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As a global issue, climate warming has received extensive attention in recent years. Scientific identification of the network evolution, transfer path, and influencing factors of embodied carbon in trade is of great significance for the global joint response to climate change challenges. In this paper, based on the latest World Input-Output Database and carbon emissions data of 42 countries (the total carbon emissions of 42 countries account for about 80% of the world’s total carbon emissions), we use social network analysis to describe the global trade embodied carbon emission from 2000 to 2014, and explore the relevant factors that influence global embodied carbon emissions. From the overall network, a small number of countries produce more carbon emissions, of which China is gradually in the center of the global carbon emissions network, while the United States and the European Union are always in the center. The point entry degree of developed economies is larger, while the point out degree of developing countries is higher, indicating that part of carbon emissions from developed countries are transferred to developing countries through economic links. Through QAP analysis, it is found that factors such as population, energy structure, geographic distance, final consumption and trade agreements are the main factors of the evolution of the embodied carbon network, and these factors can explain 42.3% of the pattern of the implied carbon network in trade. Moreover, the decrease of the degree of proximity indicates that the path of carbon emission correlation between countries is shortening and it is necessary for the world to join hands to respond to climate change.
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1 INTRODUCTION
Economic globalization has brought closer economic and trade ties among countries, yet the development of industry and manufacturing has also led to increasingly severe environmental problems. The production and trade of high-carbon products have contributed to a large number of carbon emissions, which have had a serious impact on the world’s climate. The global climate has been heating up in recent years, and problems such as melting icebergs and rising sea levels have emerged, which will eventually affect the survival and development of mankind. Governments are also gradually realizing the seriousness of the problem and the urgency of managing environmental issues, and countries around the world have adopted global agreements to control greenhouse gas emissions, for example, the Paris Agreement signed in 2016 that aims to keep the global average temperature rise within 2°C and strives to keep the temperature rise within 1.5°C.
Carbon emissions from a country not only have an impact on its environment and economy but the carbon-containing products produced in that country are also exported to other countries through global trade networks, causing environmental problems in other countries and thus affecting climate change in the world as a whole. Therefore, the problem of carbon emissions cannot be solved by a single country or a few countries alone but requires the joint efforts of all governments. Furthermore, it is necessary to look at the issue of carbon emissions from a global perspective, explore the footprint of carbon emissions in terms of economic activities among countries, and study the structural characteristics of carbon emission linkages among countries.
The current research on the issue of international carbon emissions mainly includes international carbon emissions measurement, international carbon leak, and embodied carbon in international trade. Since the different measurement methods lead to different results, it is important to study the measurement of global trade carbon emissions for all countries. Firstly, the IPCC method (Villarino et al., 2014) is one of the internationally recognized and common methods for measuring carbon emissions (Winjum et al., 1998), and the United Nations Framework Convention on Climate Change requires parties to regularly prepare national greenhouse gas emission inventories, which provides a reliable method for countries to measure carbon emissions (Antweiler et al., 2001). Due to the different industrial conditions and production differences in each country, the carbon emission inventories formulated by each country are basically different, so there are also relatively large differences in the carbon emissions finally measured by countries. At present, domestic and foreign scholars still use the IPCC method a lot. Winjum et al. calculated through the IPCC method that the carbon storage in the world’s wood forest products is gradually increasing (Winjum et al., 1998). Jin et al. used the IPCC method to calculate the scale of carbon emissions in the city and its nine municipal districts, providing support for the formulation of urban low-carbon development strategies (Jin et al., 2013). Furthermore, another option is the life cycle analysis (Rosenbaum et al., 2011; Pan et al., 2018), which is based on the life cycle of a particular product from the micro-level (Luo, et al., 2014). It is a quantification of the energy consumed by a product throughout its life cycle and is often used to calculate the embodied carbon emissions of industrial materials or buildings. Pan, W et al. developed a systematic methodological framework for examining the carbon emissions of high-rise buildings, based on the life cycle approach and proposed a multidimensional life cycle carbon approach including temporal, spatial, functional and methodological variables, the results reveal carbon-intensive processes in a building’s life cycle (Pan et al., 2018). Finally, the input-output method is also a basic method for measuring carbon emissions, which is often used to calculate the embodied carbon in international trade (Machado et al., 2001). Input-output method can be divided into single-region input-output method and multi-region input-output method, the latter is developed on the basis of the former. When many scholars use the single-region input-output model to calculate the carbon emissions of a country’s export trade, they find that the carbon emissions of exports are more than those of imports, and there are net exports of implied carbon to varying degrees (Sanchez-Choliz and Duarte, 2004; Dawkins et al., 2019, Gao et al., 2020). Jing-Li Fan et al. used a multi-regional input-output model to establish a link between implied carbon and global value chains to measure the carbon efficiency of international trade. It is found that the export carbon intensity of developing and emerging economies is significantly higher than that of import carbon intensity, while the opposite is true for developed countries (Fan et al., 2019).
The problem of carbon leakage arises because countries adopt different levels of policies on carbon emissions (Yu et al., 2021, King and van den Bergh, 2021), with countries with stringent policies transferring carbon emissions to countries with less stringent policies through global trade (Kuik and Hofkes. 2010), while the traditional “Kyoto Model” only considers direct national carbon emissions, and ignores inter-country transfers (Green, 2015), which further exacerbates carbon leakage (Munksgaard and Pedersen, 2001). Later as some scholars suggested, “producer responsibility” could be not the only principle, and the responsibility of consumers should also be considered, to better define the responsibility of carbon emissions and promote better global climate governance (Ferng. 2003; Turner. 2014; Baloch. 2022).
The concept of embodied carbon was developed from the concept of “embedded energy” proposed at the meeting of the International Federation of Advanced Research Institutions (IFIAS) Energy Analysis Working Group in 1974. Some scholars add the name of resources or pollutant emissions after “embodied” to conduct specific research, and finally derive the concept of embodied carbon. The United Nations Framework Convention on Climate Change defines embodied carbon as “the carbon dioxide emitted during the process of obtaining, manufacturing, processing and transporting goods from raw materials to the products purchased by consumers” (Fan et al., 2019). At present, most of the research on embodied carbon is focused on the measurement of embodied carbon and the division of responsibility for the emission of embodied carbon. The method used for the measurement of embodied carbon is mainly the input-output model. The single-regional input-output model was initially used, and later, with globalization and international division of labor, the multi-regional input-output model was widely adopted. The division of responsibility for embodied carbon emissions is mainly divided into two perspectives: producers and consumers. Han, MY used a multi-regional input-output model to analyze and found that consumption in countries such as the United States and the European Union caused about 30% of carbon emissions. They argue that it is more fair to measure embodied carbon emissions responsibility from a consumer perspective (Han et al., 2018). Zhao, GM used the global multi-regional input-output table to calculate the carbon emission intensity under different trade modes, and analyzed the relevant factors affecting the carbon emission intensity. The results show that the carbon emission intensity of developing countries is higher than that of developed countries. Industrialization can promote the reduction of carbon emission intensity in developing countries. The increase of PGDP can also reduce the carbon emission intensity in the process of global trade (Zhao and Liu, 2020). Regarding the study of global trade embodied carbon, most scholars have found that developed countries are the net importers of embodied carbon while developing countries are mostly the net exporters of embodied carbon, Developed countries should consider giving certain technical assistance to developing countries or help developing countries share the pressure of carbon emission reduction. (Tian et al., 2014; Dong et al., 2017; Jakob 2021; Mangr and Ahin, 2022; Wu et al., 2022).
The above literature provides the basis and reference for the research of this paper, but there are still places to be improved and supplemented: In the study of the trade embodied carbon, some literatures use the unweighted network, so the corresponding conclusions can be deeper. In addition, some people who use weighted networks for research can also try different weight settings to more comprehensively grasp the evolution path of the network. On the other hand, most studies pay more attention to the network itself, ignoring the research on the influencing factors of the network, and some related studies try to increase the variables in the econometric model, but there is a problem of multicollinearity.
Therefore, based on the existing literature, this paper attempts to observe the evolution of trade-implied carbon networks by combining unweighted and weighted networks, and applies world input-output tables and carbon emission data to construct a global carbon emission matrix (Sanchez-Choliz and Duarte, 2004; Han et al., 2018), forming a multi-node, multi-path Global Trade Embodied Carbon Emission Network, and analyzing the inter-region relationship of global carbon emissions from multiple perspectives. The network analysis can link countries instead of looking at a country’s carbon emission in isolation, therefore can more objectively observe the trajectory of carbon dioxide flow in the network and analyze the position and connection of each node in the network, which is in line with the realistic carbon linkage characteristics and provides a new research perspective and research method for global trade embodied carbon research at the same time. Finally, by exploring the specific influencing factors of the global trade embodied carbon network, it can provide solutions for reducing the embodied carbon emissions of trade, help countries to form a more consistent multilateral climate agreement, and balance the relationship between economic development and carbon emissions. While achieving high-quality economic development, we reduce carbon emissions and carbon leakage, and actively build a community with a shared future for mankind.
This paper makes changes on the basis of the multi-regional input-output model, and integrates the characteristics of each country’s own carbon emissions in the basic form of the input-output table to construct an international carbon emissions matrix. Then, the network analysis method is used to reveal the global characteristics of the global trade implied carbon network, and the network analysis is consistent with the characteristics of carbon emissions in reality. At the same time, the multi-regional input-output model and network analysis are consistent. In addition to clarifying the internal structure and framework of the entire network, the combination of the two can also reveal the status of each economy in the network and the connections between them. Finally, there is currently no literature that deeply explores the specific factors that affect the embodied carbon emissions network. This paper uses the QAP analysis method to explain the influencing factors of the embodied carbon emission network, so as to provide solutions for reducing the embodied carbon emissions of trade and formulating carbon emission reduction policies for the country.
We organize the remainder of the article as follows: In Section 2, we introduce the data source used and build a trade embodied carbon network. In Section 3, we analyze its evolution trend and characteristics of global trade embodied carbon network. In Section 4, we use the QAP (Quadratic Assignment Procedure) analysis method to deconstruct the influencing factors of the global trade embodied carbon network. In Section 5, we discuss the similarities and differences between the conclusions of this paper and those of previous literature, summarize the innovations and shortcomings of this paper, and discuss future research directions in this field. In Section 6, we present the conclusions and policy suggestions.
2 METHODOLOGY AND DATA
2.1 Data Source
\This study uses the data of a multiregional input-output (MRIO) system, the World Input-Output Database (WIOD). It is established based on the officially available data published by statistical agencies, which covers countries and regions accounting for about 85% of the global GDP with high reliability and wide representation. Therefore, this paper selects the WIOD database to analyze the structural evolution of the Global Trade Embodied Carbon Network. Based on the availability and reliability of the data, this paper uses the 2016 released version of the world input-output table, which contains the input-output data of 28 EU countries and 14 other major countries in the world from 2000 to 2014, and the rest of the countries and regions are grouped into ROW region. In addition, this paper has combined 28 EU countries as the whole EU region data for analysis, which can avoid the impact on the subsequent analysis due to missing data of some EU countries. The basic form of the input-output table is shown in Table 1. It is assumed that there is a total of N countries in the world (i, j = 1, 2, …, N), each with M industries. Zij denotes the made-in-country i intermediate inputs used by country j, Fij denotes the made-in-country i final goods used by country j, Wi′ denotes the value-added in country i, and Xi denotes the total output of country i.
TABLE 1 | The basic structure of the World Input-Output Table (WIOT).
[image: Table 1]The multiregional input-output table can be expressed in matrix form as:
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In Eq. 1, X denotes the total output matrix of country i, A denotes the matrix of direct consumption coefficients from country j to country i, and F denotes the final demand column vector.
To measure the carbon emission of a country, we use the indicator of CO2 emissions (kt) from the WDI(World Development Indicators) of the World Bank. The combination of world input-output tables and inter-country carbon emissions data enables the measurement of inter-country carbon emissions and carbon transfers. With countries defined as nodes, the global carbon emission model is constructed as follows:
[image: image]
Among them, [image: image] represents the diagonal matrix of each country’s carbon emissions, [image: image] represents the diagonal matrix of the total output of each country, (I−A)−1 represents the Leontief inverse matrix. The elements in the matrix represent the total output that the country needs to produce when the final demand of a country’s unit is met. Equation 2 can be used to calculate the international carbon emission matrix from 2000 to 2014.
2.2 Indices
Based on establishing a multiregional carbon emission matrix, this paper analyses the position and role of 15 major economies in the Global Trade Embodied Carbon Network by using the Social Network Analysis (SNA). This paper firstly analyzes the structural characteristics of the international carbon emission network from the perspective of the centerline that characterizes the individual location, the network density, centrality, and related indicators of the network will be calculated.
Network density refers to the ratio of the number of relationships in the actual network to the maximum possible number of relationships and reflects the closeness of the connections between the nodes in a network. The specific formula is shown in Eq. 3. wherein D represents the network density, M represents the number of relationships present in the actual network, and N represents the number of nodes in the network.
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Centrality is applied to analyze the importance of a node in the network with higher centrality meaning that a country is more central in the network. Centrality is generally classified into three types, namely Degree Centrality, Betweenness Centrality, and Closeness Centrality.
[image: image]
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The formula for calculating Degree Centrality is shown in Eq. 4. Wherein DCi denotes the degree centrality of country i, and [image: image] denotes the point-in degree of country i, [image: image] denotes the point-out degree of country i, and N denotes the size of the Global Trade Embodied Carbon Network. In the Network, the betweenness centrality represents a country’s ability to regulate and control other countries in the network, with a higher degree of betweenness centrality indicating a country’s greater control over other countries in the Network. The formula for calculating the betweenness centrality is shown in Eq. 5. Wherein BCjk(i) denotes the ability of country i to control carbon emission linkages between country j and country k, [image: image] denotes the number of shortcut paths through country i for carbon emission linkages between country j and country k, and [image: image] denotes the number of shortest paths through which the carbon emission linkages between country j and country k passes. Then the betweenness centrality of country i is calculated by summing up between all countries passing through country i, as shown in Eq. 6. Closeness centrality shows the close relationship between nodes, with a shorter distance between a node and other nodes in the network indicating relatively higher closeness centrality and a more central place in the network for that node. Closeness centrality is calculated by distance, with the lower closeness centrality meaning that the country is easy to get carbon emission linkage with foreign countries. The closeness centrality is calculated as shown in Eq. 7, wherein [image: image] denotes the geodesic distance between point i and point j, i.e., the distance of the line with the shortest distance between the two points. The closeness centrality of a country reflects if it is easy for a country to obtain carbon emission linkages with foreign countries.
2.3 Models
In the method of SNA, QAP is commonly used to analyze the influencing factors of a network, and estimate the relation among matrices. The process of QAP analysis includes correlation analysis and regression analysis. Correlation analysis is to study the correlation between two “relationship matrices”, to explain the influence of one relationship on another, while regression analysis is to study the regression relationship between one matrix and multiple relationship matrices. For relational data, it is difficult to use the general least square method and other conventional statistical test methods, because these test methods have relatively strict assumptions, and the nodes in the network are connected, indicating that there is a direct or indirect dependence between nodes, which does not conform to the independent and identically distributed hypothesis. At the same time, there is also a correlation between various independent variables. If the conventional test method is used, the multicollinearity problem will occur, leading to the increase of variance of parameter estimates, and the significance suggestion of variables will lose significance. Therefore, the QAP analysis method is adopted in this paper. QAP analysis method has no requirement on whether independent variables are independent of each other, which makes it more robust in dealing with relational data. QAP analysis is mainly divided into two steps. First, the correlation between dependent variables and independent variables is determined by QAP analysis, and independent variables with no significant correlation are eliminated. Then, the standardized regression coefficients of each variable matrix are determined by QAP regression analysis.
The existing research on the influencing factors of the carbon emission relationship between countries is mainly based on the following aspects. 1) Population and consumption. Population is a factor that affects carbon dioxide emissions. With the increase of world population, carbon dioxide emissions will also increase. Li et al. employed the pooled mean group estimator under the framework of the panel autoregressive distributed lag model, it was found that population size and population density could increase CO2 emissions (Li et al., 2022). At the same time, a series of activities due to people’s consumption will also produce a large amount of carbon dioxide emissions (Munksgaard and Pedersen, 2001). Lenzen analyzed the causes of greenhouse gas emissions in Australia from the perspective of final consumption, and the results showed that the consumption of goods and services contributed to 49% of carbon dioxide emissions (Lenzen, 1998); 2) The impact of bilateral trade and trade agreements on carbon emissions. A part of carbon emissions will be transferred to other countries along with international trade or international investment, so trade between countries and trade agreements signed will have an important impact on the generation and transfer of carbon emissions. Dou et al. analyzed the impact of the signing of the China-Japan-Korea trade agreement on regional carbon emissions. By comparing the carbon emissions before and after the signing of the agreement, it was found that trade openness has a positive impact on the greenhouse effect. Expanding trade openness not only directly affects carbon emissions directly, but also has indirect impacts by affecting three main effects (i. e., scale effect, technical effect, and structure effect) (Dou et al., 2021); 3) The impact of geographic distance on carbon emissions. The distance between countries will affect the scale of trade between two countries. The closer the two countries are, the lower the transportation cost for their trade, and the greater the possibility of trade (Chaney. 2011). while trade has a promoting effect on carbon emissions; 4) The impact of fuel consumption on carbon emissions, the combustion of solid fuels can produce a large amount of carbon dioxide emissions, Hanif studied the impact of solid fuel, fossil fuel and renewable energy consumption on environmental degradation in developing economies in sub-Saharan Africa, The results show that the consumption of fossil and solid fuels greatly increases carbon dioxide emissions on the one hand and air pollution on the other (Hanif, 2018).
Based on the above analysis, in this paper, population (POP), trade volume between countries (BT), final consumption (FC), and carbon dioxide emissions from solid fuel consumption (SFC) were selected as explanatory variables. The data of these variables were obtained from the WDI database and United Nations Merchandise Trade Statistics Database. In addition, geographical distance (GI) between countries and whether they belong to the same regional trade agreement (RTA) are also important factors affecting the evolution of the carbon network embodied in global trade. Therefore, the model is as follows.
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In Eq. 8, the explained variable (P) is the international carbon emission matrix calculated by Eq. 2. Pairwise difference values of POP, BT, FC, and SFC data are carried out, and then absolute values are taken to form the variable matrix. GI is constructed as follows: if two countries belong to the same continent, the corresponding element is 1, otherwise, 0, and a binary symmetric matrix is finally formed. The construction method of RTA is similar to that of GI, that is, if there is a trade agreement between two countries, the corresponding element is taken as 1, otherwise, 0, and a binary symmetric matrix is finally formed. Through QAP correlation analysis on the matrix of explained variables and each matrix of explaining variables, the explaining variables with no significant correlation were eliminated. Then QAP regression analysis was carried out on the explained variable matrix and significant explaining variable matrix, and the corresponding regression coefficients were obtained.
3 EVOLUTION OF GLOBAL TRADE EMBODIED CARBON NETWORK
3.1 Nodes Position of the Network
Each country works as a node of carbon emissions in and out via international trade with other countries/regions. To calculate how many other nodes transfer carbon emissions in to or out of a node, we use the in-degree and out-degree to measure the flow. The flow refers to the corresponding value in the carbon emission matrix C. In this paper, 15 major economies in the world are selected and classified according to developed, developing, and emerging economy countries. In order to analyze the structural characteristics of the Network, the Global Trade Embodied Carbon Network needs to be binarized, and then the network density of 15 economies, the point-out degree, point-in degree, and three centrality indicators of each country are calculated according to Eqs 3–7.
By analyzing the point-out and point-in degrees of each economy in Table 2, it can be found that the point-in degree was generally higher in developed countries, such as the EU, the United States, Japan, Canada, etc., while the point-out degree was higher in countries such as China, Russia, India, etc. This is mainly due to the high demand for raw materials, primary products, and energy resources in the United States, EU, Japan, etc., which requires the import of labor-intensive products from developing countries, thus creating a carbon emission linkage with foreign countries. In contrast to developed countries, developing countries such as China, Russia, and India are rich in labor and more abundant in resources, so they can produce a large amount of basic or intermediate products, of which some are used to meet domestic demand and some are exported to other countries, receiving carbon input from foreign countries while exporting their products, therefore their point-out degree was higher. By analyzing the changes of the point-out and point-in degrees from 2000 to 2014, it can be found that the point-out degree of most developed countries was increasing, so was the point-in degree of developing countries, because developing countries and emerging economies are gradually increasing the economic linkages with other countries as their economies develop, and the final products produced by developed countries will flow through trade to various countries. In addition, Table 2 shows that China, the EU, and the United States had larger point-out and point-in degrees, mainly because of their large market size and rapid economic growth, which generates a large number of economic linkages with other countries through trade in intermediate goods and processing trade, thus establishing carbon emission linkages.
TABLE 2 | Analysis of the out degree and in degree of major economies from 2000 to 2014.
[image: Table 2]Comparing the in-degree in 2000 and 2014 in Figure 1A, we can find the carbon emission transferred into BRIC countries has increased in the past decades, as emerging markets are the main exporters of international trade. And comparing the out-degree in 2000 and 2014 in Figure 1B, we can find that the carbon emission outflow from Asian countries has increased, as their economic growth and import grew faster in the past decade. In addition, most of the countries in Figure 1 are above the 45° line, indicating the increase in the centrality of countries in the embodied carbon emissions network. Generally, China is the main actor in both inflow and outflow as it is the transfer station between developing countries and developed countries in international trade, while trade embodied carbon emission is transferring out more from developed countries and flowing into developing countries.
[image: Figure 1]FIGURE 1 | Change of In-Degree and Out-Degree of main economies. (A) In-Degree of main economies in 2000 and 2014. (B) Out-Degree of main economies in 2000 and 2014.
3.2 Centrality of the Network
In addition to the changes in point-out and point-in degrees for each country, this paper also calculates the changes in the three centrality indicators for the period 2000–2014, and its results are shown in Table 3.
TABLE 3 | Centrality indicators and changes of major economies from 2000 to 2014.
[image: Table 3]Degree centrality measures the number of countries where a country has direct carbon linkages with other countries. As seen from Table 3, the degree centrality of most countries increased significantly, such as Brazil, China, India, Russian Federation, Turkey, and other countries. But some countries, with their degree centrality not too high due to the limitation of economic volume or geographical location, were located at the edge of the Network. In developed countries or regions like the EU, Australia, Japan, etc., the degree centrality did not increase significantly, with only a slight increase or without changes. While some developed countries saw a decrease in degree centrality, such as the United States, Canada, Switzerland, etc. This may be related to the high economic growth of China, India, and other countries. With the rapid development of emerging economies and its advantage of low labor costs, some industries have been transferred from developed countries to developing countries and emerging economies, thus generating carbon emission linkages with other countries and further increasing network density. In addition, the EU, China, and the United States were the top three countries in terms of degree centrality, largely contributed by their own huge trade volume. These three countries have established carbon emission linkages with most countries in the world through international trade, contributing closer carbon emission linkages by the increase of trading volume, therefore, they were at the center of the Global Trade Embodied Carbon Network.
The betweenness centrality of developed countries and regions such as Canada, Japan, the United States, and the European Union decreased to varying degrees, among which the United States experienced the biggest decrease, reaching 15.026. This is contributed by the fact that as globalization further deepens and an increasing number of countries are participating in the division of labor and trade, the position of developed countries in the Global Trade Embodied Carbon Network has been somewhat weakened. In contrast to such decline in developed countries, the betweenness centrality of most developing countries or emerging economies experienced an increasing trend, among which China, Russian Federation, and India were the ones with a faster increase. These countries, with their rapid economic development, have broken the trade barriers set by developed countries and weakened the central position of developed countries in the Global Trade Embodied Carbon Network. In addition, other economies such as the EU, China, United States, Russia had higher betweenness centrality, which reflects their ability to regulate and control the production and carbon emission linkage of other countries, indicating that the global trade and carbon emission linkage had more paths through these countries. And the total carbon emission generated through these countries had a higher proportion in the total global carbon emission, as a consequence, they were in a higher position in the Global Trade Embodied Carbon Network.
Unlike betweenness centrality, most developing countries or emerging economies showed a decreasing trend in closeness centrality, such as China, India, Russian Federation, Brazil, etc. Such decrease indicates that these developing countries have a shorter path to obtain carbon emission linkages with other countries, to be specific, it is easier to obtain carbon emission linkages between countries, and the carbon emissions are more likely to be transferred from the center of the Network to more peripherally located countries in response to international trade. It can also be seen from Table 3 that the economies with lower closeness centrality were mainly European Union, China, United States, Russian Federation, etc, indicating that the above countries had shorter paths to carbon emission linkages with other countries and passed through fewer countries, so they were at the center of the Global Trade Embodied Carbon Network.
3.3 Overall Evolution of the Network
Figure 2 shows the Global Trade Embodied Carbon Unweighted Networks in 2000 and 2014, and Figure 3 shows the Weighted Networks of Embodied Carbon in Global Trade in 2000 and 2014. As the Global Trade Embodied Carbon Unweighted Networks indicate, the size of the whole Network was expanding and the carbon emission linkages between countries were gradually becoming stronger. In the year 2000, some countries did not have direct carbon linkages therefore needed a third country to act as a “bridge” between them. Afterwards with the developed economy and the increased global carbon emissions, two countries that needed a third country to make carbon linkages before 2014 could now trade carbon emissions directly, such as South Korea and Turkey, Indonesia and Brazil, etc. It can also be observed that countries with larger economies were more central in the overall network, with a relatively stable position and the overall structure of the network.
[image: Figure 2]FIGURE 2 | Comparison of unweighted networks of global trade embodied carbon in 2000 and 2014. (A) Network in 2000. (B) Network in 2014.
[image: Figure 3]FIGURE 3 | Comparison of weighted networks of global trade embodied carbon in 2000 and 2014. (A) Network in 2000. (B) Network in 2014.
Figure 3 about the Weighted Networks of Embodied Carbon in Global Trade visualizes the magnitude of carbon flows on the basis of Figure 2. To be specific, the most significant export carbon flows in 2000 were from Russia to the EU, followed by the export carbon flows from the United States to the EU. The year of 2014 witnessed the changes in the export carbon flows, as the most significant export carbon flows were from China to the EU, followed by the export carbon flows from Russia to the EU. It can be seen that the carbon flow-out and carbon flow-in centering China was more closely related in 2014 compared to 2000, and the carbon flows with major economies such as European countries, the United States and Japan were more significant.
4 INFLUENCING FACTORS OF THE NETWORK
4.1 QAP Correlation Analysis
QAP correlation analysis can test the correlation between global trade implied carbon network and selected explanatory variables. UCINET software is used for correlation analysis, and the correlation analysis results obtained through 5,000 random substitutions are shown in Table 4. The Obs Value column in Table 4 is calculated according to the international carbon emission matrix and the matrix of other explanatory variables. The Minimum column and Maximum column in Table 4 are the Minimum and Maximum of the correlation coefficient of 5,000 times of random displacement. p ≥ 0 and p ≤ 0 represent the probability that the correlation coefficient calculated by random permutation is greater than or less than the actual correlation coefficient Table 5.
TABLE 4 | Results of QAP correlation analysis in 2000.
[image: Table 4]TABLE 5 | Results of QAP correlation analysis in 2014.
[image: Table 5]The results of correlation analysis in 2000 show that population, trade volume between countries, final consumption, carbon dioxide emissions from solid fuel consumption, and geographical distance all significantly affect the formation of the global carbon emission relationship. Among them, trade volume between countries, final consumption, and carbon dioxide emissions from solid fuel consumption are both significant at the 1% level, population and geographical distance are significant at the 10% level. It shows that the increase of population, trade volume between countries, final consumption and carbon dioxide emissions from solid fuel consumption and the two countries in the same continent will play a role in promoting international carbon emissions.
From the results of correlation analysis in Table 5, it can be seen that population, trade volume between countries, final consumption, carbon dioxide emissions from solid fuel consumption, geographical distance, and trade agreements all significantly affect the formation of the global carbon emission relationship. The correlation coefficient between international carbon emission matrix P and POP is 0.323, indicating that population increase will promote the development of the global carbon emission relationship. The correlation coefficient between carbon emission matrix P and BT is 0.372, indicating that trade between countries plays a very important role in the carbon connection between countries, because most carbon emissions are transferred from one country to another through commodity trade. The correlation coefficients of international carbon emission matrix P, FC and SFC are 0.469 and 0.345 respectively, indicating that national final consumption and carbon dioxide emissions from solid fuel consumption will also have a positive impact on carbon emissions. The correlation coefficient between P and GI of international carbon emission matrix is 0.258, indicating that geographical distance also has an impact on international carbon emission to a certain extent. Countries in the same continent are bound to have more economic ties due to the convenience of transportation, so carbon emission correlation will increase accordingly. Finally, the correlation coefficient between carbon emission matrix P and RTA is 0.205, indicating that trade agreements are conducive to the development of bilateral trade, and increased trade between countries will make carbon emissions more closely correlated. Therefore, the above factors have promoted the development of a carbon implicit network in global trade to a certain extent.
The QAP correlation analysis results in 2000 and 2014 show that RTAs were not significantly indigenous to the international carbon emission matrix P in 2000, but became significantly indigenous in 2014. It may be because there were relatively few trade agreements signed between countries in 2000, and the impact on international carbon transfer was minimal. However, with the increase of trade agreements signed, trade between countries is growing, and the resulting carbon transfer is also increasing. So as of 2014, the signing of the trade agreement has had a significant positive impact on the international carbon emission matrix. In addition, the correlation coefficients of POP, BT, GI and RTA to the international carbon emission matrix P have increased to varying degrees, while the correlation coefficients of FC and SFC to the international carbon emission matrix P show a downward trend, which shows that POP, BT, GI, and RTA are becoming more and more important for the impact of global trade embodied carbon emissions. Although the correlation coefficient of FC and SFC to the international carbon emission matrix P is declining, its own coefficient is larger than other variables, so FC and SFC also play an important role in the embodied carbon emissions of global trade.
4.2 Correlation Analysis Among Explanatory Variables
Through QAP correlation analysis of the explanatory variable matrix, it is found that there is a high correlation between the two matrices of population (POP) and solid fuel consumption carbon dioxide emission (SFC) (as shown in Table 6). Therefore, in order to avoid the problem of multicollinearity, this paper conducts regression analysis on the relationship between final consumption, trade between countries, carbon dioxide emissions of solid fuel consumption, geographical distance, and carbon emissions implied by trade agreements and global trade. Similar to correlation analysis, 5,000 random substitutions are selected. Table 7
TABLE 6 | QAP correlation analysis between explanatory variables.
[image: Table 6]TABLE 7 | Results of QAP regression analysis in 2000.
[image: Table 7]4.3 Result of QAP Regression
The results of QAP regression analysis in 2000 are shown in Table 7. According to QAP regression analysis, R2 in 2000 is 0.306, and adjusted R2 is 0.293, indicating that the five explanatory variables can explain 29.3% of the variation of the international carbon emission matrix relationship. Among the five explanatory variables, only GI has passed the 5% significance test, indicating that when other factors are taken into account, geographical distance has a significant indigenous impact on international carbon emission relations, that is, the carbon emission relations between countries on the same continent are relatively close.
The results of QAP regression analysis in 2014 are shown in Table 8. According to QAP regression analysis, R2 in 2014 is 0.434, and adjusted R2 is 0.423, indicating that the five explanatory variables can explain 42.3% of the variation of the international carbon emission matrix relationship. Table 8 shows the regression coefficient of the explanatory variable matrix. It can be seen that the standardized regression coefficient of FC is 0.330, which passes the significance test of 10%, indicating that FC still affects the international carbon emission relationship when other influencing factors are considered. The standardized regression coefficient of BT was 0.123, which passed the significance level test of 5%, indicating that when considering other factors, the closer the trade between countries, the closer the relationship between international carbon emissions will be. SFC standardized regression coefficient was 0.165, through the test of significance of 1%, carbon dioxide emissions of solid fuel consumption have a significantly positive influence. The standardized regression coefficients of GI and RTA were 0.203 and 0.160, respectively, which both passed the significance test of 5%, indicating that geographical distance and trade agreement also have a significant impact on international carbon emission relationship when other factors are considered. Closely connection among countries via RTA will enhance the relation of trade embodied carbon emission network.
TABLE 8 | Results of QAP regression analysis in 2014.
[image: Table 8]The results of the QAP regression analysis in 2000 could only explain 29.3% of the variation of the international carbon emission matrix, but R2 in 2014 is 0.434, and adjusted R2 is 0.423, indicating that the five explanatory variables have an effect on the international carbon emission matrix. The explanatory nature of relationship variation is further enhanced. At the same time, considering the influence of other factors, each variable has a significant impact on the international carbon emission relationship.
5 DISCUSSION
The results of this paper show that the scale of the embodied carbon network in trade is expanding, the links between countries have become closer, and the carbon emissions generated through international trade, international investment and other activities are also more active. And developed countries are net importers of embodied carbon, while developing countries are mainly net exporters of embodied carbon, which is consistent with previous research (Sun et al., 2019; Deng et al., 2021; Kim and Tromp, 2021; Mangr and Ahin, 2022; Wu et al., 2022; Wu et al., 2022). Compared with previous studies, this paper combines the unweighted network and the weighted network to explore the evolution of global trade embodied carbon emission network, and conducts a new deconstruction of the influencing factors. It was found that there are some differences in the impact of some factors on carbon emissions from previous studies, such as the impact of trade agreements on the trade implied carbon network. The conclusions drawn in this paper are different from some literature. Dou et al. found through research that China, Japan and South Korea can reduce the embodied carbon emissions in the process of trade by signing trade agreements. They believe that the signing of trade agreements will produce technology spillover effects (Dou et al., 2021). This paper argues that the signing of trade agreements has played a role in promoting trade embodied carbon, because the technological development levels of some countries that signed trade agreements in this paper are quite different, and the technological spillover effect of international investment is actually not obvious. Instead, the signing of trade agreements will expand the scale of trade between countries, resulting in more embodied carbon emissions.
In addition, this paper has some data limitations in the empirical research. For example, the construction of the world input-output table requires a lot of effort. We use the data from 2000 to 2014 and a limited number of regions and economies in the empirical research, empirical studies using up-to-date and detailed regions are needed in future research. In addition, the measurement of embodied carbon in processing export trade may be a trend in the future development of this field, because few scholars have been involved in this issue at present, but processing export trade accounts for a larger share of emerging economies' trade, analyzing the embodied carbon of processing export trade can more reasonably distinguish domestic and foreign carbon emissions, which is helpful to divide the carbon emissions responsibility of each country.
6 CONCLUSION AND IMPLICATIONS
6.1 Main Conclusion
This paper analyzes the characteristics and evolutionary trend of the Global Trade Embodied Carbon Network by constructing a global carbon emission matrix and use QAP method to find the influencing factors of the network. The main conclusions drawn are as follows.
Firstly, seen from the overall Network, a small number of countries generate more carbon emissions, among which China is gradually at the center of the global carbon emissions network, and the United States and the European Union are always in a more stable position and at the center of the Global Trade Embodied Carbon Network. At the same time, with the increase of economic links between countries, the carbon emission linkages of individual countries become closer and more complex, and the size of the Global Trade Embodied Carbon Network is also increasing.
Secondly, in the Global Trade Embodied Carbon Network, developed countries transfer carbon through the import of basic raw materials and intermediate products, while developing countries and emerging economies receive carbon inputs from developed countries while exporting products, resulting in a higher point-in degree of developed countries and a higher point-out degree of developing countries. In addition, the point-in degree of most developing countries is significantly higher than their point-out degree, which indicates that they mainly participate in the Global Trade Embodied Carbon Network through the form of supply rather than consumption. The centrality analysis reveals that the position of developed countries in the network is relatively stable, and the degree centrality and betweenness centrality of developing countries have increased.
Thirdly, the QAP regression results showed that population, economic scale, solid fuel consumption and regional trade agreements, etc. are the main factors that boost the international trade embodied carbon emission network. International cooperation relationship in energy, consumption, trade and other fields can affect the carbon emission transfer network. So joint response to climate change is not isolated from international cooperation in other disciplines.
6.2 Implications
Based on the above analysis, we believe that when make global carbon emission reduction plans, it is important to fully consider the characteristics and relationships of countries in the global trade network, and formulate appropriate emission reduction strategies according to the different conditions of each country. In terms of consumption of goods and services, the government can encourage increased investment in research and development of cleaner production methods, and encourage relevant enterprises to improve cleaner production technologies through subsidies, so as to reduce the carbon content per unit product. Besides, trade opening has a positive impact on a country’s carbon emissions, which means that some countries transfer the production of products with relatively high carbon content to their own countries, so carbon taxes can be imposed on the export of highly polluting products. In addition, subsidies can be given to companies that produce highly polluting products to encourage them to transform. Third, change the energy structure. At present, most countries in the world are still dominated by fossil fuels and solid fuels, which will increase the generation of carbon emissions. Therefore, for countries with relatively advanced technologies, the consumption of clean energy such as solar energy and wind energy should be gradually increased, and the consumption of solid fuels and fossil fuels should be reduced. At the same time, appropriate assistance will be given to countries with immature technologies to help them upgrade their energy consumption structure.
Finally, all countries are closely connected in the world, therefore, we should strengthen multilateral cooperation, jointly build relevant international laws and low-carbon agreements, promote fair and mutually beneficial international trade rules, reduce the constraints of carbon emission reduction on the economic development of developing countries, and ensure the fair distribution of carbon emission reduction responsibilities among countries. At the same time, according the network analysis, carbon emission is transforming from developed countries to developing countries via international trade, appropriate assistance should be given to developing countries with low technologies to help them upgrade their production pattern.
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