, 2007; Zhu et al., 2018). Since then, more and more scholars have carried out a lot of research on the transfer of carbon emissions from domestic and foreign trade.
From the perspective of foreign trade, most scholars mainly focus on global and national alliances to study the impact of carbon transfer. As early as the end of the 20th century, Burniaux and Oliveira Martins (2012) discussed the key mechanisms behind the scale of carbon leakage based on three types of fossil fuels (coal, oil, and low-carbon energy), international trade and capital flows. Subsequently, Baker et al. (2007) used a static equilibrium model to estimate that the carbon leakage in the EU from 1995 to 2005 was generally within 5–20%, but the technology spillover effect in some regions alleviated the “carbon leakage” to a certain extent. Essandoh et al. (2020) studied the relationship between CO2 and trade in developed and developing countries. The study found that with the increase in trade and foreign direct investment, the emissions were transferred from developed to developing countries. Barker et al. (2007) and Muhammad et al. (2020) verified the conclusion from the perspectives of trade and embodied carbon emissions in the Belt and Road countries and ASEAN five countries, respectively. These findings confirm the long-term and widespread impact of international trade-induced carbon emissions shifts on global carbon emissions totals and patterns.
From a domestic point of view, there are also many scholars taking Chinese provinces and cities as examples to measure the scale of carbon emissions across regions. Feng et al. (2020) studied the implied carbon emissions in China in 2010, and the results showed that the inter-provincial trade increased the national carbon emissions by 247t, and the four trillion stimulus plan promoted a large amount of carbon growth in energy-related trade. Wang and Chen (2016) calculated the amount of pollutant transfer in eight regions in China and pointed out that the phenomenon of implied pollution transfer was detrimental to the interests of late-developing regions. Once the threshold of the ecological environment was exceeded, it would damage the achievement of coordinated regional development. Liao and Xiao (2017) found that there was a phenomenon of carbon emission reduction in the northern and southern coastal areas, while the “carbon leakage” effect was more serious in the southwestern region. Mi et al. (2019) analyzed the carbon emissions of 11 cities in Hebei from the perspective of consumer responsibility, and found that 50% of the carbon emissions in these cities were imported from external regions, and believed that policy cooperation between carbon-consuming and carbon-producing regions should be strengthened to effectively mitigate climate change. Based on the pollutant discharge and development levels of Hebei and Beijing, Zhao and Wu (2020) also found that there was serious transfer pollution in Hebei. Shen and Huang (2015) pointed out that Guangdong was still a “pollution refuge” for international pollution-intensive industries, but with the strengthening of environmental control, pollution-intensive industries have gradually shifted from the Pearl River Delta to non-Pearl River Delta regions. Shao et al. (2020) analyzed the changes and driving forces of carbon emissions on the urban consumption side by taking Shanghai as an example and found that the consumption-based carbon emissions in Shanghai increased by 32.82% since 2007, which was much higher than the production-based carbon emissions, and technological changes had greatly reduced carbon leakage.
The transfer of carbon pollution usually did not only depend on area transfer, but the industrial transfer was the main body of carbon transfer (Liao and Xiao, 2017). Most studies were also based on this, focusing on the carbon ripple effect inside and outside the region, and studying the characteristics of carbon transfer in industries. Wei et al. (2020) quantified the environmental inequality behind regional trade and believed that electricity-related carbon emissions are closely related to more than 40% of China’s carbon emissions, and 20–80% of electricity-related carbon emissions in developed provinces and 15–70% of the added value were outsourced to other provinces. Sun et al. (2010) used the IPCC inventory method to explore the carbon footprint characteristics of Chinese foreign trade and domestic industrial sectors, and found that the electricity and heat industry was highly dependent on carbon emissions. The total emissions from the electricity and heat industry, agriculture and manufacturing industry account for more than 80% of the total emissions. Yang (2015) focused on the carbon emissions of 23 industrial sectors in China and found that the carbon transfer between sectors constituted the main part of the complete carbon emissions of the industrial sector. Li J. et al. (2019), Zhang Y. et al. (2016) focused on Beijing-Tianjin-Hebei and pointed out that among the three regions, Hebei was the main energy producer, Beijing and Tianjin were the consumers, and electricity and heat, coal, and aquatic products were the most important high-carbon industries (Shen and Huang, 2015).
To sum up, the articles about carbon pollution transfer and carbon leakage mostly explores international trade, China’s inter-provincial and eight major regional levels. There are few research on typical urban clusters (such as Beijing-Tianjin-Hebei and the Yangtze River Delta). Most of the research focused on the direction and total amount of carbon transfer unilaterally in regions and industries, but there were few studies about the dual effects of regions and industries on carbon emissions. Among the research methods, the input-output method could more comprehensively reflect the regional and industrial linkages. However, limited by the data, few studies started from the inter-regional input-output table with multiple industries to screen the key paths of carbon transfer. Thus, we would use the inter-regional input-output table in 2002, 2007, and 2012, focus on the research inside and outside the Beijing-Tianjin-Hebei region, compare the two major urban clusters in the Pearl River Delta and the Yangtze River Delta, study their carbon transfer characteristics and try to give policy recommendations for reducing total regional carbon emissions.
METHODOLOGY
Interregional Input-Output Model
The inter-regional input-output model connects every region’s input-output models and systematically reflects the connection of goods and services. Compared with the traditional tabular representation of the input-output relationship between sectors, it divides the input-output table according to the region and industry, and more fully reflects the economic relationship between regions and industries. In the study of the relationship between trade and environmental pollution, through combining the interregional input-output model with relevant data, the interregional input-output model clearly clarifies the resource consumption and pollution transfer problem (Zhang B. et al., 2016).
The basic structure of the input-output table between regions is roughly the same as the general input-output table, but it further divides products and services between regions in the final use and final demand parts. The specific structure is shown in Supplementary Table S1:
Average Propagation Lengths
The Average Propagation Lengths (APL) model was proposed by Dietzenbacher and Romero (2007). This model explores the interrelationship between regional sectors from the perspective of the production chain and reveals their inputs sequence of output impacts. We introduce the carbon coefficient into the APL model.
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Where C is a diagonal matrix formed by the carbon emission intensity of each industrial sector in each region, and the diagonal element is [image: image]. A is the direct consumption coefficient matrix, [image: image]. R is the direct distribution coefficient matrix, [image: image], and [image: image]. [image: image] and [image: image] are complete carbon consumption coefficient matrix and complete carbon distribution coefficient matrix respectively. [image: image] reflects the impact of the final demand of an industry in a certain area on the direct or indirect carbon emissions of each unit. Eq. 1 can also be understood as the emissions caused by an increase in the final demand of the industrial sector by one unit. It means that [image: image] includes the direct impact on its own department C, the direct impact on all departments [image: image], the indirect impact of the second step [image: image]. Simarly, [image: image] reflects the impact of the initial investment on the carbon emissions of other industrial sectors by one unit, which can also be decomposed into the initial impact C, which directly affects CR of other sectors. In order to obtain the impact and spread of carbon emissions, we take the impact of each round as a weight, and get the average round, that is, APL. Based on the influencing factors, APL can be divided into backward and forward APL, and the calculation formulas are 3–6.
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[image: image] is the intensity of carbon emissions. [image: image] is the backward APL value, which represents the average backward distance of the impact of a change in the final demand of sector j on the carbon emissions of sector i. [image: image] is the forward APL value, which represents the forward carbon distance of sector j’s initial investment to change the impact of one unit on the carbon emissions of industry sector i. The smaller the carbon APL, the stronger the carbon ripple effect between the two sectors. May wish [image: image], [image: image]. Knowing that [image: image], [image: image], we can get [image: image] and [image: image], that is [image: image]. Then the forward APL is equal to the backward APL, collectively called APL (Li Y. et al., 2019).
Before calculating the APL value, in order to screen industries and regions with a greater degree of correlation, it is necessary to calculate the degree of correlation between industries (Ma et al., 2018) as the threshold for carbon chain identification, namely:
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Structural Path Analysis
Structural Path Analysis (SPA) was proposed by Defourny and Thorbecke (2014). It is mainly based on input-output technology to identify the main production chain and is mostly used for energy, water resources, and other physical quantities in the economy (Lenzen, 2003; Wood and Lenzen, 2003; Peters and Hertwich, 2006).
In the calculation process, the SPA model expands the Leontief inverse matrix by Taylor and multiplies the corresponding carbon intensity coefficient to quantify the direct or indirect carbon conduction effects of other sectors caused by the final demand of the sector and the initial investment. In this way, it clearly reveals the carbon conduction relationship. It is calculated as formula 8:
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In Eq. 8, S represents the total carbon emissions caused by the path, C represents the diagonal matrix composed of carbon emission intensity vectors and [image: image] represents the final demand vector. Decomposing Eq. 8 into conduction paths at all levels can be written as Eq. 9:
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In Eq. 9, the first [image: image] represents the total direct carbon emissions of each sector brought by the final demand, which is called the zero-order effect and [image: image] represents the total indirect carbon emissions brought by the final demand shift, which is called the first-order influence, and so on.
The APL model can effectively identify the main carbon conduction chain, and the SPA model can calculate the carbon emissions in the carbon conduction chain. Therefore, we combine the two models. We use the APL model to identify the carbon conduction chain of high-dimensional data, and obtain the main carbon-sweeping provinces and cities in a certain area and their sequential positions, and then combine formula 9 in the SPA model to obtain the total amount of carbon transfer in each step. The formula for calculating the total amount of carbon transfer in each step is Eq. 10.
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In Eq. 10, [image: image] and [image: image] represent the transfer-in and transfer-out parties in the carbon conduction chain, and [image: image] and [image: image] represent the initial transfer-in and transfer-out parties in the conduction chain. The absolute amount of specific carbon transfer in the carbon chain can be calculated by Eq. 10.
EMPIRICAL ANALYSIS
This paper mainly uses the multi-regional input-output (MIRO) model proposed by Xia and Tang (2017) and Wu et al. (2017), and the regional social accounting matrices (SAMs) of China in 2002, 2007 and 2012. The carbon emission factor is calculated according to the IPCC method based on the energy balance sheet. Subsequently, based on the Average Propagation Length Model (APL) and the Structural Path Analysis Model (SPA), using the IRIO table and the calculated carbon emission coefficients, we first study the overall carbon emissions of the Beijing-Tianjin-Hebei urban clusters and compare it with the Yangtze River Delta and Pearl River Delta. Further, we explore the carbon transfer relationship of the industrial structure in the Beijing-Tianjin-Hebei urban clusters and its surrounding areas. Finally, we study the carbon correlation of major resource transfer industries in the cluster.
Beijing-Tianjin-Hebei Total Carbon Emission and Carbon Emission Coefficient
The proportions of total emissions of the Beijing-Tianjin-Hebei region are shown in Supplementary Figure S1. From 2002 to 2012, the total carbon emissions in the Beijing-Tianjin-Hebei region accounts for about 11.03% of the total carbon emissions in 30 provinces and cities across the country. Among the urban clusters, Hebei has the highest total carbon emissions, accounting for 72.15% of the total carbon emissions, while Tianjin and Beijing account for 16.12 and 11.74% respectively. Affected by resource endowment and economic development levels, Hebei undertakes many high-carbon emission industries in Beijing and Tianjin and bears most of the carbon emission pressure. This is the main reason why Hebei’s carbon emissions are much higher than the other two places.
To achieve the coordinated development of the Beijing-Tianjin-Hebei, Hebei’s resource support is indispensable, but how to reduce the pressure of regional emissions while ensuring the complementarity of its industries is the focus of this study. In this regard, we first compare the industries and carbon emissions of the other two major urban clusters to explore their reference points. Then, we calculate the direct carbon emission coefficients (unit: tCO2/10,000 yuan) of the three industrial sectors in the Beijing-Tianjin-Hebei, Yangtze River Delta, and Pearl River Delta regions from 2002 to 2012, as shown in Supplementary Table S2:
It can be seen from Supplementary Table S2 that from 2002 to 2012, the carbon emission coefficient of the three major industries in the three major urban clusters in China shows an overall downward trend. Among the three major urban clusters, the secondary industry has the highest carbon emission intensity, followed by the tertiary industry and primary industry. Comparing the three major urban clusters, it can be seen that the three major industries in the Pearl River Delta have relatively low carbon emission coefficient and high efficiency, followed by the Yangtze River Delta and Beijing-Tianjin-Hebei.
In terms of the primary industry, from 2002 to 2012, the proportion of the added value of the primary industry in the three major urban clusters is almost maintained at about 5% of their total added value. The volume of the primary industry in the Beijing-Tianjin-Hebei and Pearl River Delta are similar, and it accounts for 2/3 of the Yangtze River Delta. Due to the strong support for the secondary and tertiary industries in Beijing, Tianjin, and the Pearl River Delta, large amounts of labour and land are separated from agriculture, and the scale of the primary industry is gradually shrinking. However, the agricultural policy support is strong in the Yangtze River Delta, with an annual investment of about 300 million yuan to build farmland infrastructure. And it also develops tourism and other related industries in the corresponding agricultural chain, and the scale of the primary industry is relatively high. Zhang and Wang (2014) mentioned that the scale expansion of the primary industry will accelerate the growth of total carbon emissions at a certain stage, which may be the main reason for the relatively low carbon efficiency of the primary industry in the Yangtze River Delta. As for the Beijing-Tianjin-Hebei and the Pearl River Delta, they are similar in the size of the primary industry, but there is a certain gap in carbon emission efficiency. The main reason is that the added value of the primary industry in the Beijing-Tianjin-Hebei accounts for more than 90%. Compared with the Pearl River Delta, the agricultural industry structure of Hebei is relatively simple, the degree of specialization is not enough, and the rural financial system is relatively backward, resulting in a relatively low carbon emission efficiency.
In terms of the secondary industry, the carbon emission efficiency of Beijing-Tianjin-Hebei is lowest among three clusters. The Pearl River Delta has always been known as the “world’s factory”, and its labor-intensive manufacturing industry has always occupied an absolute advantage. Limited to the local energy situation, the total carbon emissions of high-carbon industries in the Pearl River Delta, such as coal mining and oil processing, are not high, accounting for only about 5% of the high-carbon industries in the three major urban clusters. And its total added value is relatively low. Additionally, the secondary industry in the Yangtze River Delta strongly leads the economic growth. During the study period, nearly 50% of its economic growth is contributed by industrial growth. Beijing-Tianjin-Hebei is dominated by heavy chemical and capital-intensive industries. It is the industrial base of Chinese heavy chemical industry and equipment manufacturing industry. Most of these industries are carbon-intensive industries. Although the three major urban clusters have different priorities for the development of the secondary industry, the Beijing-Tianjin-Hebei region has the lowest degree of regional cooperation. Hebei, as an important supporting hinterland for agricultural resources and industrial energy in Beijing and Tianjin, has always been in a state of weakness. Lack of industrial supporting service and the weak technical radiation of universities in Beijing and Tianjin are the main reasons for the falling gap.
In terms of the tertiary industry, the carbon emission efficiency of Beijing-Tianjin-Hebei has a slight advantage. The main reason is that 46.9% of the added value of the tertiary industry in Beijing-Tianjin-Hebei from 2002 to 2012 was contributed by Beijing, and Shanghai contributed 25.6% in the Yangtze River Delta. As the center of “scientific and technological innovation”, Beijing has 61 colleges and universities, 1/3 of the national scientific research institutions, and the density of technical personnel is the highest in China. The penetration of new technologies into the tertiary industry has significantly improved the technological content of the tertiary industry, and the service methods have become increasingly electronic and low-carbon. However, although Hebei’s tertiary industry contributes about 30% to the tertiary industry of the Beijing-Tianjin-Hebei, its carbon emission coefficient is about 1.5 times that of Beijing. Beijing’s technological radiation effect on Hebei’s tertiary industry is not significant.
Regional Carbon Conduction in Beijing-Tianjin-Hebei
In order to further explore the implied carbon emissions of inter-regional trade, we use the APL model to identify the transfer-in and transfer-out parties in the carbon conduction relationship in Beijing-Tianjin-Hebei through the forward and backward APL values. We take the transfer-in direction of carbon emission as the direction of the arrow, identify the carbon ripple relationship, and calculate the total carbon emissions (tCO2/10,000 yuan) along the chain based on the carbon chain relationship based on the SPA model. The result is shown in Supplementary Figure S2:
It can be seen from Supplementary Figure S2 that during the study period, the carbon conduction relationship brought about by the foreign trade links between the Beijing-Tianjin-Hebei and other provinces is always relatively stable, and the provinces with the strongest carbon spread are always Shanxi and Inner Mongolia. The carbon chain in the Yangtze River Delta is not stable. Except for the close carbon sweep effect with Anhui, most of the regions in the carbon chain are in flux. The carbon sweep cities in the Pearl River Delta are mainly concentrated in the southwest and southeast.
Using the main related provinces and cities of Beijing-Tianjin-Hebei and other urban clusters revealed in Supplementary Figure S2, we study the degree of carbon correlation between these provinces and cities based on the industrial correlation index proposed by Ma et al. (2018). Specific as formula 11:
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In Eq. 11, the APL value measures the economic distance between regions and industries with the average step length of the conduction chain, and the F value can be used to measure the degree of correlation between industries at the same level. The smaller the industry correlation index, the closer the relationship between the region (industry) and other regions (industry) is.
We use 0.05 as the threshold of the industrial correlation index to identify the main related industries of the three major urban clusters. Beijing-Tianjin-Hebei, as a coal-based emission city cluster, also has similar characteristics in its cross-provincial and municipal industry linkages. During the study period, electricity and heat industry in the carbon conduction chain of Beijing-Tianjin-Hebei is the main carrier industry for carbon transfer. For example, during the period from 2002 to 2007, Beijing-Tianjin-Hebei is the carbon transfer-in party of Shanxi, and the main carbon transfer-in industries is electricity and heat. Until 2012, that the transfer industries of Beijing-Tianjin-Hebei changed, which included electric and heat, non-metallic mining and transportation industry. In summary, we further identify the main chains of carbon transfer in Beijing-Tianjin-Hebei and other resource provinces, and calculate that the implied carbon emissions during the transfer of electricity and heat account for more than 85% of the total carbon emissions. Different from the Beijing-Tianjin-Hebei carbon transmission chain, in the Yangtze River Delta, most of the industrial linkages are related to the resource extraction industry and related manufacturing industries, such as metal product manufacturing, boiler manufacturing, motor manufacturing and metallurgical industries. Electricity and heat industry does not play a pivotal role in industry transfer.
In order to further explore the characteristics of the electricity and heat industry in the Beijing-Tianjin-Hebei, we further compare the carbon emission coefficients of the industry in the three major urban clusters. The results show that Beijing-Tianjin-Hebei has obvious characteristics of coal-fired carbon emission urban clusters. The carbon emission coefficients of electricity and heat industry and coal mining industry are not only far higher than other industries in the region, but also significantly higher than the other two major urban clusters. The average carbon emission coefficient of the Beijing-Tianjin-Hebei electric power industry is 18.25tCO2/10,000 yuan, which is about 2 times that of the Pearl River Delta and 2.5 times that of the Yangtze River Delta. In the process of carbon transfer in the coal industry in Hebei, more than 65% of the resources are transferred to the electricity and heat industry in Hebei and then to the electricity and heat industry in Beijing and Tianjin. It is true that the Beijing-Tianjin-Hebei is limited by the input of factors and the consumption structure. Unlike the Yangtze River Delta or the Pearl River Delta, Beijing-Tianjin-Hebei cannot almost completely avoid the intermediary role of electricity and heat from the perspective of carbon transfer. However, it is one of the key points of emission reduction whether to reduce carbon leakage in the electricity and heat industry while ensuring the supply of resources in Beijing and Tianjin. In order to reduce the overall carbon emissions in the region, improving the electric and heating efficiency in the Beijing-Tianjin-Hebei may be a good starting point. The Yangtze River Delta belongs to the East China Power Grid and is one of the models of cross-provincial and cross-regional power cooperation in China. Although it is difficult for Beijing Tianjin Hebei region to realize the mutual assistance and mutual protection of energy similar to the Yangtze River Delta, it is feasible to optimize the power grid structure and develop new energy technologies.
Internal Carbon Conduction Paths in Beijing-Tianjin-Hebei
We aim to further explore the internal correlation of carbon spillover in the three regions of Beijing-Tianjin-Hebei and other provinces with close spillover effects, such as Shanxi, Inner Mongolia, etc. Thus, we consolidated the IRIO table into a whole at the provincial level, set the threshold as 0.1, and take Beijing-Tianjin-Hebei as the center of investment and demand. The relationship between them is identified as shown in Supplementary Figure S3:
It can be seen from Supplementary Figure S3 that the relationship between the transfer-in and transfer-out parties in Beijing-Tianjin-Hebei and other places basically remains unchanged. During the study period, Beijing and Tianjin have been the transfer-in sources of carbon emissions from Hebei, Shanxi, and Inner Mongolia, and Shanxi is mainly the transfer-out party. In terms of the total amount of direct carbon transfer, from 2002 to 2012, the amount of carbon emission transfer in the region continued to increase. The total amount of carbon transfer in Beijing was always the largest, and the total amount transferred from Hebei to Beijing dominated, increasing from [image: image] t in 2002 to [image: image] t in 2012.
It can be seen from Supplementary Figures S2, S3 that the dependence of Beijing-Tianjin-Hebei on resource provinces like Shanxi and Inner Mongolia is strong, and the total amount of carbon transfer within the urban cluster gradually decreases. To further analyze the carbon transfer changes in the industrial structure of the urban clusters, we take Shanxi, Inner Mongolia and Hebei as carbon transfer-out parties, take Beijing and Tianjin as carbon transfer-in parties, and calculate the total carbon transfer changes of the three industries. The calculation formula is Eq. 12:
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Through calculation, it is found that whether it is resource provinces outside the urban cluster (such as Shanxi and Inner Mongolia) or the main energy hinterland within the urban cluster (Hebei), the total carbon transfer-out of the three major industries is basically increasing year by year. The resource status of Hebei Province is also highlighted year by year and the proportion of its total carbon transfer has increased from 47.8% in 2002 to 62.10% in 2012. From the perspective of the structural proportion of industrial carbon transfer, the direct support of the secondary industry in resource provinces to Beijing and Tianjin showed a trend of rising first and then decreasing. The proportion of the secondary industry first increased from 71.73% in 2002 to 81.34% in 2007, and finally fell to 54.81% in 2012. The main reason for the decline in 2012 is that Shanxi has always had a “coal-based” industrial structure (Hu et al., 2016). In 2012, the growth rate of domestic coal demand declined, coal prices plummeted, and most coal enterprises fell into a state of cessation of production. Its economy experienced a “cliff-like” decline (Jiang et al., 2014). But for Hebei, the support structure of its three major industries has been relatively stable, and the proportion of the secondary industry and the tertiary industry has always been about 3:1. And in 2012, although the coal price drop had a greater impact on the coal mining enterprises in Hebei, unlike the overall economic weakness in Shanxi, the coal mining enterprises and power plants in Hebei showed a trend of ebb and flow. The “coal fullness” of power plants in Hebei completely compensated for the reduction in carbon transfer caused by the reduction in the proportion of secondary industries in resource provinces, especially for Shaanxi.
In Summary, it is known that Hebei plays an important role in resource security, and the secondary industry can effectively alleviate the pressure of insufficient supply in resource provinces. So, can the economic benefits of Hebei be improved while ensuring the total supply of resources in Beijing and Tianjin? In response to this problem, we further calculate the carbon productivity of Hebei, that is, the change in value-added per tCO2 emitted (Pan and Zhang, 2011). During the study period, the carbon productivity of the secondary and tertiary industries in Hebei was 6,300 yuan and 48,700 yuan respectively, of which the carbon productivity of the secondary industry was 43.52% lower than the national average, and the tertiary industry was 26.72% higher than the national average. It can be seen that the carbon productivity of the secondary industry in Hebei Province still has a large room for growth. When Hebei meets the energy needs of Beijing and Tianjin, it can improve the economic benefits and achieve the goal of economic growth by optimizing the production structure and energy efficiency of the secondary industry.
Major Industrial Carbon Conduction Paths in Beijing-Tianjin-Hebei
The mismatch between energy pressure and efficiency upgrades in Hebei makes its energy supply more dependent on foreign transfers. From the analysis of carbon transfer inside and outside the Beijing-Tianjin-Hebei urban cluster, we can see that the electricity and heat industry in Hebei Province plays an important intermediary role in the introduction of resources from other provinces. Based on this, we take Hebei electricity and heat as the center to explore the situation of related industries outside the province under the situation of resource transfer.
It can be seen from Supplementary Figure S4 that when Inner Mongolia, Hebei, and Shanxi transfer carbon resources to Beijing and Tianjin, most of them are transferred through the electricity and heat industry in each province. For example, in 2002, when Hebei metallurgy’s resources are transferred to Beijing Metallurgical, it is mainly transferred to Beijing metallurgy through Shanxi electricity and heat industry and Hebei electricity and heat industry, and then Beijing metallurgy is transferred to other industries in the city. Judging from the absolute amount of carbon emissions transferred in each step, the carbon generated by the electricity and heat industries in Inner Mongolia and Shanxi accounts for more than 95% of the entire carbon conduction chain. To further explore the causes of high carbon production in Inner Mongolia and Shanxi, we compare the direct carbon emission coefficients of Beijing-Tianjin-Hebei and major resource provinces such as Shanxi and Inner Mongolia, as shown in Supplementary Table S3:
It can be seen from Supplementary Table S3 that compared with the carbon emission coefficients of the electricity and heat industry in the three places of Beijing, Tianjin and Hebei, Shanxi and Inner Mongolia, especially for Shanxi, are obviously at a higher level. Based on this, it is not difficult to propose that when Beijing-Tianjin-Hebei electricity is transferred out, if the transmission efficiency of the power grid in Shanxi and Inner Mongolia can be optimized to a certain extent, the overall carbon emissions of the region can be reduced. However, as far as the actual situation is concerned, Shanxi has long used coal as its pillar industry. In recent years, the domestic demand for coal, including coal from Shanxi, has not been strong, resulting in greater financial pressure in Shanxi and other places. The upgrading of the structure may lead to a long-term fiscal deficit, which will have a greater negative impact on its economic development (Jiang et al., 2014). Therefore, when reducing the carbon emissions caused by the consumption side in the Beijing-Tianjin-Hebei, it is necessary to include Shanxi, Inner Mongolia and other places into the scope of collaborative governance and share their emission reduction costs.
CONCLUSION
Based on the input-output methodology, the APL model, and the SPA model, combined with the regional input-output tables in 2002, 2007 and 2012, we explore the carbon spillover effect and industrial evolution inside and outside the Beijing-Tianjin-Hebei. The main conclusions drawn are as follows:
First, from the perspective of the internal urban cluster, the electricity and heat industry plays a key role in the main carbon transmission chain, and the carbon emissions brought by it as an intermediary account for more than 85% of the total carbon emissions in the transmission chain. The carbon emission coefficient is relatively high, and the characteristics of coal-fired power are obviously the main characteristics of the electricity and heat structure in the Beijing-Tianjin-Hebei. When considering reducing the total amount of carbon emissions in the region as a whole, due to the limitation of resource endowment, external energy transfer is inevitable, but the development of the power grid in the Yangtze River Delta still has strong reference significance. The Beijing-Tianjin-Hebei, as a national science and innovation base, can make full use of its technological advantages. In terms of new energy development, vigorously developing the abundant wind and solar energy resources in northern Hebei to expand power varieties is essential. In terms of improving energy efficiency, gradually promoting the UHV transmission grid could reduce the coal consumption in Hebei and improve the power receiving capacity outside the area.
Second, from the perspective of the transfer of industrial structure, the secondary industry in Hebei can alleviate the pressure of insufficient supply in resource provinces to a certain extent, and the economic benefits brought about by its emissions have a large room for development. The average carbon productivity of the secondary industry in Hebei is 6,300 yuan, which is only 56.47% of the national average. One of the strategic orientations of Hebei is to ensure the energy supply between Beijing and Tianjin, so given the total amount of resources that Hebei needs to provide to Beijing and Tianjin, its economic benefits still have a lot of room for growth. Therefore, gradually transforming the energy structure dominated by coal, accelerating the development of clean energy, and dealing with “zombie enterprises” in industries such as steel and cement can reduce carbon costs. Increasing carbon productivity could also maximize economic benefits when ensuring resource supply.
Third, from the perspective of major industries, compared with Beijing, Tianjin and Hebei, resource provinces such as Shanxi and Inner Mongolia have high carbon emission coefficients in the electricity and heat industry, which is the main reason for the high carbon emissions in the main transmission chain. Although Hebei has provided energy support for the development of Beijing and Tianjin, the external resource transfer is inevitable. If the total regional carbon emissions are reduced from the perspective of external resource allocation, it is more difficult to rely solely on resource provinces outside the urban cluster, which is likely to lead to conflicts caused by long-term local fiscal deficits. Therefore, when considering the reduction of carbon emissions caused by external resource transfer. Shanxi, Inner Mongolia and other resource provinces should be included in the scope of coordinated governance, and the funds for the implementation of the power transfer strategy should be reasonably apportioned and multi-sourced, and provide them with improved energy efficiency and technical support for clean energy.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://www.ceicdata.com/zh-hans/china/energy-balance-sheet Name: Energy Balance Sheet.
AUTHOR CONTRIBUTIONS
All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
FUNDING
The research was funded by the disciplinary funding of Central University of Finance and Economics, Program for Innovation Research in Central University of Finance and Economics, and the Emerging Interdisciplinary Project of CUFE.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fenvs.2022.895142/full#supplementary-material
REFERENCES
 Barker, T., Junankar, S., Pollitt, H., and Summerton, P. (2007). Carbon Leakage from Unilateral Environmental Tax Reforms in Europe, 1995-2005. Energy Policy 35 (12), 6281–6292. doi:10.1016/j.enpol.2007.06.021
 Burniaux, J.-M., and Oliveira Martins, J. (2012). Carbon Leakages: A General Equilibrium View. Econ. Theory 49 (2), 473–495. doi:10.1007/s00199-010-0598-y
 Defourny, J., and Thorbecke, E. (2014). Structural Path Analysis and Multiplier Decomposition within a Social Accounting Matrix Framework. Econ. J. 94 (373), 111–136. doi:10.2307/2232220
 Dietzenbacher, E., and Romero, I. (2007). Production Chains in an Interregional Framework: Identification by Means of Average Propagation Lengths. International Regional Science Review 30 (4), 362–383.
 Essandoh, O. K., Islam, M., and Kakinaka, M. (2020). Linking International Trade and Foreign Direct Investment to CO2 Emissions: Any Differences between Developed and Developing Countries?Sci. Total Environ. 712, 136437. doi:10.1016/j.scitotenv.2019.136437
 Feng, T., Du, H., Zhang, Z., Mi, Z., Guan, D., and Zuo, J. (2020). Carbon Transfer within China: Insights from Production Fragmentation. Energy Econ. 86, 104647. doi:10.1016/j.eneco.2019.104647
 Hu, W., Liu, J., Li, M., and Zhu, L. (2016). Exploration of Shanxi Coal Economy Alternative Industry——Also on the Path of Key Tourist Scenic Spots to Stimulate Regional Economic Development. China Popul. Resour. Environ. 26 (4), 168–176. doi:10.3969/j.issn.1002-2104.2016.04.021
 Jiang, C., Wang, M., and Tian, L. (2014). Design of Subsidy Scheme for Coal Power Energy Transmission Structure Adjustment Based on CGE Model: Taking Shanxi Province as an Example. China Ind. Econ. 01 (8), 31–43. doi:10.19581/j.cnki.ciejournal.2014.08.003
 Lenzen, M. (2003). Environmentally Important Paths, Linkages and Key Sectors in the Australian Economy. Struct. Change Econ. Dyn. 14 (1), 1–34. doi:10.1016/S0954-349X(02)00025-5
 Li, J., Wang, Y., and Wang, Y. (2019). Decoupling Status and Driving Factors between Economic Development and Resource Environment in Beijing-Tianjin-Hebei Region. Econ. Geogr. 39 (4), 43–49. doi:10.15957/j.cnki.jjdl.2019.04.006
 Li, Y., Zhang, B., Wang, B., and Wang, Z. (2019). Evolutionary Trend of the Coal Industry Chain in China: Evidence from the Analysis of IO and APL Model. Resour. Conserv. Recycl. (145), 399–410. doi:10.1016/j.resconrec.2019.02.026
 Liao, S., and Xiao, Y. (2017). Spatial Characteristics and Enlightenment of Interregional Transfer of Polluting Industries and Carbon Transfer in the Central Region. Econ. Geogr. 37 (2), 132–140. doi:10.15957/j.cnki.jjdl.2017.02.018
 Ma, Z., Ma, C., Hui, X., and Wang, H. (2018). Analysis of the Spatial Correlation of Industries in Xinjiang and Other Provinces from the Perspective of “One Belt, One Road”. Statistics Decis. (10), 93–96. doi:10.13546/j.cnki.tjyjc.2018.10.022
 Mi, Z., Zheng, J., Meng, J., Zheng, H., Li, X., Coffman, D. M., et al. (2019). Carbon Emissions of Cities from a Consumption-Based Perspective. Appl. Energy 235, 509–518. doi:10.1016/j.apenergy.2018.10.137
 Muhammad, S., Long, X., Salman, M., and Dauda, L. (2020). Effect of Urbanization and International Trade on CO2 Emissions across 65 Belt and Road Initiative Countries. Energy 196, 117102. doi:10.1016/j.energy.2020.117102
 Pan, J., and Zhang, Li. (2011). A Study on Regional Differences of Carbon Productivity in China. China Ind. Econ. 5, 47–57. doi:10.19581/j.cnki.ciejournal.2011.05.005
 Peters, G. P., and Hertwich, E. G. (2006). Structural Analysis of International Trade: Environmental Impacts of Norway. Econ. Syst. Res. 18 (2), 155–181. doi:10.1080/09535310600653008
 Shao, L., Geng, Z., Wu, X. F., Xu, P., Pan, T., Yu, H., et al. (2020). Changes and Driving Forces of Urban Consumption-Based Carbon Emissions: A Case Study of Shanghai. J. Clean. Prod. 245, 118774. doi:10.1016/j.jclepro.2019.118774
 Shen, J., and Huang, S. (2015). The Impact of Environmental Regulation on the Transfer of Polluting Industries in Guangdong Province. J. Trop. Geogr. 35 (05), 745–752. doi:10.13284/j.cnki.rddl.002762
 Sun, J., Chen, Z., Zhao, R., Huang, X., and Lai, L. (2010). A Study on China's Carbon Emission Footprint Based on Input-Output Analysis. China Popul. Resour. Environ. 20 (5), 28–34. doi:10.3969/j.issn.1002-2104.2010.05.006
 Wang, S., and Chen, B. (2016). Energy–Water Nexus of Urban Agglomeration Based on Multiregional Input–Output Tables and Ecological Network Analysis: A Case Study of the Beijing–Tianjin–Hebei Region. Appl. Energy 178, 773–783. doi:10.1016/j.apenergy.2016.06.112
 Wei, W., Hao, S., Yao, M., Chen, W., Wang, S., Wang, Z., et al. (2020). Unbalanced Economic Benefits and the Electricity-Related Carbon Emissions Embodied in China's Interprovincial Trade. J. Environ. Manag. 263, 110390. doi:10.1016/j.jenvman.2020.110390
 Williams, R. H., Larson, E. D., and Ross, M. H. (1987). Materials, Affluence, and Industrial Energy Use. Annu. Rev. Energy. 12 (1), 99–144. doi:10.1146/annurev.eg.12.110187.000531
 Wood, R., and Lenzen, M. (2003). An Application of a Modified Ecological Footprint Method and Structural Path Analysis in a Comparative Institutional Study. Local Environ. 8 (4), 365–386. doi:10.1080/13549830306670
 Wu, J., Fan, Y., and Xia, Y. (2017). How Can China Achieve its Nationally Determined Contribution Targets Combining Emissions Trading Scheme and Renewable Energy Policies?Energies 10 (8), 1166. doi:10.3390/en10081166
 Xia, Y., and Tang, Z. (2017). The Impacts of Emissions Accounting Methods on an Imperfect Competitive Carbon Trading Market. Energy 119, 67–76. doi:10.1016/j.energy.2016.12.050
 Xie, L., and Chen, Y. (2007). An Analysis of Carbon Leakage. Adv. Clim. Change Res. 3 (04), 214. doi:10.3969/j.issn.1673-1719.2007.04.005
 Yang, S. (2015). Evaluation and Prediction of Carbon Emission Transfer in China's Industrial Sector. China Ind. Econ. (6), 55–67. doi:10.19581/j.cnki.ciejournal.2015.06.006
 Zhang, B., Qiao, H., Chen, Z. M., and Chen, B. (2016). Growth in Embodied Energy Transfers via China's Domestic Trade: Evidence from Multi-Regional Input-Output Analysis. Appl. energy 184, 1093–1105. doi:10.1016/j.apenergy.2015.09.076
 Zhang, G., and Wang, S. (2014). The Structure, Efficiency and Determining Mechanism of China's Agricultural Carbon Emissions. Agric. Econ. Issues (7), 18–26. doi:10.13246/j.cnki.iae.2014.07.003
 Zhang, Y., Zheng, H., Yang, Z., Li, Y., Liu, G., Su, M., et al. (2016). Urban Energy Flow Processes in the Beijing-Tianjin-Hebei (Jing-Jin-Ji) Urban Agglomeration: Combining Multi-Regional Input-Output Tables with Ecological Network Analysis. J. Clean. Prod. 114, 243–256. doi:10.1016/j.jclepro.2015.06.093
 Zhao, H., and Wu, J. (2020). A Study on the Measurement of Interregional Environmental Pollution Transfer between Beijing and Hebei Based on the Environmental Kuznets Curve. China Popul. Resour. Environ. 30 (5), 90–97. 
 Zhu, Y., Shi, Y., Wu, J., Wu, L., and Xiong, W. (2018). Exploring the Characteristics of CO2 Emissions Embodied in International Trade and the Fair Share of Responsibility. Ecol. Econ. 146, 574–587. doi:10.1016/j.ecolecon.2017.12.020
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Siqin and Huijuan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/math_2.gif





OPS/images/math_12.gif
Sy =Ci(I-A)F; (12)






OPS/images/math_4.gif





OPS/images/math_3.gif
U, =

T

_ (I xa xa, +22cauay +






OPS/images/math_1.gif
L

CL=C(I-A)"

(T+A+A +.

(1)





OPS/images/inline_9.gif





OPS/images/math_11.gif
()






OPS/images/math_10.gif
a, . F (10)







OPS/images/inline_7.gif






OPS/images/inline_6.gif






OPS/images/inline_8.gif





OPS/images/logo.jpg
& frontiers | Frontiers in Environmental Science





OPS/images/inline_30.gif





OPS/images/inline_3.gif





OPS/images/inline_5.gif





OPS/images/inline_4.gif
R=X1TAX





OPS/images/inline_27.gif
Io





OPS/images/inline_29.gif





OPS/images/inline_28.gif





OPS/images/inline_24.gif





OPS/images/inline_23.gif
CF





OPS/images/inline_26.gif





OPS/images/inline_25.gif





OPS/images/inline_20.gif
R=X1TAX





OPS/xhtml/nav.xhtml
Contents

		Cover

		Analysis of Industrial Carbon Transfer in Beijing-Tianjin-Hebei City Cluster and Surrounding Areas		Introduction

		Literature Review

		Methodology		Interregional Input-Output Model

		Average Propagation Lengths

		Structural Path Analysis





		Empirical Analysis		Beijing-Tianjin-Hebei Total Carbon Emission and Carbon Emission Coefficient

		Regional Carbon Conduction in Beijing-Tianjin-Hebei

		Internal Carbon Conduction Paths in Beijing-Tianjin-Hebei

		Major Industrial Carbon Conduction Paths in Beijing-Tianjin-Hebei





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/inline_2.gif





OPS/images/inline_22.gif





OPS/images/inline_21.gif
oF

ij

ij





OPS/images/inline_19.gif
hi; = hijlx;





OPS/images/inline_18.gif





OPS/images/crossmark.jpg
©

|





OPS/images/inline_13.gif





OPS/images/inline_14.gif





OPS/images/inline_11.gif





OPS/images/math_7.gif
(4G9 )





OPS/images/inline_12.gif





OPS/images/inline_17.gif
R=X1TAX





OPS/images/inline_15.gif
H=A+2A"+3A+...=) " nA"






OPS/images/inline_16.gif





OPS/images/cover.jpg
& frontiers | Frontiers in Environmental Science






OPS/images/inline_1.gif





OPS/images/math_9.gif
CI+A+A+A'+ .. )F (9)





OPS/images/inline_10.gif





OPS/images/math_8.gif
(8)





OPS/images/math_6.gif
v, = Qxexry * 2arary + )
LroxpBatdi ©





OPS/images/math_5.gif
_(Uxa xry +2Zerary + ... )

Vi = it ©
r J





