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Introduction: The fossil energy sector is an important part of international trade, and the flow of products between sectors will bring about the flow of embodied carbon. There are relatively few studies on embodied carbon in the fossil energy sector, which are mostly concentrated in other sectors and are not well integrated with GVC. Combining embodied carbon with GVC provides a better view of the allocation of environmental responsibility in trade. At the same time, it can also help different countries to improve the environment with the help of GVC.
Methods: This research is based on the World Input–Output Database. First, by using multi-regional input–output, this paper measures fossil energy trade embodied carbon (FEE) data of 39 countries from 2000 to 2014; second, using structural decomposition analysis, we find what factors affect FEE. Finally, we analyze theimpact of global value chain (GVC) on the FEE.
Results: This study obtained the following conclusions: 1) different GVCs have different effects on the embodied carbon in trade. Simple forward, complex forward, and simple backward to embedded play a positive role. The complex backward GVC has a negative impact; 2) high-income countries can get greater positive environmental effects through GVC, and middle-income countries cannot obtain or obtain less environmental effects; and 3) the backward GVC affects the FEE by affecting the proportion of fossil energy consumption.
Discussion: The results show that the FEE shall be jointly responsible for the world’s countries, and different countries should make different contributions to the world’s environmental protection comprehensively considering factors such as the economic development level of various countries. This proposes relevant policy suggestions in China.
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1 INTRODUCTION
With the continuous deepening of international trade, the degree of participation of countries in the global value chain (GVC) is deepening, and the polarization of their positions on the GVC is becoming increasingly evident. In the process of polarization, it not only brings inequality in economic benefits but also brings about issues of environmental inequality. This problem is more evident in industrial production, especially in industries that cause severe pollution. In order to better distinguish carbon emission responsibilities, it is necessary to conduct segmented research on industries. However, in previous studies, most of the perspectives have focused on studying countries or the overall industry, and there is a relative lack of research on industries with differentiation, making it difficult to define the division of responsibilities in carbon emissions in detail. Therefore, this article studies the fossil energy industry, hoping to fill the gap in this field of research.
Fossil energy trade is the key trade department under the angle of the GVC. The development of fossil energy embodied carbon (FEE)-related research has good theory and practical significance. On the other hand, the world energy trade pattern is being adjusted from the second energy structure to the upcoming energy structure transformation and development. In this process, the world energy trade pattern is mainly oil, coal, natural gas, and new energy. After the transformation of the energy structure in the future, the consumption attributes of fossils gradually weaken, but the raw material attributes are still difficult to be replaced. Therefore, research on FEE has a good long-term application prospect.
From the perspective of the industrial chain, the fossil energy industry has extremely distinct upstream and downstream differences. Taking the petroleum industry as an example, the crude oil-exporting countries in the upstream of the petroleum industry chain are usually dominated by countries with abundant petroleum resources. Due to the relatively fixed resource endowment, exporting countries usually do not undergo significant changes, and carbon emissions during the crude oil extraction process can only be generated within the corresponding countries. From the perspective of the middle and lower reaches of the industrial chain, the export of products such as compounds, rubber, fibers, and fuels is related to the country’s economic development and position in the GVC. This leads to different positions on the GVC, which can affect the division of carbon emission responsibilities in the fossil energy industry. There is relatively little research on this issue, which makes it difficult to distinguish the carbon emission responsibilities of participating fossil energy-exporting countries upstream and downstream in the GVC.
This study used world input–output data to calculate the FEE of world fossil energy export trade from 2000 to 2014, empirically analyzed the impact of different GVCs on FEE, divided national income levels, analyzed the environmental effects obtained by countries at different levels in the GVC, and combined with intermediary models, further explored the path of GVC’s impact on the environment. This article mainly studies the following questions: 1) What are the differences in the environmental impacts of different ways of GVC embedding? 2) How do countries with different income levels experience different environmental effects in the GVC? 3) Is the impact of the GVC on the environment achieved by affecting the energy structure?
Compared with previous studies, the contribution of this study is as follows: 1) In terms of research perspectives, it is the first time to directly link department FEE with the GVC and use a structural decomposition model to decompose other influencing factors. Through empirical testing, the final results are obtained. 2) In terms of research methods, innovative mediation models are used to combine EEC with energy structure, analyze the impact path of the GVC, and fill the gaps in relevant mechanisms in this field. 3) In terms of research conclusions, in addition to the original division of emission responsibilities based on the national level, a more detailed supplement was provided on how different countries should assume environmental responsibility through the GVC, which is a further combination of theory and practice and contributes to the further development of this field.
The rest of the present study is structured as follows: Section 2 reviews relevant literature and proposes assumptions. Section 3 calculates FEE and decomposes the factors affecting FEE. Section 4 constructs an empirical model and explains variables. Section 5 analyzes empirical results and testing for robustness and heterogeneity. Section 6 further studies the impact of different GVCs and investigates the impact pathways. Section 7 summarizes conclusions and provides suggestions.
2 LITERATURE REVIEW
From the perspective of the GVC, there are many references available for research on environmental impacts, and initially, only a summary study was conducted on export carbon emissions (Su and Ang, 2010; SU et al., 2010). From further research results, it can be seen that there is a relatively close relationship between the development of the GVC and carbon emissions (Kanemoto et al., 2012). This connection is mainly reflected in the separation of production and consumption in upstream and downstream countries when trade dependent on the GVC occurs, which leads to carbon emissions in the production process remaining domestically rather than flowing with products (Gallego and Lenzen, 2005). The more the foreign demand, the more the domestic production and emissions increase (Meng et al., 2018). This issue has attracted increasing attention (Peters and Hertwich, 2008; Kanemoto et al., 2012; Long et al., 2018; Kim and Tromp, 2021). Meanwhile, some scholars have used structural decomposition models to study what factors affect carbon emissions (Su and Ang, 2012; Wang et al., 2017; Zhou et al., 2018; Dietzenbacher et al., 2020). The above research did not effectively combine the GVC with carbon emissions for research but rather conducted relatively independent research on carbon emissions in the context of the GVC and did not delve into how different positions on the GVC would affect carbon emissions.
Subsequent research, based on previous studies, delved into the relationship between the GVC and carbon emissions and found a relatively close relationship (Zhong et al., 2021; Ji et al., 2022a; Shi et al., 2022). Scholars had found that there is a “U”-shaped relationship between the GVC and the per capita carbon emissions (Wang et al., 2019), together with the economic growth factors, and the participation of the GVC will promote economic development in the long run and reduce the per capita carbon emissions (Shi et al., 2022a).
From the above research, it is not difficult to see that currently, in order to combine the GVC with the environment for research, the focus is on how to measure the degree of environmental impact. Embodied carbon is usually measured, and the current mainstream methods include the Intergovernmental Panel on Climate Change (IPCC), the life cycle assessment (LCA), and multi-regional input–output (MRIO). The IPCC needs to set the future environmental situation in advance to explore carbon emissions (van Vuuren et al., 2017a) and provide a basis for environmental policies through research through different situations in the same situation (van Vuuren et al., 2017b). The LCA studies the impact of the environment from the perspective of the product production process and is widely used in the construction industry for empirical research (Li et al., 2021; Morris et al., 2021; Pakdel et al., 2021; Xu et al., 2022). The MRIO obtains the trading embodied carbon by calculating the trade data between different countries and different departments (Su et al., 2013; Li et al., 2022); this method is widely used in the calculation of implicit carbon and often combines research with social network analysis (Lv et al., 2019; Wang L. et al., 2020; Pan et al., 2022a; Zhu et al., 2022; Zhao et al., 2023). There are also some scholars who studied from the perspective of national heterogeneity, and they reached a conclusion that developed countries will reduce carbon emissions in the GVC, while developing countries will increase emissions (Liu and Zhao, 2021; Jin et al., 2022; Wang S. et al., 2022). According to the perspective of industrial heterogeneity, other scholars found that there was a great difference in carbon emissions at different stages of the industrial chain (Sun et al., 2019; Takayabu et al., 2019; Liu et al., 2020; Yi et al., 2022). In addition, we noticed that the value chain embedded will affect the energy structure (Jin et al., 2022a; Ji et al., 2022b). The energy structure of the upstream state will be optimized, and the downstream countries will worsen (Pan et al., 2022b). While some researchers found there is a “U"-shaped relationship between China’s GVC and energy strength (Wang S. et al., 2020), with the increase in GVC participation, the energy intensity of the industry will show an upward trend, but when it reaches the turning point, it will show a downward trend. This trend is consistent with the previous discussion on the relationship between the GVC and per capita carbon emissions and also raises concerns about how the GVC affects the environment (Wang et al., 2019).
From the theoretical basis, at present, the mainstream theory affected by trade under the GVC vision can be divided into the following two types: pollution haven hypothesis and pollution halo hypothesis. Scholars who support the hypothesis of pollution haven believe that under the perspective of the GVC, the environment of developing countries will deteriorate and become a “polluted paradise” of developed countries. Some scholars found that China has become a polluted paradise in other countries to trade with China. Moreover, other scholars found that foreign investment will affect China’s energy structure, and the changes in the energy structure exacerbated China’s environmental pollution. The study confirms the “pollution paradise” hypothesis (Jin et al., 2022b; Zhang, 2022). The pollution halo hypothesis corresponds to the pollution paradise hypothesis. Scholars who support the pollution halo believe that trade has a positive effect on the environment, while some scholars have found that FDI has a positive effect on the environment (Hille et al., 2019; Demena and Afesorgbor, 2020). This viewpoint has also been proven in some developed regions (Zhu et al., 2016).
Based on the above analysis, we propose the following hypothesis:
H1. The impact of different GVC embedding methods on FEE varies; when segmenting GVC, there may be negative effects.
H2. There are differences in the environmental effects obtained by countries with different natures in the GVC, and high-income countries can obtain more environmental effects.
H3. Energy structure plays a mediating role in GVC embedding, affecting FEE by influencing the proportion of fossil energy consumption.
3 MATERIALS AND METHODS
3.1 Multi-regional input–output model
In the MRIO model, assuming that there are M countries in the world trade, each country has the same number of N industrial sectors, and the products produced by each department include intermediate and final products. The calculation formula is expressed as follows:
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In formula (2), [image: image] is the Leontief inverse matrix, indicating the intermediate investment required for the production of the product production of the fossil energy department. [image: image] is the department total output matrix. [image: image] is the identity matrix. [image: image] is the direct demand coefficient matrix. [image: image] is the final requirement matrix. In this formula, combined with the data of the environmental account, the carbon dioxide emission emitted in the production process is set to the carbon emission matrix, and it is brought into the input–output matrix:
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Among them, the element [image: image] is the carbon emission during the production process. The carbon dioxide emissions are measured and diagonally matrixed. The formulas of the FEE caused by the export trade of the fossil energy department are expressed as follows:
[image: image]
3.2 Structural decomposition analysis method
The structural decomposition analysis (SDA) method is often associated with MRIO and can be used for the analysis of environmental impact factors. On this basis, demand Y is divided into the following four parts: scale effect Q, structural effect S, technical effect T, and economic development quality level G. The influencing factors of export trade embodied carbon changes can be decomposed as follows:
[image: image]
The changes from FEE from the basis to the reporting period can be decomposed as follows:
[image: image]
Furthermore, according to the two pole decomposition methods, the analysis of the influencing factors is as follows:
[image: image]
As shown in Formula 7, the decomposition affects the implicit carbon factors that affect the export of global stone energy departments and analyze from the perspective of scale effect, structural effect, technical effect, and economic development quality level.
3.3 Data sources
This article mainly uses the World Input–Output Database (WIOD) 2016. The database contains the input–output and environmental account data of 56 departments in 43 countries or regions. The fossil energy department is selected for analysis. The GVC data are derived from the relevant database of the University of Foreign Economic and Trade (http://gvcdb.uibe.edu.cn/). Other data mainly come from the World Development Indicators (WDI) database (https://databank.world-bank.org/) and the UN Comtrade database (https://comtradeplus.un.org/). The data need to be screened first of all in order to match the national and regional data of the WIOD with those of the WDI database. Due to the missing data of some indicators in the WDI database corresponding to some countries in the WIOD, they are deleted. These deleted countries include Taiwan (TWN), Cyprus (CYP), the Netherlands (NLD), and Luxembourg (LUX), and a total of 39 countries are selected. Second, in order to match departmental data, according to the global value chain database code comparison table, the products of major trade categories 27, 28, and 84 are selected as the corresponding trade data of the WIOD fossil energy department. The selection criteria mainly refer to the relevant databases of the University of International Business and Economics and the United Nations database (https://unstats.un.org/unsd/). The specific product codes selected are shown in Table 1.
TABLE 1 | Product code table.
[image: Table 1]4 RESEARCH DESIGN
4.1 Model settings
Referring to the research method in the work of Jin et al. (2022), based on 15 years’ data from 39 countries, in this article, a panel regression model was constructed, and the specific benchmark regression model was established as follows:
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Among them, [image: image] represents the country, [image: image] represents the time, the dependent variable [image: image] represents the embodied carbon intensity of the export trade of the fossil energy sector in year [image: image], the core explanatory variables [image: image] and [image: image] are the backward value chain embedding index and forward value chain embedding index, respectively, and [image: image] is the control variable. [image: image] and [image: image] represent the year and individual fixed effects, respectively. [image: image] is a random perturbation term.
4.2 Definition of variables

(1) Dependent variable
Based on the WIOD data and MRIO, embodied carbon data for 56 sectors in 39 countries are calculated. The fossil energy sector is selected, the trade embodied carbon data of total output are calculated, and then, they are matched with the fossil energy trade data. Embodied carbon is divided by export trade volume. Finally, the FEE is obtained.
(2) Independent variable
The GVC embedding index is selected to measure country participation (Wang Z. et al., 2022). The GVC embedding index is used as a measure of a country’s participation in the international division of labor (Wang et al., 2022). After decomposing the product value added into 16 parts, the forward value chain embedding index and the backward value chain embedding index are calculated separately. The calculation formula is expressed as follows:
[image: image]
[image: image] is the forward value chain embedding index, and [image: image] is the GDP by sector. The forward GVC can be further subdivided into the simple forward GVC ([image: image]) and the complex forward GVC ([image: image]). [image: image] is a simple cross-border production-sharing activity that includes the added value of intermediate goods exports, [image: image] is the added value of intermediate products in the production process of products exported to the country, and [image: image] is the added value of intermediate products in the final foreign consumer goods.
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[image: image] is the backward GVC index, and [image: image] is the final product and service produced by the department. The index can be further subdivided into the simple backward GVC ([image: image]) and the complex backward GVC ([image: image]). [image: image] is the part of imported intermediate products used to produce the final product, which only passes through once and is used for domestic production after entering the country. [image: image] represents imported intermediate products used for export production or domestic consumption. [image: image] represents the value-added portion absorbed by foreign countries in import processing and re-export.
(3) Control variables
Combining the structural decomposition model, control variables are selected from the following four perspectives: the scale effect, structural effect, technological effect, and economic development quality level. Among them, the scale effect is measured by GDP (constant price in 2010), and the logarithm is taken to reduce the impact of heteroscedasticity; the structural effect utilizes the proportion of service industry employment to total employment to measure the degree of structural optimization in economic development; the technological effect is measured by the ratio of FDI to national GDP; and the quality level of economic development is expressed by the ratio of carbon dioxide emissions to the purchasing power parity index of GDP.
The descriptive statistics of study variables are shown in Table 2.
TABLE 2 | Variable descriptive statistics.
[image: Table 2]4.3 Unit root test
Referring to the work of Ye et al. (2020), we use Fisher criteria to avoid the pseudo regression problem From Table 3, it can be seen that there is no unit root problem, and the data are zero-order single integers. The next step of compression can be carried out.
TABLE 3 | Panel unit root test.
[image: Table 3]5 RESULTS
5.1 Benchmark regression results
This study conducts benchmark regression based on different methods of the GVC to further analyze in detail the impact of the GVC on the FEE. After conducting the Hausman test, the benchmark regression uses random effects. Cross-sectional dependency, autocorrelation, and heteroscedasticity tests are performed on the benchmark regression, the benchmark regression model is adjusted, and generalized least squares (FGLS) are used for regression.
Regression of FEE is carried out using the GVC, and the benchmark regression results are shown in Table 4. Columns (1) and (2) are regression for the forward GVC and FEE, respectively, and the results show that the impact of the forward GVC on FEE is significantly negative at the 1% level. Columns (3) and (4) are regression for the backward GVC and FEE, respectively, and the results are also significantly negative. The benchmark regression results indicate that the GVC will reduce the FEE. According to the preliminary proof of hypothesis 1, there are differences in the environmental impact of different GVCs, but in the absence of segmentation, the main difference is in the size of the impact, with the impact of the backward GVC being greater.
TABLE 4 | Benchmark regression results.
[image: Table 4]No matter how the country participates in the GVC, overall, the domestic environment will be improved to a certain extent. The utility of backward embedding is much higher than that of forward embedding. The reason for this is that the two embedding methods represent different meanings, and the participation modes represented are also different. The backward GVC mainly represents relatively extensive production in the fossil energy industry, such as oil extraction and asphalt extraction, which can lead to environmental degradation. Forward embedding is mainly focused on relatively high-end industries, such as extraction.
5.2 Robust test
In order to test the robustness of the research conclusion, considering the impact of the 2008 global economic crisis, the data from 2000 to 2008 were chosen for retesting. Columns (1) and (2) of Table 5 are variable lag tests, while (3) and (4) columns are data tests from 2000 to 2008. The results show no significant changes and are robust.
TABLE 5 | Robust test.
[image: Table 5]In order to overcome the endogeneity problems that may exist in the research process, the instrumental variable estimation selects the GVC that lags behind one period. First, in response to the issue of overrecognition, the instrumental variable estimation is an embedded index lagging one period, so it is not considered. Second, the weak instrumental variable estimation test was conducted and passed. On the basis of the above, the two-stage least squares method and generalized method of moments are selected for testing. The results are shown in columns (5)–(8) of Table 5. Through robustness testing, it can be seen that the embedding of the GVC has a significant positive effect on the environment, and the utility of backward embedding is still significantly higher than that of forward embedding. This indicates that in sectors with relatively severe pollution, the effect of improving the backward GVC is more significant, and this feature is more significant in the early stages of economic development, such as before the economic crisis. This is consistent with the conclusion in benchmark regression, demonstrating the robustness of the study.
5.3 Heterogeneity analysis
The significant differences in income levels among different countries in international trade are considered. According to the classification of high-income and low-income countries in the database of the University of International Business and Economics, the regression results are shown in Table 6. From the results, it can be seen that there is a significant difference between high-income countries and low- and middle-income countries. From the perspective of the GVC, the forward GVC has a significant effect on the environment of high-income countries, while the backward GVC has a certain environmental effect on low- and middle-income countries. After introducing the quadratic term, the results changed to some extent, with higher-income countries having a greater environmental effect of the forward GVC and middle- and low-income countries experiencing a significant U-shaped relationship instead of a disappearance of the environmental effect of the backward embedding after introducing the quadratic term. This conclusion proves hypothesis 2 that the environmental effects of different countries in the GVC vary, and high-income countries can achieve better environmental effects.
TABLE 6 | Heterogeneity analysis.
[image: Table 6]This result indicates that for high-income countries, due to their high level of economic and industrial development, the environmental benefits of the backward GVC have disappeared, and they mainly rely on the forward GVC to improve the environment. This also indicates that high-income countries have shifted their future focus on embedding as the main industry to other countries. In low- and middle-income countries, there is an interesting phenomenon that when only one term is considered, the backward GVC has environmental effects. After adding the quadratic term, it is actually positive embedding with environmental effects. Based on the carbon Kuznets curve (CKC) and the characteristics of fossil energy development, it can be inferred that in the early stage of development, low- and middle-income countries, due to their own industrial structure and development level limitations, are dominant in industries with the backward GVC; at this point, enhancing the backward GVC will bring environmental effects. However, in the long run, when a country undergoes industrial transformation, due to the influence of existing industries, there will be a “U"-shaped relationship when the fossil energy industry is further improved, that is, forward GVC improvement, and the environment will deteriorate. This indicates that low- and middle-income countries should pay attention to energy transformation and actively expand energy development beyond fossil energy.
6 FURTHER ANALYSIS
6.1 The impact of subdivision embedding methods
To further investigate the impact of GVC embedding on FEE, this article further subdivides the core explanatory variables into complex and simple calculation methods and divides the embedding methods into four types for further research. The research results are shown in Table 7. Simple forward, complex forward, and simple backward embeddings have positive environmental impacts, while complex backward embeddings can bring negative environmental impacts. Among them, forward embedding is consistent with the previous conclusion, while backward embedding is different. This result further confirms hypothesis 1, indicating that there are differences in the impact of the GVC on the environment under different calculation methods. This difference is not only a difference in the size of the influence coefficient but also a change in the direction of influence after subdivision.
TABLE 7 | Subdivision benchmark regression results of the impact of subdividing the GVC on FEE.
[image: Table 7]This phenomenon is analyzed according to different embedding methods, where the backward simple embedding method represents the ratio of foreign added value imported for the production of intermediate products to the final product. It should be noted that this part of intermediate products only underwent one cross-border production. The complex backward embedding method represents the difference between the domestic added value and foreign absorbed value in the imported intermediate goods that produce the final product and the ratio of the final product. From the further analysis of the meaning represented by the indicators, it is not difficult to find that the simple backward positive environmental effect can be understood as that the more the imported products are used to produce domestic final consumption, the stronger the improvement effect on the environment, and the improvement effect on the environment is much higher than that of positive embedding. This indicates that in order to improve the domestic environment, transferring the intermediate goods required for domestic final demand production to foreign countries will yield good results. From a complex backward perspective, the larger the gap in the added value between domestic and international production, export, or domestic consumption of intermediate goods, the worse the domestic environment. To improve the environment, it is necessary to further narrow down the differences in domestic and international development, thereby minimizing the degree of backward complexity embedding as much as possible.
6.2 Impact path research
The Energy structure is selected as the mediating variable. The energy structure is divided into the proportion of fossil energy consumption and the proportion of clean energy consumption. Among them, the WDI database provides the proportion of fossil energy consumption, but data on the proportion of clean energy consumption are missing. Therefore, the corresponding energy account is used in the WIOD to calculate the proportion of clean energy consumption. The energy structure M is added to the benchmark model, and the following model is built (Zhao et al., 2010; Shi et al., 2022b):
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When the coefficients [image: image], [image: image], and [image: image] are significant, there is an intermediary effect; when [image: image] is significant, there is a partial intermediary effect; and when [image: image] is not significant, there is a complete intermediary effect.
According to models (12)–(14), the intermediary effect of the energy structure between the segmented GVC and FEE is discussed. Based on the different meanings represented by the GVC, the proportion of fossil energy and clean energy consumption was selected as intermediary variables, and the regression results are shown in Table 8. Among them, columns (1) and (2) use the proportion of fossil energy consumption as the dependent variable and the GVC as the independent variable for regression; columns (3) and (4) use the proportion of clean energy consumption as the dependent variable and the GVC as the independent variable for regression, and columns (5)–(8) add intermediary variables to the explanatory variables to analyze FEE.
TABLE 8 | Intermediary effect test.
[image: Table 8]First, the regression results in Table 4 show a significant relationship between the GVC and FEE. Second, from columns (1) to (4) of Table 8, it can be seen that there is a significant relationship between the GVC and energy structure. From the perspective of coefficient size, the impact of the backward GVC on the energy structure is much greater than that of the forward GVC. From the perspective of the impact direction, the complex backward GVC has a negative impact, which is consistent with Table 4. Finally, from columns (5)–(8) of Table 8 , it can be seen that after the forward GVC is embedded in the energy structure as an intermediary variable, the explanatory power of the core explanatory variable is not weakened, and there is no intermediary effect. The backward GVC affects the implied carbon intensity of trade through the path of energy structure. After adding the proportion of fossil energy consumption, the simple backward GVC becomes insignificant, indicating a complete intermediary effect. This result confirms hypothesis 3 that the GVC further affects the environment by influencing the energy structure.
Analyzing the mechanism of GVC embedding affecting the environment, combined with the results, it can be concluded that one of the pathways of the backward GVC affecting the environment is the impact on the domestic energy usage structure, mainly manifested in the impact on the proportion of fossil energy consumption. The explanation for this phenomenon is that the backward GVC is mainly reflected in lower-end industries, which have a significant impact on the environment. At the same time, due to the locking in the GVC position, the environmental utility of this part is relatively fixed, and it will have a significant impact through the GVC. This phenomenon is mainly reflected in the simple backward GVC, as this part is mainly used for importing intermediate products to produce the final product. When this part is transferred to foreign countries, there is no need to engage in the production of polluting intermediate products domestically, resulting in a decrease in the proportion of domestic fossil energy use and an improvement in the environment.
7 DISCUSSION AND CONCLUSION
7.1 Conclusion
This article uses the WIOD and corresponding environmental accounts from 2000 to 2014 to calculate the trade-implied carbon data of fossil energy sectors in 39 countries. It examines the impact of the GVC on the FEE and draws the following conclusions: (1) from the perspective of the GVC on FEE, the GVC has a positive environmental effect. However, after subdividing the calculation methods, it was found that the complex backward GVC increased the implied carbon intensity of trade. The higher the embedding degree, the more the FEE and the further the deterioration of the environment; (2) the results of heterogeneity analysis show that high-income countries can better reduce the FEE and achieve greater environmental effects in the GVC, but low- and middle-income countries are unable to obtain or have little environmental effects in the GVC; and (3) the mediation effect test results show that the backward GVC further affects the implied carbon intensity of export trade through the path of energy structure.
7.2 Recommendation
Based on the above conclusions, the following countermeasures and suggestions are proposed to address China’s current requirements for reducing carbon emissions and China’s own requirements for high-quality economic development: 1) The level of participation in the global value chain should be deepened, and value chain embedding should be fully utilized in reducing the implied carbon intensity of trade. Based on the regression results mentioned earlier and combined with the actual development of international trade, in the GVC, focusing on enhancing industrial upgrading to drive the forward GVC may be far less effective than enhancing the environmental utility of existing relatively low-end industries, which is more evident in the fossil energy sector. Taking China as an example, the current economic development in China is gradually shifting to the digital economy industry as the main focus in order to improve the environment. However, at the same time, attention needs to be paid to the development of departments such as energy collection and smelting in order to achieve better environmental benefits. At the same time, based on further analyses, it will be interesting to find that as a low- and middle-income country, China will face a “U-shaped” relationship in order to improve the environment through the forward GVC. When the environment improves to a certain extent, the continued increase in the forward GVC will lead to environmental degradation. This indicates that improving the environment through the GVC requires selecting appropriate paths, not only increasing the forward GVC but also paying attention to the backward GVC and also paying attention to the degree. Excessive pursuit of the forward GVC can actually lead to environmental degradation. 2) We should focus on developing the economy and enhancing China’s position in the world economy. According to the analysis of national heterogeneity, from the perspective of the global value chain, high-income countries can obtain greater environmental effects from the global value chain. As a low- and middle-income country, China has achieved relatively low returns in the process of embedding in the global value chain. In order to further improve China’s environmental protection, it is necessary to fully develop the economy and better utilize value chain embedding to obtain environmental benefits, rather than achieving environmental protection by reducing the speed of economic development. (3) The domestic energy use structure should be optimized. Backward simple value chain embedding has an impact on the implied carbon of fossil energy trade by influencing the energy structure. Therefore, it is urgent to optimize the domestic energy utilization structure and reduce the proportion of fossil energy consumption. At the same time, attention should be paid to expanding the scope of energy trade, which can not only protect energy security but also leverage the positive environmental effects of value chain embedding on neighboring countries. Taking China’s Belt and Road policy as an example, it mainly provides cooperation platforms for countries along the Belt and Road to help them achieve mutual benefit and common development. China plays an extremely important role in providing funds for countries along the Road to build. Through cooperation with countries along the route, China can give priority to countries that export implied carbon to China and achieve the transformation from an outflow country to an inflow country of implied carbon in fossil energy trade, so as to achieve the dual carbon goals.
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