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Cobalt is a key resource for the global energy transition, and the differences in the natural endowment of cobalt have led to frequent cobalt trade among countries. This study aims to reveal the dependence patterns of cobalt trade among countries and the impact of country risks (including political and economic risks) on the patterns. First, a cobalt import dependence network (CIDN) and a cobalt export dependence network (CEDN) are established using the network analysis method. Furthermore, this study uses network indicators to reveal the dependence patterns of cobalt trade among countries, and construct diversification indices of trade relations to further analyze the import source risk and the market concentration of cobalt trade. The results indicate that most cobalt importers have a high import source risk, and most cobalt exporters have a high market concentration. Finally, based on the panel regression methods, we reveal an interesting result showing that the dependence patterns of cobalt trade are significantly influenced by country risks. Specifically, on the one hand, for importers, an increase in political risk or economic risk has a negative impact on their dependence patterns of cobalt trade. On the other hand, for exporters, an increase in political risk or economic risk has different effects on their dependence patterns of cobalt trade. This study suggests that countries should pay more attention to the role of country risks in driving the dependence patterns when making cobalt trade policies.
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1 INTRODUCTION
Against the backdrop of decarbonization of the global economy, cobalt is a crucial resource in the transition from fossil fuels to clean energy. Therefore, cobalt is listed as strategic metal by many countries. As an important primary raw material in industrial production, cobalt is mainly used in many industrial production fields, such as battery electrodes, metallurgy, catalysts and so on (Rachidi et al., 2021; van der Meide et al., 2022). Global growth in demand for electric vehicles is significantly driving cobalt demand, which is likely to increase 37-fold in 2030, judging by the criterion of cobalt demand in 2015 (Jones et al., 2020). The highly concentrated distribution of cobalt resources and the differences in cobalt consumption capacity among countries lead many countries to participate in the global cobalt trade market. The cobalt trade relations among countries form a complex system based on trade dependence between countries. For example, most of the cobalt mines in the world are mined in the Democratic Republic of the Congo (COD), but refined in China (US Geological Survey, 2022). In 2019, China imported 90,600 tons of cobalt ore and concentrate, of which 95.02% came from the COD. In the same year, the COD exported 96,200 tons of cobalt ore and concentrate, 89.49% of which flowed to China. This shows that the import dependence and export dependence of cobalt between the two countries are extremely high. However, the cobalt trade is easily affected by country risks (Sun X. et al., 2019; Liu S. et al., 2020). The unstable national environment could impact cobalt mining and consumption, cobalt transport process, cobalt prices, as well as other related factors, further influencing the economic development of both importers and exporters. Therefore, it is of great significance to explore the dependence patterns of international cobalt trade and the influence of country risks, which could provide references for countries to implement appropriate cobalt trade policies and ensure the aim of energy transformation.
Nowadays, the globalization of the economy and the complexity of international trade relations have become ever more diversified, and numerous scholars have employed network analysis methods to investigate international energy trade (Ji et al., 2014; Xi et al., 2019; Liu L. et al., 2020), agricultural trade (Shutters and Muneepeerakul, 2012; Leem and Won, 2020; Sun et al., 2022b) and mineral resources trade (Liang et al., 2020; Tian et al., 2021; Shi et al., 2022). For the global trade system, the network analysis method can analyze the complicated trade relations among countries and the structural features of the trade network, which help us better perceive the trading system’s function (Sun Q. et al., 2019; Sun et al., 2020). The existing studies on cobalt trade mainly focused on the international cobalt trade patterns and the stability of cobalt trade (Chen et al., 2019; Becker, 2021; Shao et al., 2022; Shi et al., 2022). For example, Liu S. et al. (2020) first constructed a cobalt trade network, and in this network, the nodes represented countries, the edges reflected the direction of trade flow and the weight of the edges showed the trade volumes, and then predicted the potential cobalt trade relations. In addition, some studies created cobalt trade networks based on trade dependence. Specifically, combined with trade dependence theory and complex network theory, Zhao et al. (2020) constructed a cobalt trade dependence network to explore the structural characteristics of the dependence network and elaborated the impacts of each country’s structural role on cobalt trade prices. Liu H. et al. (2021) explored the overall patterns of global cobalt trade and countries with high trade dependence and identified high-risk countries or regions. Nevertheless, the above-mentioned researches ignored the differences in dependence patterns of cobalt trade between importers and exporters. Cobalt trade is used to boost the economy of exporting countries. Conversely, it is used to meet the energy transition needs of importing countries (Leon et al., 2021; Sun X. et al., 2022). Given that importers and exporters hold varied trade goals and different dependence on other countries in international cobalt trade, it is vital to reveal the dependence patterns of cobalt trade from importers and exporters. On this basis, this study examines the dependence patterns of cobalt trade among countries from the perspectives of importers and exporters, respectively.
Many researches have focused on the influencing factors of international trade (Subramanian and Wei, 2007; Campi and Duenas, 2019; Liu A. et al., 2020). On the one hand, based on the gravity model (Linnemann, 1966; Sun and Shi, 2022), geographical distance (Martinez-Zarzoso and Nowak-Lehmann, 2004), market size (Gopinath and Echeverria, 2004), trade openness (Cavallo and Frankel, 2008), cultural similarity (Kristjansdottir et al., 2020), and exchange rate (Bahmani-Oskooee, 1986; Kang and Dagli, 2018) are identified as significant factors in international trade. On the other hand, using the panel regression methods, Zhang et al. (2021) found that country risks significantly impact energy trade patterns. In terms of mineral resources trade, Zheng et al. (2017) examined the factors influencing the import and export trade of nonferrous metals in China and found that political risk is one of the important factors. Owing to different resource endowments, most cobalt resources are distributed in a few countries with unstable political or economic environments, such as the COD and Cuba (US Geological Survey, 2022). This has directly led to a significant impact on the global supply of cobalt resources (Sun X. et al., 2019; Liu S. et al., 2020). Therefore, country risks may become an important factor influencing the international trade of cobalt. Then, whether country risks have an impact on the dependence patterns of cobalt trade among countries remains to be studied.
In this study, we use the cobalt ore and concentrate trade to represent the cobalt trade. In the cobalt trade, the import dependence of country A on country B is defined as the proportion of the cobalt trade volumes of country A importing from country B in the volumes of country A importing from the world. Similarly, the export dependence of country B on country A is defined as the proportion of the cobalt trade volumes of country B exporting to country A in the volumes of country B exporting to the world. Then, we construct a cobalt import dependence network (CIDN) and a cobalt export dependence network (CEDN) due to the different trading goals of importers and exporters. Based on the network analysis method, this study uses network indicators to reveal the dependence patterns of cobalt trade among countries, and construct diversification indices of trade relations to analyze the import source risk and the market concentration of cobalt trade. Moreover, based on the panel regression method, we explore the impacts of country risks (including political risk and economic risk) on the import and export dependence patterns of cobalt trade. Finally, this study proposes policy implications for countries with different cobalt trade dependence patterns from the perspective of trade security.
Our key contributions are twofold. First, this paper constructs new indicators to examine the diversification of trade relations, including IHHI and EHHI. These indicators provide a close observation of import source risk and the market concentration of cobalt trade. Second, this study is the first to explore the factors influencing cobalt trade dependence relations in combination with network indicators. We mainly reveal the impact of country risk on the pattern of cobalt trade dependence among countries.
The structure of this study is as follows: Section 2 introduces the data and methodology, Section 3 presents the results and relates discussions, and research conclusions and policy implications are underlined in Section 4.
2 METHODOLOGY AND DATA
2.1 Data
The data of trade flow of cobalt ores and concentrates among 171 countries and regions (hereafter, countries) from 2000 to 2019 are downloaded from UN Comtrade (https://comtrade.un.org/), of which the product code is “HS 2605”1. The data of country risks are collected from the International Country Risk Guide (https://www.prsgroup.com/). The GDP and population data are obtained from the World Bank database (https://data.worldbank.org.cn/).
2.2 Methodology
2.2.1 Construction of Cobalt Trade Dependence Network
This study constructs a CIDN and a CEDN. In the networks, nodes represent countries involved in cobalt trade, edges represent the dependence relations of cobalt trade and the direction of the edges is the trade flows. Therefore, CIDN and CEDN are directed and weighted, and the network matrixes are defined as Eqs 1, 2 (Sun et al., 2022a).
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In these above two equations, [image: image] is node set, and [image: image] and [image: image] are edge sets. N is the number of all countries involved in cobalt trade each year. [image: image] represents the import dependence of country j on country i, which is defined as Eq 3. [image: image] represents the export dependence of country i on j, which is defined as Eq 4. The values of [image: image] and [image: image] are range from 0 to 1. A higher value of [image: image] indicates a higher import dependence of country j on i, and a higher value of [image: image] represents a higher export dependence of country i on j.
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In these above two equations, [image: image] represents the cobalt trade volumes of country i importing from j. [image: image] is the total import volumes of country i from the world. [image: image] represents the cobalt trade volumes exporting from country i to j. [image: image] is the total export volumes from country i to the world. Figure 1 shows the cobalt trade dependence network in 2019. In the network, the size of the node corresponds to the number of the country’s trade partners and the width of the edge corresponds to the extent of import or export dependence between countries.
[image: Figure 1]FIGURE 1 | The cobalt trade dependence network in 2019 ((A) and (B) represent the cobalt import dependence network and the cobalt export dependence network respectively).
2.2.2 Measurement Indicators of Trade Dependence Pattern
To measure the dependence patterns of cobalt trade among countries, this study mainly uses network indicators of CIDN and CEDN, and the diversification indices of trade relations constructed on the basis of trade dependence theory and the Herfindahl-Hirschmann index.
(1) The number of trading partners. In CIDN and CEDN, the degree of node i represents the number of cobalt trading partners of country i, defined as [image: image] in Eq 5. The degree can be divided into two indicators, including in-degree (ID) and out-degree (OD). The in-degree and out-degree of node i represent the number of cobalt import partners and the number of export partners of country i respectively, defined as [image: image] and [image: image] in Eq. 6, 7 (Bonacich, 1972). If country i imports cobalt from country j, then [image: image], meaning that there is an edge pointing from country j to country i, otherwise [image: image]. If country i exports cobalt to country j, then [image: image], meaning that there is an edge pointing from country i to country j, otherwise [image: image] (Dalin et al., 2012).
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(2) The total trade volumes. In CIDN and CEDN, the total trade volumes (TTV) of country i can be divided into two indicators, including the total import volumes (TIV) and total export volumes (TEV). The calculation methods of these indicators are Eqs 8–10. When the value of the TIV of country i is large, it means that the country has a high demand for cobalt. TTV can reflect each country’s trade share in the global cobalt trade market.
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(3) Betweenness centrality. Betweenness centrality (BC) reflects the ability of countries to control cobalt resources in the network. Its power, as an intermediary in the networks, is expressed by measuring the number of shortest paths through this country in the network (Goh et al., 2003). The calculation method of betweenness centrality of country i shows in Eq 11 (Freeman, 1977; Boccaletti et al., 2006).
[image: image]
In Eq 11, [image: image] represents the number of shortest paths from node p to node q, and [image: image] signifies the number of the shortest paths from node p to node q that pass-through node i.
(4) Closeness centrality. The cobalt trade distance of a country to other countries is expressed by measuring the average length of the path established with other countries in the network, which is measured by closeness centrality (CC) (Sabidussi, 1966; Xi et al., 2019). The calculation method of closeness centrality of country i is in Eq 12 (Freeman, 1978; Boccaletti et al., 2006). The higher the closeness centrality of country i, the shorter the cobalt trade distance.
[image: image]
In Eq 12, [image: image] is the number of edges of the shortest path between node i and node j in the CIDN.
(5) Herfindahl-Hirschmann index. To analyze the diversification of trade relations of each country, this study uses Herfindahl-Hirschmann Index (HHI) proposed by Hirschmann and Herfindahl, which value ranges from 0 to 1 (Hirschman, 1964; Rhoades, 1993). The HHI can be used not only to assess the import source risk of cobalt from the perspective of diversification of import relations, but also to measure the market concentration of cobalt trade according to export relations (Achzet and Helbig, 2013; Vivoda, 2019; Althaf and Babbitt, 2021). Thus, based on trade dependence and the Herfindahl-Hirschmann index, this paper constructs the diversification indices of trade relations (THHI). THHI includes the diversification index of import relations (IHHI) and diversification index of export relations (EHHI), defined as Eqs 13, 14 respectively. When the [image: image] is close to 0 in CIDN, it represents a high diversification of import relations and a low import source risk of cobalt in country i, and vice versa. When [image: image] is close to 0 in CEDN, it represents a high diversification of export relations and a low market concentration of cobalt trade in country i, and vice versa.
[image: image]
[image: image]
2.3 Variables Analysis
This research selects countries with the total cobalt trade volumes more than 150,000 tons from 2000 to 2019, and due to the availability of the data, 62 countries are selected (referring to Supplementary Table S1). The cobalt trade of these countries accounts for over 99% of the global cobalt trade, including 32 importers and 30 exporters. A country that acts primarily as a demander (supplier) with a large amount of cobalt is classified as an importer (exporter)2 (Zhang et al., 2021).
(1) Independent variables. This study aims at exploring the impact of country risks on the dependence patterns of cobalt trade. Therefore, the country risks act as independent variables. The country risks include political and economic risks, consisting of 12 components and five components respectively3. We use Eqs 15, 16 to adjust the political risk index and the economic risk index. In this study, the higher the values of political and economic risk indices are, the higher the political and economic risks are.
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In Eqs 15, 16, [image: image] and [image: image] are the political risk index and economic risk index of the country i respectively. [image: image] is the political risk component a for the country i, and [image: image] is the maximum value of the political risk component a. [image: image] is the economic risk component b for the country i, and [image: image] is the maximum value of the economic risk component b.
(2) Dependent variables. Network indicators could provide a clear picture of the dependence pattern of cobalt trade among countries. Therefore, the dependent variables are the network indicators of CIDN and CEDN and the THHI. For importers, we choose the in-degree, total import volumes, closeness centrality and IHHI as dependent variables. For exporters, we choose out-degree, total trade volumes, betweenness centrality and EHHI as the dependent variables (Zhang et al., 2021).
(3) Control variables. On the one hand, since economic development can reflect both demand and supply in a country, the size of the trading partner’s economy is generally considered as a major determinant of international trade flows. A higher level of economic development in a country means that it tends to have greater international trade flows. On the other hand, the more population a country has, the greater potential domestic demand it enjoys. Moreover, the population also affects each country’s supply and is believed to affect the flow of international trade. Therefore, this study uses GDP and the total population to measure the economic scale and population of each country separately (Zheng et al., 2017; Dong et al., 2018).
2.4 Regression Model
After the above analysis, variables in Table 1 are selected to establish regression models. Logarithmic processing of total import volumes, total trade volumes, GDP, and the total population are conducted to make the data more stable (Zhang et al., 2021).
TABLE 1 | Variables in the regression models.
[image: Table 1]This study mainly focuses on the impact of country risks (including political risk and economic risk) on the dependence patterns of cobalt trade. Volatile economic and political environments, such as war, ethnic conflicts and economic depression, could affect the production or consumption of cobalt-related industries in the countries. Meanwhile, increased political and economic risks could also impact cobalt transportation, prices, etc. The aspects mentioned above could affect the cobalt trade between countries and further influence the dependence pattern of cobalt trade among countries. Since there are glaring distinctions in the dependence patterns of cobalt trade between importers and exporters, we construct different regression models. We use Eq 17 to explore the impact of country risks on import dependence patterns of cobalt trade. Four regression models are constructed using the in-degree, total import volumes, closeness centrality and IHHI as dependent variables [image: image] respectively.
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In Eq 17, m represents importers, and t represents year. [image: image] are the regression coefficients of political risk, economic risk, GDP and total population. [image: image] is the constant term related to the country, and [image: image] is the random variable.
Likewise, Eq 18 is used to study the impact of country risks on export dependence patterns of cobalt trade. Four regression models are constructed using the out-degree, total trade volumes, betweenness centrality and EHHI as dependent variables [image: image], respectively.
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In Eq 18, n represents exporters. [image: image] are the regression coefficients of political risk, and economic risk, GDP and total population. [image: image] is the constant term related to the country, and [image: image] is the random variable.
3 RESULTS AND DISCUSSION
3.1 The Dependence Patterns of International Cobalt Trade
3.1.1 The General Evolution Characteristics of CIDN and CEDN
The basic topological structure of CIDN and CEDN can reflect their general evolutionary characteristics. The number of countries and trade relations in CIDN and CEDN are counted, whose evolution trends are shown in Figure 2. The number of countries and trade relations follow roughly the same trend over time, and there was an upward trend from 2000 to 2007 and a downward trend from 2007 to 2019.
[image: Figure 2]FIGURE 2 | The number of countries and trade relations in CIDN and CEDN from 2000 to 2019.
To analyze the dependence patterns of cobalt trade in detail, we divide the trade relations in CIDN and CEDN into ten groups according to the value of import dependence [image: image] and export dependence [image: image] respectively. Figure 3 shows the percentage of the number of trade relations in each group to the total number of trade relations. In Figure 3A, the blue bar means that there was a 62% import dependence with value ranging from 0 to 0.1 in 2000, and the red bar represents that there was a 17% import dependence with the value ranging from 0.9 to 1. Thus, it can be concluded that the percentage of [image: image] in groups (0, 0.1] and (0.9, 1.0] were higher than other groups from 2000 to 2019. The sum of the percentages for these two groups exceeded 72% each year. In Figure 3B, the blue bar means that there was a 54% export dependence with the value ranging from 0 to 0.1 in 2000, and the red bar represents that there was a 22% export dependence with the value ranging from 0.9 to 1. Similar to importers, the percentage of [image: image] in groups (0, 0.1] and (0.9, 1.0] were higher than in other groups. The sum of the percentages of these two groups exceeded 69% each year. We further analyze the data and find that most countries trade cobalt mainly with a few partners, and their trade volume with other countries is very low. Therefore, the dependence is mainly concentrated in the interval (0, 0.1] and (0.9, 1.0]. The result is similar to Liu H. et al. (2021). For example, in 2019, China’s import dependence on COD was 0.95, while its import dependence on the other six import partners was only 0.05. In the same year, the United States had a combined export dependence of 0.99 on Belgium, Brazil, and Germany and a combined export dependence of 0.01 on the other seven export partners.
[image: Figure 3]FIGURE 3 | The percentage of the number of trade relations in each group to the total number of trade relations in CIDN and CEDN from 2000 to 2019 ((A) reflects the percentage related to import dependence in CIDN, and (B) reflects the percentage related to export dependence in CEDN).
3.1.2 Import Dependence Patterns of Cobalt Trade

(1) The import volumes
We choose importers with the high import volumes of cobalt, including China (CHN), Zambia (ZMB), Finland (FIN), India (IND), the United Arab Emirates (ARE), Switzerland (CHE), Japan (JPN), and the United Kingdom (GBR). Figure 4 shows the percentages of each importer’s import volumes of cobalt to the global import volumes. For example, the orange bars indicate China’s cobalt import volumes, which accounted for 66% of global import volumes in 2000. The sum of import volumes of these eight importers accounted for 79–99% of the global import volumes each year, indicating that these countries play a decisive role in the global market for cobalt resources demand. Additionally, since 2003, China’s import volumes have exceeded Finland’s and ranked first in the world, due to China’s transformation of its industrial structure to become the world’s largest producer of refined cobalt, with global production of refined cobalt being concentrated in China. The result is in line with Zhao et al. (2020).
(2) The role of importers in international cobalt trade
[image: Figure 4]FIGURE 4 | The percentage of each importer’s import volumes of cobalt to global import volumes in CIDN from 2000 to 2019.
According to the average closeness centrality of each importer from 2000 to 2019, the United Kingdom has the highest average ranking for closeness centrality, which shows that the United Kingdom plays an important role and has the shortest cobalt trade distance with other countries in the trade network. We select the top four countries in terms of average closeness centrality rankings, namely the United Kingdom (GBR), Zambia (ZMB), Spain (ESP) and Belgium (BEL), and their annual rankings of closeness centrality are shown in Figure 5. It can be found that the closeness centrality ranking of the United Kingdom fluctuated greatly from 2000 to 2003, as most of the United Kingdom’s import partners were different every year. And it also clearly changed the import dependence between the United Kingdom and other countries. Besides, since 2004 the import partners of the United Kingdom have consisted mainly of the United States, Zambia, Ireland, and Poland, and the United Kingdom has high import dependence on these four countries, which has resulted in a stable closeness centrality ranking for the United Kingdom.
(3) The diversification of import relations
[image: Figure 5]FIGURE 5 | The rankings of closeness centrality from 2000 to 2019.
Generally speaking, for cobalt importers, a large number of importing partners may reduce the import dependence on the individual country and the import source risk of cobalt. However, if an importer has lots of importing partners, and most of the cobalt is imported from one country, then it has high import dependence on this partner, causing a high import source risk of cobalt. More specifically, when its import partner with high import dependence suddenly cuts off the supply, the importer will be significantly influenced. To better understand the import source risk of cobalt in each country, we draw a scatter plot between the number of import partners and the IHHI for importers, which is shown in Figures 6A–E where the horizontal axis represents IHHI, and the vertical axis represents in-degree. The fitting curve of the scatter plot shows a negative correlation between the number of import partners and the IHHI, which means that the import relationship is more diversified when the importer has more importing partners. It is worth noting that many of the dots are distributed in the bottom right corner, which indicates that most importers have fewer import partners and lower diversification of import relations. Therefore, most importers have a high import source risk of cobalt. Besides, it can be observed that China always acts as an outlier, with a downward trend in its number of import partners and an upward trend in the IHHI, which means that its import source risk of cobalt is increasing.
[image: Figure 6]FIGURE 6 | The scatter plot between the number of import partners and the IHHI ((A–E) correspond to the years of 2000, 2005, 2010, 2015, and 2019 respectively).
3.1.3 Export Dependence Patterns of Cobalt Trade

(1) The export volumes
Similar to importers, we choose exporters with high export volumes, including the COD, South Africa (ZAF), Congo (COG), Indonesia (IDN), Cuba (CUB), Russia (RUS), Thailand (THA), and Canada (CAN). Figure 7 shows the percentage of the eight exporters’ export volumes of cobalt to the global export volumes. For example, the red bars indicate that South Africa’s cobalt export volumes, which accounted for 12% of global export volumes in 2000. The sum of export volumes of these eight countries accounted for 72–98% of the global export volumes each year. Therefore, these eight countries play a decisive role in the global supply market for cobalt resources. In terms of export volumes, the COD has been ranked first in the world, as the country has 46% of the global cobalt resources. In 2018, the COD implemented a new mining law that increased taxes and royalties for cobalt mining companies and raised the export tax on cobalt resources. This might lead to a significant drop in export volumes from the COD in 2019.
(2) The analysis of the role of exporters
[image: Figure 7]FIGURE 7 | The percentage of each exporter’s export volumes of cobalt to global export volumes in CEDN from 2000 to 2019.
Based on the average betweenness centrality for each exporter from 2000 to 2019, the top four countries, including the United States (United States), South Africa (ZAF), Germany (DEU) and France (FRA) are selected in terms of average betweenness centrality, and the betweenness centrality rankings of these countries in each year are shown in Figure 8. It can be found that in most years, the United States and South Africa ranked higher than Germany and France in betweenness centrality, which means that they have a stronger ability to control cobalt resources than other countries and play an important role in the trade network. This is mainly mirrored in the intermediary role of the two countries in the cobalt trade network. Specifically, most cobalt in the United States is imported from South Africa and then exported to many countries in Asia, Europe, and North America. And South Africa mainly imports from Zambia and the COD, and then exports to many countries in Asia and North America. It has led to a high import dependence between these two countries and their many import partners.
(3) The diversification of export relations
[image: Figure 8]FIGURE 8 | The rankings of betweenness centrality from 2000 to 2019.
Usually, cobalt exporters with many export partners may reduce export dependence on the individual country and reduce the market concentration of cobalt trade. If an exporter has many export partners, but most of the cobalt is exported to one country, then it has high export dependence on this partner, causing a high market concentration of cobalt trade. In this case, when its export partner with high export dependence changes importing sources of cobalt, the exporter will be greatly influenced. Therefore, Figures 9A–E shows a scatter plot between the number of export partners and the EHHI for exports, where the horizontal axis represents EHHI, and the vertical axis indicates out-degree. On this basis, three points stand out. First, similar to importers, the fitting curve of the scatter plot shows a negative correlation between the number of export partners and EHHI, which implies that the export relationship is also more diversified when the exporter has more exporting partners. Second, it is important to point out that many of the dots are distributed in the bottom right corner, which means that most exporters have fewer export partners and lower diversification of export relations. Consequently, most exporters have a high market concentration of cobalt trade. Third, with the advantage of a natural port, South Africa has many export partners, but it was the outlier in 2005 and 2010. This might because most cobalt from South Africa is exported to China, which has led to a high export dependence on China, resulting in a high market concentration of cobalt trade.
[image: Figure 9]FIGURE 9 | The scatter plot between the number of export partners and the EHHI ((A–E) correspond to the years of 2000, 2005, 2010, 2015, and 2019, respectively).
3.2 The Impact of Country Risks on the Dependence Patterns
3.2.1 Descriptive Statistical Analysis
Descriptive statistics for all variables are shown in Table 2. On average, exporters have higher diversification of trade relations, political risk, and economic risk than importers.
TABLE 2 | Descriptive statistics.
[image: Table 2]3.2.2 The Panel Regression Results
Based on Section 2.4, regression models of the relationship between country risks and the dependence patterns of cobalt trade are constructed, and the results are presented in Table 3. Columns 1) to 4) are related to importers, and columns 5) to 8) are related to exporters.
(1) The regression results related to importers
TABLE 3 | Panel regression results of the country risks to the dependence patterns of cobalt trade.
[image: Table 3]The increased political risk of cobalt importers exerts a negative influence on the import dependence patterns of cobalt trade, which is similar to Zheng et al. (2017). An increase in political risk reduces the number of import partners and total import volumes, and meanwhile raises cobalt trade distance and the import source risk of cobalt of importers. High political risk means unstable political rights, poor regulation, and an imperfect legal environment; hence the reasons for the negative impact may be multifaceted. When the domestic political environment of a country is unstable, the instability and cost of trading with the country may grow, which may cause many import partners to stop exporting cobalt to this country. Meanwhile, political crises among importers may bring about warfare, making cargo transportation quite difficult. Besides, a volatile domestic political environment can impair or even interrupt normal production activities in many industries, particularly those heavily relying on imported raw materials, resulting in a lack of demand for cobalt in that country. For importers, cutting-off supply by many exporters and declining domestic demand reduce the number of import partners and total import volumes. This has led to import sources concentrating in a few remaining import partners, resulting in increased import dependence on these countries, which implies an increase in the import source risk of cobalt. For example, in 2018, Japan’s political risk increased markedly. This has negatively impacted Japan’s dependence pattern of cobalt trade. Specifically, Japan’s cobalt trade with countries such as South Africa and Zambia was interrupted. And Japan’s import volumes of cobalt decreased by 48,401 tons and its import dependence on the United States increased from 0.19 in 2017 to 0.98 in 2018, which directly contributed to an increase in Japan’s IHHI to 0.97. This means that Japan’s import source risk of cobalt increased significantly in 2018.
Besides, the increased economic risk of importers negatively impacts the dependence patterns of cobalt trade, reducing the number of import partners and the total import volumes to some extent. High economic risk indicates that the economic society of a country remains unstable. Meanwhile, the country’s aggregate demand is full of uncertainty and is often accompanied by depressed and insufficient demand in most consumer and investment markets. An increase in economic risk could lead to insufficient investment in cobalt-related industries and insufficient consumption of cobalt-related products. In addition, economic risks could lead to exchange rate fluctuations, making the trade cost more indefinite. These reasons could lead to a decrease in the total demand for cobalt and the number of import partners. In terms of import dependence, the unstable economic environment of importers does not increase their import dependence on most import partners, and the import source risk of cobalt does not change significantly, either.
As for control variables, the growth of GDP and the total population of importers have a significant positive impact on the import dependence patterns of cobalt trade. The larger the economic scale of the importer, the more direct trade relations it has, which makes cobalt trade distances shorter. As cobalt is widely used in batteries for all types of electronics, the total population of each importer reflects the size of its demand for cobalt. Therefore, the larger the total population of an importer is, the greater the number of import partners and the total import volumes will be. Furthermore, the huge demand for cobalt encourages importers to reduce the import source risk of cobalt by reducing their import dependence on an individual country.
(2) The regression results related to exporters
For exporters, the increasing political risk has a significant negative effect on their dependence patterns of cobalt trade, which is in line with Zheng et al. (2017). An increase in political risk reduces the number of export partners, total trade volumes, and the ability to control cobalt resources, and raises the market concentration of cobalt trade. The security of resource supply is an issue that importers must consider. In general, importers prefer importing resources from countries that have a stable political environment. As cobalt is a strategic mineral resource, importers are more concerned about the geopolitical environment of the supplying countries. The increasing domestic political risk for exporters could cause their partners to switch import sources, directly resulting in a reduction in the number of export partners and total export volumes. This could lead to a concentration of export channels with the remaining export partners and increased export dependence on other countries, increasing the cobalt trade market concentration. For instance, the decline in military risk of the COD in 2015 led to a decline in political risk, which positively impacted the COD’s export dependence pattern of cobalt trade. In particular, in 2015, the COD established new trade relations with countries such as Luxembourg, the United Arab Emirates, and the United States. In addition, COD’s cobalt trade volumes increased by 65,700 tons, and its export dependence on China and Zambia declined significantly. As a result, the EHHI of the COD declined significantly in 2015, meaning that the country had a lower market concentration of cobalt trade than in 2014.
In addition, the increasing economic risk has a positive influence on the export dependence patterns of cobalt trade, increasing the number of export partners and the exporters’ ability to control cobalt resources. For many mineral resource exporters, especially those with mining as their mainstay industry, the export of mineral resources is one of the most important sources of foreign exchange earnings and fiscal revenue. And for a few countries, it is even the main source of fiscal revenue. When a country’s domestic economic environment is unstable, the government often makes necessary regulations using fiscal policy. As a result, fiscal revenue and expenditure could become an urgent consideration for the government. To a considerable degree, the government may increase the number of export partners for various mineral resources, including cobalt. This measure could support fiscal revenue, thus improving the unstable domestic economic environment.
For the control variables, GDP and total population positively impact the export dependence patterns of cobalt trade. The total population of an exporter reflects its productivity, and usually the larger the population, the greater the productive capacity. Therefore, for exporters, the higher the total population, the higher the volume of cobalt trade and the higher the number of export partners. An exporter’s large cobalt trade volumes could contribute to a reduction in its export dependence on an individual country and reduce the market concentration of cobalt trade. In addition, a greater economic size of the exporter could lead to more trade dependent relations and enhance its ability to control cobalt resources.
4 CONCLUSION AND POLICY IMPLICATIONS
4.1 Conclusion
From the perspective of importers and exporters, this study deploys network indicators to reveal the dependence patterns of cobalt trade among countries, and construct diversification indices of trade relations to further analyze the import source risk and the market concentration of cobalt trade. In addition, based on the panel regression model, the impacts of country risks on the dependence patterns of cobalt trade are explored. The main conclusions are as follows.
(1) In the dependence patterns of international cobalt trade, there is a strong trade dependence between many countries. In the CIDN, most importers have a high import source risk of cobalt. Meanwhile, in the CEDN, most exporters have a high market concentration of cobalt trade. Moreover, the United Kingdom has the shortest cobalt trade distance with other countries in the CIDN. Notably, the United States and South Africa have a stronger ability to control cobalt resources than other countries in the CEDN.
(2) Changes in country risks could considerably influence the dependence patterns of cobalt trade among countries. Specifically, for cobalt importers, the increased country risks have a negative effect on the import dependence patterns of cobalt trade. An increase in political risk could reduce the number of import partners and total import volumes, and raise the import source risk of cobalt. Besides, the increased economic risk could reduce the number of import partners and the total import volumes of importers. For cobalt exporters, an increase in political risk or economic risk has different effects on export dependence patterns of cobalt trade. An increase in political risk could reduce the number of export partners, total trade volumes and the ability to control cobalt resources, and raise cobalt trade’s market concentration. In addition, the increased economic risk positively impacts the export dependence patterns of cobalt trade, increasing the number of export partners and the ability to control cobalt resources.
4.2 Policy Implications
Cobalt is an essential primary raw material in industrial production, and its indispensability in battery electrodes makes it a key resource for future energy transitions. Under the background of global economic decarbonization and the scarcity of cobalt resources, we suggest that countries should pay more focus on the cobalt trade. Therefore, it is significant to figure out the dependence patterns of global cobalt trade and the role of national risks in the evolution of different dependence patterns of cobalt trade for formulating cobalt trade policies.
We suggest that cobalt importing countries establish a cobalt reserve system (Shi, 2022). The government could set up a national cobalt reserve scheme, and these reserves could be sold when domestic cobalt supplies run low. Importing countries can also encourage related producers to stockpile cobalt for commercial purposes through financial subsidies. In addition, we suggest that the government develop a cobalt resource monitoring system to track the cobalt’s domestic supply (Shi, 2022). These measures could help importers reduce their import source risk of cobalt and mitigate the influence caused by country risks.
For exporting countries, we suggest that they should improve the cobalt trade cooperation system and extend their domestic cobalt industry chain. For trading partners with high cobalt demand, trade relationships could be stabilized by signing long-term resource supply agreements. Furthermore, exporters can export cobalt resources after deep processing or vigorously develop industries such as batteries and new energy vehicles. This could extend the domestic cobalt industry chain. Taking advantage of suitable production environments abroad, exporters could also expand their cobalt trade by establishing cobalt-related multinational companies and engaging in offshore production activities. These measures could reduce market concentration in the cobalt trade and reduce the impact of country risk on exporting countries.
Moreover, countries are suggested to establish cobalt recycling systems and develop new cobalt-free batteries (Zeng and Li, 2015). As the potential for cobalt recovery is enormous, cobalt recycling could be an important source of cobalt in the future (Liu W. et al., 2021). Thus, we advocate that countries should establish comprehensive battery recycling systems and develop proven recycling technologies to improve the efficiency of resource recovery (Wang and Ge, 2020). Besides, due to the scarcity of cobalt resources, the high cost of production is a bottleneck for the development of new energy vehicles. Therefore, countries with large car demand should cooperate to develop prospective and cobalt-free battery technologies.
4.3 Limitations
Due to the limitation of data, the control variables in this study only include economic scale and population. However, many factors could affect the dependence patterns of cobalt trade, such as resource endowment, geographical distance, and trade openness, which will be further investigated in our future research. Besides, cobalt is mainly used in the production of lithium batteries, and the application of lithium batteries is becoming more and more extensive. In future research, we will also consider the international trade in lithium batteries and compare the differences between the cobalt trade and the lithium battery trade.
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FOOTNOTES
1This study chooses 2019 as the end year of this study, since they are the latest available data that are not influenced by the big trade shocks like COVID-19 (Sun X. et al., 2022).
2The ratio of the sum of cobalt import volumes to the sum of export volumes is calculated for each country from 2000 to 2019, with countries between 0 and 0.9 being exporters and those greater than 1.1 being importers. Each country with a ratio between 0.9 and 1.1 is an importer if the sum of its import volumes ranking in the 50th percentile, otherwise it is an exporter.
3Political risk involves 12 components, including the government stability, socioeconomic conditions, investment profile, internal conflict, external conflict, corruption, military in politics, religious tensions, law and order, ethnic tensions, democratic accountability, bureaucracy quality. Economic risk involves five components, including GDP per head, real GDP growth, annual inflation rate, budget balance as a percentage of GDP, current amount as a percentage of GDP. In addition, country risks in the International Country Risk Guide also include financial risk, but the effect of financial risk on dependence patterns of cobalt trade is not significant. Therefore, independent variables do not include financial risk.
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