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Abstract

:

Existing studies mainly focus on the evolutionary characteristics of the global crude oil trade network under a steady state, neglecting to analyze the competition and cooperation among countries regarding crude oil as a strategic resource from a spatial–geographical perspective. There needs to be more studies analyzing the impact of crude oil trade disruptions on the resilience of the whole network from the perspective of supply and demand shocks in different influential countries, thus promoting the sustainable development of the global economy and the transition to green energy. Based on the global crude oil trade data from 2007 to 2020, this paper examines the structural evolution of the trade network using a complex network approach and simulates the impact of disruptions on its resilience. Results indicate that the global crude oil trade network expands and becomes more closely connected, and five major trade groups have been formed. Further simulation reveals that the impact of national disruptions on global trade resilience is not linear. Moreover, the influence from core countries is significantly higher than peripheral countries.
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1. Introduction


Oil is a strategic resource, vital for global economic and industrial development. However, the uneven distribution of crude oil resources together with the rapid growth of demand have led to profound adjustments in the trade network, and all major countries are engaged in this global competition. Beyond that, the international financial crisis, uncertain trade policies, and geopolitical conflicts will also directly affect the evolution direction of the trade system. For example, the financial crisis in 2008 systematically impacted the global crude oil trade network, resulting in reduction or even interruption of trade between partner countries. In addition, OPEC and non-OPEC countries reached a joint production cut agreement in 2017, which set the target and a combined ceiling at 1.2, 32.5, and 0.6 million barrels per day. This agreement directly disrupted the market in the subsequent phase, leading to a volatile trade pattern. Therefore, the crude oil supply and demand risk has become a central topic for all related countries [1]. This paper aims to provide a comprehensive picture of the evolution of the global crude oil trade network pattern, a new sight on the competition and cooperation relationship among countries for crude oil as a strategic resource, and examine the impact of crude oil supply and demand country shocks on network resilience.



To date, most existing studies examine the evolution of the trade structure without considering the aforementioned dynamics. Since Serrano and Boguna (2003) [2] pioneered the application of the CNA to the analysis of international trade, some scholars have found that the global trade network tends to expand and become increasingly connected [3,4,5,6], with a stable “core-edge” hierarchy [7,8] and a local “rich club” phenomenon [9]. In this process, the network has a “small world” and scale-free character or “power law” characteristics [10], the average trade distance between countries is significantly reduced and gradually regionalized agglomerates [11,12], and the distribution of trade positions among countries is non-homogeneous. The status of emerging economies climbs rapidly and gradually converges to the core region [13]. In addition, Smith and Sarabi (2022) [14] further explored the causes of the “core-edge” structure and found that differences in import patterns across countries are essential.



In terms of crude oil trade, other scholars argue that the global crude oil trade network is gradually expanding in size, showing a similar distribution structure, the network has a competitive relationship between imports and exports [15], and the expansion of trade relations can reduce risks and enhance energy security [16]. Using crude oil, coal, natural gas, and photovoltaics as research samples, Guan and An (2017) [17] find that many joint trading partners promote the establishment of fossil energy trade cooperation. Dong et al. (2020) [18] propose an algorithm to optimize the global crude oil trade network from the perspective of the lowest trade costs and find that the model can effectively reduce transaction costs, major oil exporters choose their partners more wisely, and trade relationships are more stable. Following descriptive analysis, scholars have studied the impact of crude oil trade network resilience on different shocks. Resilience initially refers to the ability of an entity to recover from external disruptive events [19] and includes the ability to return to a normal state, maintain normal function and structure, maintain critical functions, and the ability to withstand disruptions and recover within the appropriate time and cost and risk [20]. From a trade network perspective, network resilience refers to the ability of the network structure to maintain or return to normal function when the network is subjected to external shocks or disruptions [21]. Some scholars have also found that the links of global oil trade networks show a gradual shrinking trend, natural gas trade networks show a trend of first tightening and then decreasing ties, oil trade networks are more resilient to deliberate attacks than natural gas, and natural gas trade networks are more resilient to random attacks than oil. For example, Shahnazi et al. (2022) [22] found that China, Belarus, the United States, India, Taiwan, the Republic of Korea, Germany, Canada, Spain, and Italy are highly unstable while playing a significant role in the network, thereby reducing the resilience of the importers’ network. In addition, Saudi Arabia, Russian Federation, Iraq, Canada, Nigeria, Kuwait, Venezuela, Iran, Mexico, and Kazakhstan reduce the global oil trading network’s resilience in exports. Applying the SIR epidemic model, Garas et al. (2010) [23] found that a crisis that originates in a large country, such as the USA, has the potential to spread globally, such as the recent crisis, and lower GDP countries, such as Belgium, can initiate a global crisis. Han and Shin (2015) [24] developed a novel evaluation mechanism for assessing the structural robustness of a supply chain considering disruption propagation. They developed a structural robustness evaluation mechanism that integrated two quantitative metrics, average path length and degree-out degree. They argued that nodes and arcs of a network and their relationships should be considered to measure robustness more accurately. The method may be utilized to verify whether or not the planned supply chain is robust to risks.



Although existing studies provide insights into the evolution pattern of the global crude oil trade distribution, there are still some limitations. First, the network pattern is more studied from the overall structure and country-specific perspectives, while it is rare to analyze trade clustering and its changing configurations from the spatial–geographical level. Geopolitical conflicts and reduction agreements prompt the development of the GVC in the direction of regionalization and localization. Countries are beginning to pay more attention to geographical location and distance in energy trade. The development of the trade network in terms of geographical agglomeration is apparent, but the current work has not yet examined the trade network from a spatial–geographical perspective. Second, existing studies have mainly investigated the evolution of trade networks based on the steady state, ignoring the impact of external shocks on the network structure and its resilience, such as financial crises and geopolitical conflicts. Disruption of local oil supply disruptions or import surges can directly or indirectly affect the overall flow relationship, which is barely discussed in current studies. With the overconsumption of oil resources since the 20th century, the limited enlargement of production capacity, global reserves have been gradually reduced, and the risk of energy depletion of the “Club of Rome” has become more prominent. It resulted in the increasing concentration of oil production areas and the imbalance between supply and demand, of which the Russia-Ukraine conflict in 2020 is a concrete manifestation. Influenced by several factors, Russia, a major crude oil supply country, cut off crude oil exports to the EU after the outbreak of the conflict between Russia and Ukraine; President Biden announced a total ban on energy imports from Russia on 8 March. The Brent crude oil price in the North Sea broke the USD 120 per barrel mark on 23 March. Conflicts in the supply of crude oil trading countries can cause sharp fluctuations in international crude oil prices, exacerbating structural imbalances in supply and demand. Thus, their uncertainty can be transmitted through the international energy market prices and supply to the entire network, thus affecting other countries. As more countries join the competition, the global crude oil trading system is becoming progressively unstable. The impact of the COVID-19 epidemic has also aggravated the uncertainty of the network, and the global value chain division of crude oil is at risk of disruption, making it a practical necessity to examine the resilience of the trade network. Therefore, studying the network’s resilience is still necessary, considering possible disruptions.



This paper adopts a complex network approach to study the evolution of the global crude oil trade network. Furthermore, a simulation method is employed to analyze the impact of external shocks on the changes in the network structure and its resilience. The major contributions of this paper are summarized as follows: firstly, it studies the trade clustering pattern from a spatial–geographic perspective. Specifically, it provides new insights on the cooperative relationship among countries, reveals the evolution of the trading system, and identifies the changes of different countries’ control over crude oil resources. Secondly, existing studies usually consider how the crude oil trade network changes but need to consider the impact of network shocks. When a country stops supplying crude oil or importing crude oil from partner countries, this will not only have to shock the partner country’s crude oil trade, which will be transmitted to the development of that country’s economy, especially industry but also have an impact on other countries through international energy prices and structural imbalance between supply and demand. Both of these approaches affect the resilience of global trade networks. If such effects are significant, the global crude oil trade faces disruptions that create systemic risks and are, therefore, detrimental to the sustainable development of the global economy. This paper provides theoretical references and policy inspirations for revealing the evolution of the trading system, identifying the changes in the competing relationships among countries, and also providing insights for multilateral cooperative governance, formulating energy trade rules and sustainable development of the global economy. In accordance with the graphical approach, the main elements of the research in this paper are shown in Figure 1.




2. Measurements of Global Crude Oil Trade Network


2.1. Overall Topology Measurement Index


2.1.1. The Construction of Global Crude Oil Trade Network


This paper adopts the social network approach (SNA) to construct the global crude oil trade network, which not only describes the distribution pattern and grouping development of the trade system but also reveals the control power and interdependence for each country. Wasserman and Faust (1994) [25] states that a social network consists of nodes and the connected edges between nodes. In this paper, countries are nodes, and the crude oil import and export relationships are edges, thus forming a topological network as follows:


  G =  (  V , E , w  )   



(1)




where  V  represents a set of nodes    v i       (  i = 1 , 2 , … , N  )    for each country or region (hereinafter referred to as the “country”);  E  stands for the edges of imports and exports between countries.    w  i j     is the weight for each edge, representing the value of trades between  i  and  j  countries (at the current price of USD 1000), and    W  1 ≤ i , j ≤ N     is the trade matrix. As the import and export countries report the trade size based on CIF and FOB prices, respectively, there are some inconsistencies in the bilateral data statistics. For clarity, this paper assumes the average trade value as the actual trade value, following Fagiolo et al. (2009)’s convention.




2.1.2. Network Structure Indicators


In this paper, the number of nodes, connected edges, network density, average clustering coefficient, network diameter, and average path length are intended to portray the overall structure of the global crude oil trade network. The number of nodes and connected edges is the number of countries in the network and the corresponding trade relations, reflecting the scale of the network.



Network density is the ratio of the actual number of edges    E  r e a l     in the network to the maximum possible number of edges, which depicts the closeness of the connection:


  D e n s i t y =    E  r e a l     N  (  N − 1  )     



(2)







The average clustering coefficient portrays the degree of nodes forming local clusters by embedding among their neighbors [26]:


  C l u s t e r =  1 N    ∑   i = 1  N     L i    D e g r e  e i   (  D e g r e  e i  − 1  )     



(3)




where    L i    is the number of all neighboring edges of node  i , and   D e g r e  e i    is the sum of import and export trades between  i  node and all partner countries.   C l u s t e r   reflects the closeness of the network of crude oil trade relationship among all partner countries. The larger it is, the greater the likelihood of grouping or forming small groups among partner countries, and vice versa.



The average path length refers to the average value of the shortest path between any two nodes in the network, reflecting the connectivity strength of the network, which is described by:


  A v p a t h l e n g t h =     ∑  j    ∑   i ≥ j    d  i j      1 2  N  (  N − 1  )     



(4)




where    d  i j     is the shortest number of paths between  i  and  j  nodes. The smaller   A p l  , the easier it is for a node to establish a connection with another node, representing the higher network accessibility. In the meantime, the shorter the supply and demand chain length, the more the division of GVC tends to be regionalized and localized, so more countries tend to trade crude oil with local or regional groups.



The network diameter is the maximum number of connected edges between all pairs of nodes in the network, reflecting the farthest path length a node can pass to establish a connection with another node, as shown below:


  D i a m e t e r = max  {    ∑   i ≠ j ∈ G    D  i j    }   



(5)




where    D  i j     is the number of edges between  i  and  j  nodes.





2.2. Community Detection Algorithm


Communities refer to the nodes which are exceptionally more connected than those outside the group. This paper uses the Newman and Girvan (2004) [27] association detection algorithm to group the network into different modular degrees  Q  and identify associations in the network.  Q  is formulated as


  Q =  1  2 σ    [   w  i j   −    W i   W j    2 σ    ]  η  (   c i  ,  c j   )   



(6)




where    w  i j     is the element in  W ,   σ =   ∑   i j      w  i j    2   , and    c i  ,  c j    are the community where   i , j   is located. If the two belong to the same community, then   η  (   c i  ,  c j   )  = 1  , otherwise it equals to 0. The modularity measure of the difference between a certain association and the corresponding random network association is used to classify the relationships among nodes. The network exhibits an association structure if the number of connected edges between associations is less than the expected number of edges based on random selection. The higher the value is, the better the network structure. That is to say, the communities are densely connected internally and sparsely connected externally because the number of edges falling inside the community is less than expected.




2.3. Centrality


The larger edge means a greater crude oil trade between  i  and  j  countries, and a closer trade link. Based on this logic, this paper selects degree centrality, outgoing degree centrality, and incoming degree centrality [28,29,30] as trade status metrics to reveal the size and strength of each country. Degree centrality is the sum of incoming and outgoing degree centrality, defined as follows:


  D e g r e  e i  =   ∑  i   w  i j     +  +   ∑  i   w  i j     −  = I n d e g r e  e i  + O u t d e g r e  e i   



(7)




where the entry center   I n d e g r e  e i  =   ∑  i   w  i j     +    is determined by the amount of export from all  j  nodes to  i  nodes, reflecting the import trade status, where   O u t d e g r e  e i  =   ∑  i   w  i j     −    captures the opposite direction. A more extensive   D e g r e  e i    means a more comprehensive range of partner countries in the  i  country, a more central position in the support network, and a greater influence over other countries. Therefore, the ability to obtain and utilize global crude oil resources is the key to lead the evolution direction of the trade network and even the economic order.




2.4. Data Description


The data for deriving the above indicators were obtained from the UNCOMTRADE database (https://comtrade.un.org/db/, accessed on 30 October 2021). The crude oil products correspond to code H270900 in the HS2007 4-digit code, which mainly refers to unprocessed oil obtained from bituminous minerals, and the period examined is 2007–2020. Since not all countries report bilateral trade data to the United Nations regularly, the number of countries with crude oil trade varies yearly. For he completeness of the dataset and to facilitate the measurement of subsequent indicators, we first selected the countries with trade in the product code HS270900, and then excluded those countries with small trade volume or only unilateral trade. After the data cleaning process, we constructed the crude oil trade network from 2007 to 2020. In total, 153 countries are covered in this paper, ranging from 84 to 141 each year, and all countries, together with their ISO codes, are listed in Appendix A.





3. Evolutionary Features of Global Oil Trade Network Structure


3.1. Overall Topological Structure Change


Based on Equation (1), the number of nodes and connected edges of the global crude oil trade network from 2007 to 2020 are shown in Figure 2, manifesting a fluctuating expansion of the network in scale and trade links. The number of countries in the trade network started from 84 in 2007 to the peak of 141 in 2015, then rapidly decreased to 53 in 2017, and finally rose from 2018 to 2020. The number of contiguous countries in the network decreased moderately in 2009 and gradually rebounded. So, the 2008 Financial Crisis systematically affected the trade network, prompting some countries to reduce or close trade with partner countries. Similar to Zhong et al. (2014) [31], we find that many countries returned to their original communities after 2009, and the value of consumption, production, and prices seemed to be recovering. In 2017, the significant decline in both the number of countries and the adjacent edges may be related to events such as the extension of OPEC production cuts, the continued low national oil prices, and the successful test mining of combustible ice in the United States and China. Among the reasons for this are three main points: (1) In January 2017, the OPEC and non-OPEC oil-producing countries’ production cut agreement came into effect, with both targeting production cuts of 1.2 million barrels per day (BPD) and a combined ceiling of 32.5 million BPD and 0.6 million BPD, hugely affecting the trade network. It prompted a significant decline in global crude oil trade, with average daily crude oil production cut by 9.7 million barrels, accounting for 13.5% of global crude oil trade (BP World Energy Statistics Yearbook, 2019). (2) It also prompted sharp fluctuations in international crude oil prices, with NYSE crude oil futures prices falling 24.59% and London Brent crude oil prices falling 24.1% on 9 March. The sustained low international oil prices from 2015–2017, coupled with the high cost of oil sands and market opportunities in the U.S. shale oil sector, led to oil giants such as Statoil, Shell, and ConocoPhillips to selling up to CAD 24 billion of Canadian oil assets successively. The decline in crude oil production and the sharp drop in oil prices prompted a surge in crude oil gates of major demand countries in the context of energy security concerns, which primarily hit crude oil imports from other countries. (3) In March 2017, U.S. President Donald Trump signed an Executive Order on the Clean Power Plan, requiring states to cut carbon emissions from coal-fired and gas-fired power plants, which may indirectly curb the expansion of U.S. crude oil imports. Meanwhile, the development of energy sources such as shale gas in the United States has also substituted for crude oil trade, weakening its trade dependence on crude oil resources. As a result, the global crude oil trade network in 2017 saw a significant decrease in countries and contiguous sides.



In conclusion, the upward trend of the global crude oil trade network indicates that more and more countries have participated in conducting trade with each other. On the other hand, the fluctuations indicate that the trade network is inherently unstable. It is subject to multiple factors, including but not limited to OPEC oil producers’ market decisions, energy policies of major oil-demand countries, the primary trend of international oil prices, and geopolitics.



In order to reveal the distribution pattern of the trade network and its evolution, this paper utilizes the gravitational directed algorithm introduced by Fruchternman and Reingold (1991) [32]. What is shown in Figure 3 is the topological structure of the crude oil trade network in 2007 and 2020 using Gephi software. It can be seen in (a) that the network in 2007 was relatively sparse, with few connected edges and uneven distribution, basically forming a “core-edge” hierarchy with the United States, Saudi Arabia, Russia, and Japan as the core, and Canada, China, the Netherlands, Norway, and the United Kingdom as the second core. Among them, the nodes of countries with significant crude oil demand and supply, such as the United States, Saudi Arabia, Russia, and Japan (dark red nodes) in the central region, are more prominent in shape and darker in color. The edges among these countries, crude oil channel countries, and major demand countries such as Canada, China, the Netherlands, Norway, and the United Kingdom (light red nodes) in the sub-region are significantly more comprehensive than those of other countries (white nodes). The core and sub-nuclear countries have clear bilateral relations, and the countries overlap and intertwine as partners. It means that the core countries not only control the main trade flows of global crude oil but also exert the highest level of regulatory power. Before the 2008 Financial Crisis, countries such as the United States, Saudi Arabia, Russia, and Japan processed the right to price the resources, while other non-core countries had relatively weak influence. The global crude oil trade involves most countries and regions, and the unbalanced geographical distribution of supply and demand areas is one of the factors contributing to the “core-edge” hierarchy of the trade network.



(b) In 2010, the “core-edge” hierarchy of the trade network remained stable with the United States remaining the darkest, while the number of countries in the network increased significantly, and the number of connected edges also rose relatively. The network structure became denser and sparser. The major countries remained unchanged, but the sub-central countries switched to China, India, Japan, and the Netherlands. The influence of Canada and Norway relatively decreased compared to the early period and the rest countries were stable. Despite not being the world’s largest crude oil producer, the position of the United States was relatively higher than other countries due to its massive demand, its well-developed financial markets, and its strong voice in the market. The core position of non-producing countries was mainly gained through their advantage of occupying global transportation corridors or performing distribution functions. For example, neither Canada nor the Netherlands are not major crude oil producers, but Canada’s north–south oil pipeline network mainly exports oil to the United States, while its eastern region barely enjoys the benefits of the pipeline, so it turns to import the Texas crude oil for convenience through the U.S. domestic pipeline network. The Netherlands mainly relies on the ports of Rotterdam and Amsterdam and large oil trading companies to trade with the major countries, especially maintaining a bilateral trade with most European countries, so it eventually has developed into a global oil trading center.



(c) As depicted in the sub chart, the basic structure of the trade network remained unchanged in 2020. However, the central countries altered to the United States, Saudi Arabia, Russia, and China. Compared with the previous period, the rapid expansion of China’s trade position is most evident, as China has become a major crude oil trading power due to its huge domestic demand. Though, China is not the top crude oil producer and its relatively large overseas demand determines the centrality of China and increases its dependence on the global market.



From subplots (a)–(c), it can be seen that the global crude oil trading system is still dominated by oil-producing countries such as OPEC and major demand countries such as the United States, and the trading among them maintains relatively stable. The scale of trade among countries such as Saudi Arabia, the United States, Russia, and Canada is a major part of resource allocation. These large-scale trade relationships further contribute to their close cooperation and also help to maintain the structural stability of global energy markets. In contrast, minor trade relationships are less stable and highly fungible. Given the national energy security and geopolitical considerations, small-scale trading countries can balance supply and demand through other channels. In addition, the “core-margin” structure also highlights the necessity for major developing and less-developed countries to improve their trade status to enhance their discourse and pricing power in the global market.



Examining the distribution pattern of the trade network from the overall topological structure is not enough to accurately illustrate the internal changes of the network, for example, the degree of closeness between nodes, the trend of conglomeration, the length of GVC, and the degree of connectivity. For this reason, this paper measures the changes in network density, the average clustering coefficient, the average path length, and the network diameter using Equations (2)–(5), respectively (as shown in Figure 4). As can be seen, density displays a fluctuating decreasing trend in general. It went down from 0.104 in 2007 to 0.08 in 2016 before rising to 0.125 in 2017, and finally reached 0.095 in 2020, indicating that the closeness of the trade network tends to decline and the trade links tend to be sparse. The fluctuation of clustering indicates that the trade network grouping changes irregularly but leans to strengthen in general. This trend reflects the signs of grouping from global to regionalization. As most countries carry out trade with a few countries, this grouping has inherent stability. The non-homogeneous spatial distribution of crude oil resources, the concentration in a few oil-exporting countries, and the geographic transportation costs are the direct factors that govern the groupings among countries. Moreover, it reveals that any country only needs to go through about six countries to establish a crude oil trade connection with another country, and the length of this path is gradually shortening. Additionally, the integration of the division of labor has been enhanced and the distance of trade between countries is shortened. To summarize, the evolution of the global crude oil trade network and the division of labor bring the trade closer and the length of labor chain shorter. In their papers, Johnson (2014) and Timmer et al. (2014) emphasized a similar point.




3.2. Trend of Community Structure Distribution


Based on Equation (6), we measure the changes in the associations and the geographical distribution using ArcGIS software in 2007, 2009, and 2020, as presented in Figure 5. It can be observed that the global crude oil trade network identify four major associations in 2007, which are the Asia–Europe–North Africa associations (30) represented by Russia, Germany, Czech Republic, Poland, Kazakhstan, and Egypt, the North America–Asia–South America associations (41) represented by the United States, China, India, Peru, Brazil, and Algeria, and the North America–West Europe associations (13) represented by Canada, Sweden, Norway, and the United Kingdom. In 2009, the Asia–Europe–North Africa community expanded significantly to include the United Kingdom, France, Poland, Ukraine, Libya, Namibia, Syria, and other countries. The North American–Asian–South American society evolved into the North American–South American–South African society, while the West Asian–East Asian–Oceania society split into two--- South American society represented by Chile and Ecuador and the Asia–Oceania society with China, Saudi Arabia, Australia, Asian, and other countries as the core. In 2020, the membership structure of the previous societies has undergone magnificent changes, and the four major communities have evolved into five, represented by the United States, Canada, and Argentina. They are the Asia–West Africa Association, represented by Russia, China, Poland, the Czech Republic, Saudi Arabia, Yemen, Oman, ASEAN countries, and the Congo; the Asia–East Africa–Oceania Association, represented by India, Australia, Indonesia, Kenya, Tanzania, and Zambia; the Asia–Oceania Association, represented by France, Britain, Bulgaria, Turkey, Spain, Tunisia, Egypt, and Libya; the Asia–East Africa–Oceania community, represented by India, Australia, Indonesia, Kenya, Tanzania, and Zambia; the Europe-North Africa community, represented by France, Britain, Bulgaria, Turkey, Spain, Tunisia, Egypt, and Libya; and the South America community, represented by Colombia, Ecuador, and Chile. Compared with the previous period, the number of associations increased, and the membership within each association changed considerably. More members showed clustering patterns characterized by geographical distance and national borders, reflecting their vital role in shaping the supply and demand relationship of global crude oil trading associations.




3.3. Changes in the Trade Status of Countries


The level of crude oil trade status has become a key element in the distribution of international power. Whoever has more crude oil resources in control will exert more influence in the global energy trade system and have a tougher international voice. To this end, this paper uses Equation (7) to measure the changes in degree centrality(measuring trade status), out-degree centrality (measuring export status), and in-degree centrality(measuring import status), and for each country from 2007 to 2020, and Table 1, Table 2 and Table 3 demonstrate the distribution of the top 10 countries in the corresponding centrality ranking, respectively. From Table 1, it can be observed that the United States, Saudi Arabia, Russia, Japan, China, and India are ranked high and experience changes in different years. Among them, the U.S. and Saudi Arabia dropped from first and second in 2007 to one position down in 2020, while China climbed rapidly from fifth to the first position. Russia’s ranking is relatively stable, but Japan dropped noticeably, from fourth at the beginning of the period to tenth at the end. The above changes shifted the dominant countries to China, the United States, Saudi Arabia, and Russia. The rapid rise in China’s position and the significant decline of Japan are important sources of the changes in the global crude oil trade network pattern. Before the 2008 financial crisis, the United States, Saudi Arabia, Russia, and Japan had more muscular control over global crude oil resources and therefore had more substantial pricing power and voice in the international market. With the increase in China’s trade position, its control over crude oil resources has improved rapidly. At the same time, countries such as the United States, Saudi Arabia, and Russia still control over crude oil markets and resources.



Secondly, other countries such as Saudi Arabia, the Netherlands, South Korea, and Japan have a more decisive, albeit less powerful, impact in the market than other countries that rank lower. Comparing Table 2 with Table 3 (for example, in 2020), we can notice that the higher trade status of China, the United States, Saudi Arabia, Russia, and India can largely be attributed to the shift in the trade pattern from a “resource-led” to “consumption-led” pattern. While China, the United States, and India are not the world’s largest crude oil producers, their prestigious positions are mainly due to the huge demand for foreign markets, as shown by their high import status in Table 3. The higher ranks of Saudi Arabia and Russia, since they are the world’s most important producers, and their status are reinforced by the enormous export abroad, as evidenced by their top export status in Table 2. Other countries such as South Korea and Japan rank ninth and tenth in import degree, while outside the top 10 in export degree, indicating that their high trade positions are also mainly due to imports. In summary, the countries with high centrality in the global crude oil trade network are mainly producing countries and transportation corridors. There are still only a few major countries that control global trade flows. The overall competition is still a seller’s market dominated by major exporting regions. The rapid economic growth, the rising per capita income of developing countries coupled with their strong oil demand, are the main force behind the incremental expansion of global oil demand. Additionally, emerging Asia–Pacific countries and Middle East oil-producing countries are the primary sources of growth.





4. Global Crude Oil Trade Network Resilience Simulation Analysis


Crude oil is a strategic resource, as its trade activities and network structure are highly sensitive to international relations, geopolitics, and external shocks. The volatile supply decisions from the middle east, the intense competition between the United States and Russia, along with the intricate racial and religious conflicts, geopolitical relations, and the threat of terrorism, have interfered and threatened the global crude oil trade network to varying degrees. The outbreak of the Russia–Ukraine conflict in February 2022, followed by rounds of economic sanctions against Russia by the western countries, has amplified the tension and contributed to a spike in crude oil prices. Since then, western countries have continued to announce sanctions in the fields of energy and finance, including forbidding transferring investments and energy technologies into Russia. Some radical EU countries have even stopped importing from Russia. In addition to these EU countries, some countries such as the United States, Australia, the Unite Kingdom, and Canada have also banned the import of crude oil and natural gas from Russia. With the reality taken into consideration, this section creates the trade network resilience index, and then uses MATLAB software to simulate the gradual decrease of the number of nodes (i.e., the number of countries that trade with other countries gradually declines), so that it can compare the difference between the observed network and the simulated network in terms of the resilience.



4.1. Indicators for Measuring the Resilience of Trade Networks


Resilience was first proposed by Canadian ecologist Holling (1973) [33] and represented the ability of ecosystems to absorb, change, and return to a steady state after being exposed to turbulence. Similarly, network resilience refers to the ability of the network structure to maintain or return to normal function when the network is subjected to external shocks. As for the measures of it, scholars studied the impact of external shocks, such as financial crises, on the rate of change in node trade size or network structure as a reflection of the robustness of network resilience [34]. Some scholars used the SEIR or SIS model to study risk contagion, drawing on viral contagion. However, crude oil trade network resilience differs from the studies mentioned above. The trade among different countries in the network is correlated. It is difficult to fully reflect the overall network resilience strength by considering only the rate change in country trade size. Crude oil network shocks may be human and natural factors, such as natural conditions, while financial crises usually occur in specific countries due to human factors. The viral contagion model assumes that viruses are contagious only when they contact each other. However, the premise of the crude oil network is fundamentally different in that trade can be generated between network countries with long geographical distances.



We refer to Han and Shin (2015), Dixit et al. (2020) [35], and Mou et al. (2020) and use a measure of resilience in complex networks. The advantage is that it can examine how the disruption of global crude oil supply or demand due to natural or artificial factors affects network resilience from the perspective of the internal structure of the whole network (e.g., network density, average path length), and it can also overcome the strict assumption of direct contact for transmission in the virus transmission model, and thus has a broader scope of application. Moreover, this method can also conduct random simulations of crude oil trade disruptions in all countries separately. The patterns can be obtained by comparing the differences in the changes in network resilience between this paper and the random network.



Regarding the resilience metrics, the following formula is used:


  S =   C × N   D e n s i t y × A v d e g r e e    



(8)




where  S  is the resilience of the trade network,  C  is the connectivity,  N  is the number of nodes, and   A v d e g r e e   is the weighted-average center respectively. Among them, connectivity is the main factor in affecting the resilience, especially during the recovery periods [36]: when the network is disturbed, a well-connected one can provide alternative connections, thus assisting it to recover from the shock. Thus, network connectivity is positively related to network resilience. To measure connectivity, this paper focuses on the perspective of network transmission [37,38]. The equation is expressed as:


  C =     ∑   i ≠ j ∈ G    1   d  i j       N  (  N − 1  )     



(9)




where  C  ranges from 0 to 1, and    d  i j     is the shortest path between any different nodes in the network. The shorter the path length is, and the more connection can be achieved through other nodes, which means a better transmission of the network. On the other hand, larger  N  denotes more redundant nodes in the network. So, when the local nodes of the network are impacted, more nodes will spread the influence, thus compromising the effectiveness of network.



In the meantime, greater Density denotes more connections between nodes and a denser network. If the local nodes are impacted, more nodes are affected, leading to a worse network in terms of resilience. Finally,   A v d e g r e e =   D e g r e e  N    represents the central position of all nodes on average. The wider range of communication between the network nodes and other nodes, the stronger the degree of connection. If the local nodes of the network are affected, the greater   A v d e g r e e   directs to a worse resilience of the network.




4.2. Toughness Simulation Analysis of Crude Oil Trade Network Node Disruptions


In this paper, MATLAB software is used to set up the gradual increase or decline in the number of countries in the global crude oil trade network from 2007 to 2020. Then the toughness of the remaining trade network is obtained according to Equations (8) and (9). At the same time, the use of R studio generates the simulation matrix with the same number of nodes and connected edges as the network matrix in 2007 and 2020, respectively (the nodes of this matrix are connected with 50% probability).



First, Table 4 reports the statistical results of the basic parameters of the toughness index. From this, it can be seen that the global crude oil trade network resilience tends to fluctuate upward in general from 2007 to 2020. Secondly, the above operation is repeated to obtain the simulation network toughness measurements, as shown in Figure 6. The specific simulation process is as follows.



	(1)

	
First, choose the crude oil trade network for a specific year,




	(2)

	
Remove one of the nodes and its edges,




	(3)

	
Calculate the toughness of the remaining network using Equations (8) and (9) while constructing a random network with the same number of nodes and edges as the specific crude oil trade network, and




	(4)

	
follow the above practice to calculate the toughness of the remaining network.







Subsequently, the number of removed nodes gradually increases, and finally, the toughness of both networks is calculated. Using 2007 as an example, compared with the smooth change in the number of disrupted countries, the network resilience does not change uniformly but shows a non-linear decreasing trend. When the number of affected countries increases from 13 to 22, the  S  decreases nearly linearly. It indicates that network resilience is related to the relationship structure. When the number of disrupted countries increases from 61 to 63, the  S  instead shows signs of a local rise, implying that the structure is also related to the number of redundant countries in the network because those countries can mitigate the negative impact of the shocks. They play a supportive role in the decline of network resilience. On the contrary, the simulated  S -value shows a linear decrease, with the number of disrupted countries increasing from 22 to 61. Under this range, the network structure, connectivity, and density changes are relatively stable, so the simulated network resilience shows a linear decline. The above results suggest that trade resilience is correlated with trade relationships and patterns among countries.



The resilience of the global crude oil trade network reflects the impact of external shocks on the restructuring of crude oil resources on a global scale, manifesting the political games and competing interests between core and non-core countries, crude producing and consuming countries. Its changing trend is related to countries’ energy strategies and security. Under the context of globalization, some trade relations significantly impact the stability of global trade, and other parts of trade relations might inhibit the decline of resilience [39]. Therefore, cooperation and dialogue have become a meaningful way to maintain global crude oil trade and energy security. Additionally, an international system that includes suppliers, consumers, and transit countries should be established to balance the interests of different groups and ensure the security of the trade chain, so that the energy market can be more secure, stable, and sustainable.




4.3. Comparison of the Change in Resilience of “Core-Marginal” Countries’ Disruptions


Major crude oil producers (e.g., Saudi Arabia and Russia) and demanders (e.g., the United States, China, and Japan) jointly dominate the global energy trading system. Other marginal countries such as Myanmar, Lebanon, and Uganda have relatively weaker influence. Therefore, comparing trade disruptions in core and marginal countries, and testing the network’s resilience under the two scenarios, is essential. To this end, this paper calculates the changes in network resilience based on (8)–(9) using the data in 2020, by excluding the above countries from the network separately, and the results are shown in Figure 7. The main conclusion which can be drawn is that the core countries have a higher impact on resilience than the peripheral countries. The impact of disruptions from Saudi Arabia, the United States, Russia, Japan, and China on resilience is roughly between 0.008 and 0.011, while marginal countries such as Myanmar, Estonia, Namibia, and Uganda are at 0.007. Of these, the United States has the greatest impact on the resilience of the global crude oil trade network, followed by Saudi Arabia and Russia. When the core countries are disrupted, the network density and the weighted-average trade among countries decrease together. The network shock can be transmitted to the whole network through sparser trade relations, and it is less likely to return to the previous average level. On the other hand, when the marginal countries are disrupted, the network density does not drop much, the weighted-average trade among countries is relatively stable, and the network shock can be transmitted to the whole network through denser trade relations. Then it is easier for the trade network to recover back. The difference in the impact of disruptions in core and peripheral countries on resilience suggests that the impact is relatively more substantial from countries with high trade status.



From the perspective of sustainable development, the resilience of the crude oil trade network relates to the role played by each country and the network topology, both of which impact the sustainable development of the global economy. The uneven geographical distribution of crude oil resources gives crude oil resource countries an advantage and their role as core countries in the global energy network. Once these countries form a resource pull path dependency, shifting from the old trade model to a green and sustainable development model is not easy. It is because these countries can only rely on human capital accumulation and technological innovation to improve energy efficiency and import green energy through international trade, thus achieving sustainable development. The impact of these countries on network resilience is undoubtedly immense, but they also face difficulties and challenges in the transition to green economic development. Non-core countries do not have the advantage of crude oil resources. They can only import crude oil from partner countries through international trade to promote economic development, forming import dependence. Once partner countries stop exporting, the country will face a tremendous national energy security problem. Therefore, non-core countries should reduce their crude oil import dependence through diversified import channels and promote green energy economies to eliminate excessive dependence on core countries and ensure their energy security through energy transformation and upgrading.




4.4. Discussion of Economic Implications


First, the dynamic evolution of the global crude oil trade network highlights the change from a “resource-based” to a “demand-led” model. Oil-producing countries used to have control over the scope and magnitude of oil resource flows. In other words, they largely dominated the evolution direction of the network, and their rule-making power was high. With the acceleration of globalization and industrialization of many developing countries, their demand for crude oil has increased significantly. These countries do not have abundant oil reserves so the huge demand has prompted them to increase imports through the trade network, further strengthening the oil-producing countries’ trade position. On the other hand, the trade positions of major demand countries such as the United States, China, and India have climbed faster due to high imports and path dependence. In this process, the resource advantage of the major oil-producing countries may become a “resource curse.” While the economic growth of the major demand countries is faster, they still are over-dependent on imports.



Second, the “core-edge” hierarchy of the global crude oil trade network is non-congruent, reflecting the international competition for crude oil resources among countries. From the hierarchy, it can be seen that the connected edges among countries with high trade status, such as Saudi Arabia, the United States, China, and Russia, are higher than those of others, so it is easier for them to form close trade relations, thus occupying the “core” of the network. The global crude oil trade network has a “nucleus,” implying a “similar status” matching relationship, part of which lies in the fact that major resource countries have a dominant voice in the supply chain. The natural differences in oil resources between supplying and consuming countries make it difficult for countries to achieve “opposites attract” and equal bilateral relationships. Since crude oil is a non-renewable resource with strategic importance, major resource countries are bound to face the “path dependence” of energy exports and the “resource curse” that inhibits economic growth. Therefore, they need a stable and durable crude oil market. Demand countries rely on resource countries to promote economic and social development. Both sides of countries compete and cooperate in terms of imports or exports within their groups. For example, the United States and China both import crude oil from Russia, so they compete for imports; the United Kingdom. imports crude oil from Russia, and Russia exports to China, so the United Kingdom and China are in import complementarity for Russia. From a resource perspective, the overlapping of competition and cooperation is an important reason for the “core-fringe” hierarchy of the network to remain relatively stable until a new alternative economic energy source is found.



Third, the financial crisis and OPEC decisions severely impacted the network’s structure, prompting countries to pursue trading partner diversification for energy security. The decline in oil consumption and production because of the two events increased the volatility of oil prices, which obviously impacted both demanding and producing countries. With the increasing demand for crude oil resources, all oil-producing regions, including the Middle East, Africa, Russia, and Latin America, are considering export diversification strategies to ensure national security and the sustainability of energy trade. Moreover, countries such as the United States, China, India, and Canada are also aware of the energy security problems resulting from over-dependence on crude oil. They are gradually considering the need for import diversification, increasing crude oil reserves, and developing new energy sources. Taking import diversification as an example, it can be achieved through various ways, such as diversification of import sources, channels, varieties, operators, means, and access methods.



Fourth, the interdependence of crude oil trade relations among countries highlights the urgency of global joint governance to avoid complete disruption of the supply, industrial, and value chains. The global crude oil trade network dominated by traditional powers and resource-based countries such as the United States, Saudi Arabia, and Russia has not undergone fundamental changes, and they still have a strong influence and voice in the market. The trend of relying on imports is irreversible. This requires considering oil security issues from the perspective of both oil-consuming and importing countries, and using international trade as the primary means of response has become an inevitable choice. The development of exploration and mining technologies has led to a trend of “multiple growths” in the local centers of global crude oil reserves. Therefore, only extensive cooperation can effectively cope with various shocks and risks. Under the new situation, the possibility of oil-producing countries arbitrarily interrupting oil supply is reduced, but supply interruptions caused by wars, terrorists, or natural disasters cannot be eliminated. Countries should strengthen energy diplomacy and joint governance cooperation in the interdependent crude oil trading system and enhance the resilience of the industrial, supply, and value chain to external shocks.



Finally, the central crude oil supply and demand countries significantly impact network resilience more than other countries. It precisely means that it faces excellent development potential and space in the renewable energy involved in green and sustainable development. In fact, with rapid technological advances, global energy consumption is transforming towards renewable and green energy sources, and the strength of crude oil trade network resilience does not necessarily mean that countries are high or low in terms of green and sustainable energy sources. Crude oil trade inevitably has damaging effects on the global environment, even directly threatening the survival of marine and atmospheric species, as exemplified by the accelerated global industrialization process that is accelerating global warming. In the future, crude oil supply and demand countries need to develop more green energy sources, better reduce their dependence on global non-renewable resources and reduce pollution to the environment, to form a green energy trade system with sustainable development as the core. Only in this way can the world achieve sustainable and inclusive green development in the new energy governance system.





5. Conclusions


Based on the HS2007 four-digit global crude oil trade data from 2007 to 2020, this paper adopts a complex network methodology to examine the structural evolution characteristics of the global crude oil trade network. It simulates the impact of disruptions in national trade relations on the network’s resilience. As the degree of integration and regionalization gradually increases, and the trade distance between countries tends to shorten, the global crude oil trade network continues to expand and becomes more closely connected. Five major trade groups have been formed, namely North America–South America, Asia–West Africa, Asia–East Africa–Oceania, Europe–North Africa, and South America, among which the influence of Saudi Arabia, Russia, the United States, China, and Japan is significantly higher than other countries. Further network simulations reveal that the impact of national trade disruptions on global trade resilience is not linear, such that it shows a sudden drop but then a temporary increase as the number of disrupted countries increases. Finally, the impact of disruptions in core countries is significantly higher than in peripheral countries.



The findings provide policy implications for advancing global energy supply and demand structural security, green energy transformation, and sustainable development. With rapid technological advances, global energy consumption is transforming towards renewable and green energy sources. Crude oil trade inevitably has damaging effects on the global environment, even directly threatening the survival of marine and atmospheric species and global warming. In the future, crude oil supply and demand countries must develop new green energy sources, focus better on partner countries’ diversified development strategies, and reduce environmental pollution. Only in this way can the world achieve sustainable and inclusive green development in the new energy governance system. In addition, both core and non-core countries face double national energy security and sustainable development constraints. However, in the long run, the global economy will stay the same in the direction of green and sustainable development.
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Appendix A. 153 Countries














	ABW
	Aruba
	DOM
	Dominican Republic
	LKA
	Sri Lanka
	RWA
	Rwanda



	AGO
	Angola
	DZA
	Algeria
	LSO
	Lesotho
	SAU
	Saudi Arabia



	AND
	Andorra
	ECU
	Ecuador
	LTU
	Lithuania
	SDN
	Sudan



	ARE
	United Arab Emirates
	EGY
	Egypt
	LUX
	Luxembourg
	SEN
	Senegal



	ARG
	Argentina
	ESP
	Spain
	LVA
	Latvia
	SGP
	Singapore



	ATG
	Antigua and Barbuda
	EST
	Estonia
	MAR
	Morocco
	SLB
	Solomon Islands



	AUS
	Australia
	ETH
	Ethiopia
	MDA
	Republic of Moldova
	SLE
	Sierra Leone



	AUT
	Austria
	FIN
	Finland
	MDG
	Madagascar
	SRB
	Serbia



	AZE
	Azerbaijan
	FJI
	Fiji
	MDV
	Maldives
	SSD
	South Sudan



	BEL
	Belgium
	FRA
	France, Monaco
	MEX
	Mexico
	SUR
	Suriname



	BEN
	Benin
	GAB
	Gabon
	MHL
	Marshall Islands
	SVK
	Slovakia



	BES
	Bonaire, Saint Eustatius and Saba
	GBR
	United Kingdom
	MKD
	The Former Yugoslav Republic of Macedonia
	SVN
	Slovenia



	BGD
	Bangladesh
	GEO
	Georgia
	MLI
	Mali
	SWE
	Sweden



	BGR
	Bulgaria
	GHA
	Ghana
	MLT
	Malta
	SWZ
	Swaziland



	BHR
	Bahrain
	GIB
	Gibraltar
	MMR
	Myanmar
	SYC
	Seychelles



	BHS
	Bahamas
	GMB
	Gambia
	MNG
	Mongolia
	TCD
	Chad



	BIH
	Bosnia Herzegovina
	GRC
	Greece
	MOZ
	Mozambique
	TGO
	Togo



	BLR
	Belarus
	GRL
	Greenland
	MRT
	Mauritania
	THA
	Thailand



	BLZ
	Belize
	GTM
	Guatemala
	MUS
	Mauritius
	TJK
	Tajikistan



	BOL
	Plurinational State of Bolivia
	HKG
	China, Hong Kong Special Administrative Region
	MYS
	Malaysia
	TLS
	Timor-Leste



	BRA
	Brazil
	HND
	Honduras
	NAM
	Namibia
	TTO
	Trinidad and Tobago



	BRN
	Brunei Darussalam
	HRV
	Croatia
	NCL
	New Caledonia
	TUN
	Tunisia



	BWA
	Botswana
	HUN
	Hungary
	NGA
	Nigeria
	TUR
	Turkey



	CAN
	Canada
	IDN
	Indonesia
	NIC
	Nicaragua
	TZA
	United Republic of Tanzania



	CHE
	Switzerland, Liechtenstein
	IND
	India
	NLD
	Netherlands
	UGA
	Uganda



	CHL
	Chile
	IRL
	Ireland
	NOR
	Norway, Svalbard and Jan Mayen
	UKR
	Ukraine



	CHN
	China
	IRN
	Iran
	NPL
	Nepal
	URY
	Uruguay



	CIV
	C_e d’Ivoire
	ISL
	Iceland
	NZL
	New Zealand
	USA
	USA, Puerto Rico and US Virgin Islands



	CMR
	Cameroon
	ISR
	Israel
	OMN
	Oman
	VNM
	Viet Nam



	COD
	Democratic Republic of the Congo
	ITA
	Italy
	PAK
	Pakistan
	ZAF
	South Africa



	COG
	Congo
	JOR
	Jordan
	PAN
	Panama
	ZMB
	Zambia



	COL
	Colombia
	JPN
	Japan
	PER
	Peru
	ZWE
	Zimbabwe



	CPV
	Cabo Verde
	KAZ
	Kazakhstan
	PHL
	Philippines
	
	



	CRI
	Costa Rica
	KEN
	Kenya
	PNG
	Papua New Guinea
	
	



	CUB
	Cuba
	KHM
	Cambodia
	POL
	Poland
	
	



	CUW
	Cura_o
	KOR
	Republic of Korea
	PRT
	Portugal
	
	



	CYP
	Cyprus
	KWT
	Kuwait
	PRY
	Paraguay
	
	



	CZE
	Czechia
	LAO
	Lao People’s Dem. Rep.
	QAT
	Qatar
	
	



	DEU
	Germany
	LBN
	Lebanon
	ROU
	Romania
	
	



	DNK
	Denmark
	LCA
	Saint Lucia
	RUS
	Russian Federation
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Figure 1. Graphical summary of research content. 
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Figure 2. Number of nodes and edges, 2007–2020. 
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Figure 3. Topology of the global crude oil trade network in a representative year. Dark red and light red nodes represent core and sub-core countries respectively, and white represents marginal countries; the larger node and darker color illustrate the greater the trade influence. (a) 2007; (b) 2010; (c) 2020. 






Figure 3. Topology of the global crude oil trade network in a representative year. Dark red and light red nodes represent core and sub-core countries respectively, and white represents marginal countries; the larger node and darker color illustrate the greater the trade influence. (a) 2007; (b) 2010; (c) 2020.



[image: Sustainability 14 16059 g003]







[image: Sustainability 14 16059 g004 550] 





Figure 4. Changes in structural indicators within the global crude oil trade network, 2007–2020. 
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Figure 5. Geographical distribution of global crude oil trading network associations in major years. (a) 2007; (b) 2009; (c) 2020. 
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Figure 6. Change in global crude oil trade network and simulated network resilience, 2007 and 2020. The top left and right plots show the change in the crude oil trade network and simulated network resilience in 2007 respectively, and the bottom plots are the corresponding results in 2020. 
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Figure 7. Change in resilience of trade disruptions in core and peripheral countries, 2020. Note: The red and black dots represent core and peripheral countries, respectively. 
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Table 1. Top 10 countries in terms of degree centrality in representative years (thousand USD).






Table 1. Top 10 countries in terms of degree centrality in representative years (thousand USD).





	

	
2007

	
2010

	
2020




	
Rank

	
Country

	
Value

	
Country

	
Value

	
Country

	
Value






	
1

	
USA

	
153,716,017.6

	
USA

	
235,244,285.1

	
CHN

	
135,352,882.3




	
2

	
SAU

	
119,830,377.6

	
SAU

	
151,222,812.8

	
USA

	
119,896,029.1




	
3

	
RUS

	
113,130,932.9

	
RUS

	
138,028,832.7

	
SAU

	
92,036,926.3




	
4

	
JPN

	
75,589,087.9

	
CHN

	
109,341,371.3

	
RUS

	
75,245,617.4




	
5

	
CHN

	
70,809,676.2

	
JPN

	
88670959.2

	
CAN

	
56,197,082.5




	
6

	
NLD

	
62,813,012.7

	
NLD

	
81,864,845.6

	
IND

	
44,775,236.8




	
7

	
CAN

	
54,730,456.8

	
NGA

	
71,491,071.3

	
ARE

	
44,475,093.4




	
8

	
NOR

	
52,014,666.7

	
IND

	
69,496,192

	
NLD

	
42,596,088




	
9

	
GBR

	
51,983,979.2

	
CAN

	
67,729,486.2

	
KOR

	
40,834,598.7




	
10

	
ARE

	
46,357,670.3

	
KOR

	
59,805,105.7

	
JPN

	
39,757,851.3








Notes: the countries are listed in reverse order of degree centrality by year (same table below), with higher centrality representing the country’s higher trade status.
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Table 2. Top 10 countries in terms of out-degree degree in representative years (thousand USD).
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2007

	
2010

	
2020




	
Rank

	
Country

	
Value

	
Country

	
Value

	
Country

	
Value






	
1

	
MYS

	
119,830,376.4

	
SAU

	
151,222,712.1

	
SAU

	
92,020,420.5




	
2

	
IRN

	
112,517,623

	
RUS

	
137,696,097.1

	
RUS

	
75,228,946.6




	
3

	
SVK

	
51,275,624.2

	
NGA

	
71,490,955.7

	
CAN

	
48,191,650.6




	
4

	
PNG

	
46,357,641

	
ARE

	
52,521,265.2

	
USA

	
47,989,331.3




	
5

	
THA

	
45,514,559

	
IRN

	
51,898,080.7

	
ARE

	
43,101,883.5




	
6

	
FRA

	
43,910,609.8

	
CAN

	
48,440,516.6

	
KAZ

	
28,011,710.6




	
7

	
VEN

	
37,705,642.7

	
NOR

	
47,452,528.1

	
NGA

	
25,371,892.6




	
8

	
AGO

	
32,124,065.1

	
AGO

	
47,439,731.1

	
KWT

	
24,566,542.2




	
9

	
PRT

	
31,015,866.3

	
VEN

	
39,736,157

	
NOR

	
23,933,331.5




	
10

	
BHR

	
29,599,026.2

	
KAZ

	
38,070,043.4

	
BRA

	
19,503,638.2








Notes: higher out-degree representing the country’s higher export trade status.
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Table 3. Top 10 countries in terms of in-degree in representative year (thousand USD).
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2007

	

	
2010

	

	
2020

	




	
Rank

	
Country

	
Value

	
Country

	
Value

	
Country

	
Value






	
1

	
USA

	
152,103,275.1

	
USA

	
233,610,839.5

	
CHN

	
1350,28,763.8




	
2

	
JPN

	
75,573,479.3

	
JPN

	
108,141,921.7

	
USA

	
71,906,697.9




	
3

	
CHN

	
68,543,909.7

	
CHN

	
88,623,539.6

	
IND

	
44,763,047




	
4

	
NLD

	
47,675,274.4

	
NLD

	
69,453,495.3

	
KOR

	
40,573,308.3




	
5

	
KOR

	
43,001,534.3

	
KOR

	
67,025,781.8

	
JPN

	
39,757,784.6




	
6

	
DEU

	
38,549,544.5

	
DEU

	
59,652,757

	
NLD

	
30,694,152.2




	
7

	
ITA

	
29,738,798.9

	
ITA

	
54,163,529.5

	
DEU

	
24,316,204.2




	
8

	
FRA

	
26,336,254.8

	
FRA

	
39,684,482.3

	
ITA

	
20,987,146.8




	
9

	
GBR

	
22,384,953

	
GBR

	
30,114,422.5

	
THA

	
15,758,600.7




	
10

	
CAN

	
17,024,814.2

	
CAN

	
29,200,215.4

	
GBR

	
14,590,616.9








Notes: higher in-degree representing the country’s higher import trade status.
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Table 4. Statistical results of the basic parameters of network resilience, 2007–2020.
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	Year
	C
	N
	Density
	Avdegree
	S





	2007
	0.0000565
	83
	0.104
	8,310,633.99
	5.42 × 10−9



	2008
	0.0000311
	112
	0.079
	11,537,192.8
	3.83 × 10−9



	2009
	0.0000250
	124
	0.076
	6,633,923.26
	6.15 × 10−9



	2010
	0.0000265
	118
	0.08
	8,845,079.18
	4.41 × 10−9



	2011
	0.0000239
	129
	0.08
	10,977,128.1
	3.51 × 10−9



	2012
	0.0000250
	126
	0.082
	12,072,189.1
	3.18 × 10−9



	2013
	0.0000245
	127
	0.081
	11,558,230
	3.32 × 10−9



	2014
	0.0000268
	123
	0.09
	10,992,037.3
	3.33 × 10−9



	2015
	0.0000207
	140
	0.072
	4,838,833.69
	8.32 × 10−9



	2016
	0.0000231
	131
	0.08
	4,724,066.64
	8.00 × 10−9



	2017
	0.0001274
	53
	0.125
	5,841,416.01
	9.25 × 10−9



	2018
	0.0000297
	117
	0.09
	8,694,283.21
	4.44 × 10−9



	2019
	0.0000303
	116
	0.091
	7,684,079.85
	5.02 × 10−9



	2020
	0.0000341
	110
	0.095
	5,311,354.4
	7.43 × 10−9
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