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Abstract

:

Oil plays an important role in global resource allocation. With the continuous development of the global supply chain, trade has brought a great impact on oil consumption. However, few studies have been focused on the oil consumption embodied in trade, that is, the oil footprints. Therefore, based on the multi-regional input-output model and structural decomposition model, this paper investigates the evolution and driving factors of the oil footprint between the two countries with the largest oil consumption in the world (China and the United States). By measuring the flow of oil footprint in bilateral trade, their trade transactions are analyzed at the national and industry levels. The results show that in Sino-US trade, China is a net exporter of virtual oil and the trade surplus is huge. The United States is the main destination of China’s virtual oil consumption exports. In 2004, China’s embodied oil net exports flowing into the US even exceeded its total net exports. Low value-added, high-consumption manufacturing is the main channel for China’s virtual oil to flow to the United States, which reflects that China is still at the bottom of the value chain. The most important factor in promoting exports’ growth is the scale effect of demand, followed by the input structure effect of intermediate products. The technical effect is an important force to curb the growth of oil footprints. This requires China and the United States to accelerate technological progress and reduce energy consumption intensity. At the same time, China should continue to optimize its trade structure, encourage the export of high-value-added products, and strive to climb the global value chain.
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1. Introduction


As the world’s largest energy source, oil is essential for social development (Figure 1). However, oil is unrenewable, and greenhouse gases are generated during its consumption, so that problems of resource shortages and climate warming have become increasingly prominent. The division of global oil consumption responsibility has gradually become the focus of attention in various countries. To ensure the sustainable development of the world and protect the environment, the internationally adopted approach is to allocate responsibilities according to the carbon emissions and energy consumption of each country [1]. That is, the settlement framework of the “National Economic Accounting System” of 1953 is followed, which accounts for pollutant emissions and energy consumption based on the principle of origin.



However, in the context of economic globalization and trade liberalization, there may be a geographic separation between production and consumption activities [2]. Trade makes “energy transfer” more and more common [3]: a country imports goods to meet domestic demand, which keeps energy consumption and pollutants in producing countries [4]. In the current international energy accounting system and climate negotiation framework, it is difficult to determine whether the energy consumed by a country is used to meet its own needs or exported to other countries [5]. Thus, the responsibility for resource conservation and carbon reduction is often attributed to the producing country, leading to some of the environmental pressures that should be borne by consumer countries being transferred to producing countries. This is extremely unfair to some export-oriented countries, such as China [6]. The World Trade Organization (WTO) and the Organisation for Economic Co-operation and Development (OECD) proposed that the value-added in trade should be used as the statistical standard in 2011. The added value and energy consumption embodied in trade has attracted widespread concern. This further increases the necessity of constructing an appropriate model to consider oil consumption caused by trade.



According to the World Energy Statistics Yearbook, the United States and China are the two largest oil consumers in the world (Figure 2). At the same time, the United States is China’s largest trading partner, and China is the United States’ second-largest trading partner. According to data provided by the General Administration of Customs of China, the total value of China-US bilateral trade imports and exports in 2018 was 633.52 billion dollars, an increase of 8.5% year-on-year. The bilateral trade between China and the United States has a huge impact on the economic development of the two countries and has instilled a strong vitality into the world trade [7]. In Sino-US trade, China has always played the role of a net exporter. In 2018, China’s trade surplus with the United States increased by 17.2% year-on-year, reaching 323.32 billion dollars, the highest since 2006. China’s status as a “processing plant” in the global commodity market has not only led to this huge trade surplus but also caused the huge consumption of petroleum resources hidden in commodities [8]. Therefore, research on the flow of oil consumption reflected in Sino-US trade can not only provide policy suggestions for win-win cooperation between the two countries but also provide a reference for other participating countries in the global trade market.



However, previous studies did not involve the evolution analysis of Sino-US virtual oil trade. Under the above background, the main objectives of this article are: (1) to account for the evolution and composition of virtual oil consumption embodied in Sino-US trade; (2) to analyze the situation of virtual oil trade in various sectors from the industry level; (3) to decompose the change into 5 factors from the perspective of technology, structure, and scale, and tap the driving force behind it.



The structure of the rest of this article is as follows: Section 2 reviews relevant literature and introduces the innovation of this research; Section 3 constructs the accounting model and structural decomposition model, and explains the data sources; Section 4 analyzes the accounting results, and discusses their economic significance; Section 5 summarizes the main points and proposes relevant policy recommendations.




2. Literature Review


With the rapid development of economic globalization, trade has brought more and more influence on the transfer of resources between regions [9]. For example, Li et al., point out that most of the economic prosperity of heterotrophic regions comes from foreign trade [10]. For importers, Chen et al.’s research found that although the transfer of energy-intensive production activities is conducive to achieving domestic environmental protection goals, it is not conducive to long-term energy security [11]. For exporters, while energy is being used to meet foreign demand, environmental pressures are left at home [12]. Therefore, in recent years, scholars have conducted extensive research on energy consumption and pollutant emissions embodied in trade, such as water resources, coal, petroleum, carbon emissions, etc. [13,14,15]. Han et al. pointed out in their research on water resources implied in the trade that this accounting process is conducive to the systematic allocation of water resources worldwide [16]. Dong et al., established a global carbon emissions network embodied in the copper trade [17]. Liu studied the situation of energy transfer in the global construction industry and found that the trade of intermediate products accounted for a huge proportion [18]. China is recognized as a large energy consumer in the world [19,20]. Cui et al. calculated the distribution of embodied energy in China from 2001 to 2007 and found that the export has increased rapidly [21]. The huge export of energy has brought tremendous environmental pressure to China [22,23]. Research by Wu et al. shows that China’s per capita embodied energy growth rate has exceeded the world average level [24]. Chen and Wu pointed out in their research on the global energy supply chain that the United States is the largest end-user and China is the largest miner [25]. Chen and Chen also pointed out that the United States is the largest receiver of embodied energy, and China is the largest exporter [26]. Wu and Chen’s research on coal found that although China is considered to be the world’s largest consumer of coal, in fact, the United States is the largest [27]. Oil resources are also crucial for the development of the US economy [28]. When tracking the consumption of crude oil embodied in global trade, Wu and Chen found that the United States is the world’s largest importer and China is the largest net importer [29]. This conclusion is also reflected in the calculation of CO2 emissions [30]. Tang et al., proposed that most of the oil consumed by “Made in China” before 2010 flowed to the United States. [31]. It can be seen that there have been a large number of research results on global embodied energy. Most of these studies believe that the United States is the largest consumer and China is the largest exporter. Few scholars pay attention to virtual oil consumption in the bilateral trade between China and the United States, which has a huge impact on the global oil trade network.



Researchers agree that consumption-based accounting is more reasonable for pollutant emissions and energy consumption [32,33]. Therefore, in previous studies on carbon footprint, input-output models have been widely used [34,35]. It is suitable for the analysis of international trade because of its detailed description of the relations between the sectors of producer and consumer countries. [36]. Wiedmann evaluated the model in a detailed review of the MRIO and pointed out that it provides a suitable methodological framework for the distribution of the global carbon footprint [37]. The MRIO model is used by scholars to compare the two accounting methods: production-based and consumption-based. [5]. For example, Liu et al., calculated China’s carbon emissions [38], and Sudmant et al., calculated agricultural CH4 and N2O emissions of major global economies [39]. With the continuous deepening of research, the application field of MRIO has been continuously expanded. Han used to calculate the hidden carbon in the global trade of the countries along the Belt and Road and found that the carbon emissions of developed regions such as the United States and the European Union accounted for 30% of its total emissions. [40]. Zhang et al., measure the virtual energy trade situation between various regions of China by using MRIO [41]. Decun and Jinping analyzed the energy footprint of various provinces in China in 2007 [42]. Chen et al. tracked the use of freshwater resources in global supply chains [43]. Based on the current research status of a large number of embodied SO2 emissions exported from China, Liu and Wang reexamined the export of hidden pollutants in various provinces [33]. In the existing research, the MRIO model is mostly used to calculate the total amount of pollutants or energy to show the current state. The accounting results of a single year cannot reflect the long-term overall changes in the hidden oil of global trade and the characteristics of spatial transfer changes. Few studies have combined local policies to analyze the evolution of the trading network in detail. Therefore, this study will combine the relevant policies of China and US to explore the virtual oil evolution embodied in Sino-US trade of 1995–2011, which is from two levels of total trade and industry. The analysis gives full play to the advantages of the MRIO model, and is carried out from the two levels of industry and country.



Structural decomposition analysis methods are widely used in combination with MRIO models to decompose the driving factors of pollutant and virtual energy changes [44]. For example, Zhongwen et al. used the dynamic SDA model to study China’s water footprint, and decomposed the total amount of changes into factors such as water-saving technologies, consumption levels, and demand patterns, and concluded that consumption levels are the main factors that promote water consumption Conclusion [45]. Deng decomposed the global carbon trading volume from 1995 to 2009 [46]. Jiang and Guan decomposed the global CO2 emissions after the financial crisis and found that the increase in consumption and the stagnation of emission intensity decline were the leading factors that caused the emissions increase [47]. Li et al. analyzed the driving factors of China’s energy consumption in 2008–2009 and found that export decline has a strong inhibitory effect [48]. Gao et al. decomposed consumption-based greenhouse gas emissions from 2004 to 2011 into three aspects: emission intensity, input structure, demand scale, and structure [49]. In the research on bilateral trade, Zhao et al. decomposed the driving factors of carbon emissions reflected in Sino-US trade between 1995 and 2009 [50]. Similarly, Xu et al. decomposed other pollutant flow changes in Sino-US trade, but the decomposition results were limited to three aspects: technology, structure, and scale [51]. The effects of import and export of final products are all classified as scale effects, which makes it difficult to identify product effects and country effects of final demand [52]. Based on the previous research, this paper further decomposes the final demand into product structure, country structure, and demand scale. Through the analysis of these five influencing factors, we can gain a deeper understanding of the changes in virtual oil consumption.



All in all, the contribution of this article is mainly reflected in three aspects: firstly, to fill the gaps in the current research on the oil flow embodied in Sino-US trade, the two largest oil-consuming countries are studied to reflect the global hidden oil trade situation. Secondly, based on the multi-regional input-output model, the evolution process of implicit oil flow and industrial association between China and the United States is discussed from the national and industrial levels. Finally, based on previous studies, we will dig deeper into the driving factors behind the evolution of the oil footprints. With the help of the structural decomposition model, the final demand effect is further divided into product effect, country effect, and scale effect, rather than the general effect of scale.




3. Method and Data


3.1. The Multi-Regional Input-Output Model


As a scientific analytical method, input-output analysis is mainly used to study the quantitative relationship between various economic sectors and production links. Its theoretical basis is the Walras general equilibrium model. In this model, the dependence of the number of departments is first expressed as a system of equations, and then based on statistical materials, an input-output table is formed, showing the balance of supply and demand of products in various sectors [53] (Table 1).



The input-output table contains three quadrants [54]. The first quadrant (Matrix Z area) is the core of this table and mainly reflects the technical and economic links between the industrial sectors of various countries. The matrix Z has a double meaning. From a horizontal perspective,    Z   r *      shows that products of region r are supplied as consumer goods to various industrial sectors, called intermediate inputs. From a vertical perspective,    Z   * s      indicates that region s consumes the number of products from various industrial sectors during the production process, called intermediate products. The second quadrant (Matrix Y area) includes end-use items such as final consumption, total capital formation, and exports, reflecting the value of the goods or services produced by the product department for various end uses. The third quadrant (Matrix V area) consists of added value for each product department [55].



The single-region input-output model is based on the following assumptions: the technical level of the production country is the same as that of the importing country, and their energy consumption coefficient and pollution emission coefficient are the same, that is, the domestic production technology and energy input method are applied to produce imported goods. The research object of this paper is the implied oil consumption in Sino-US trade and involves other trade participating countries. Considering the different levels of technology in different countries, this paper adopts a multi-regional input-output model to make the accounting results more accurate. Multi-regional input-output (MRIO) analysis can characterize the trade relations between multiple regions in the world and the relations between different production industries.



Based on the input-output table, the basic balance of MRIO can be expressed as


    [       X 1         X 2       ⋮       X n       ]  =  [      A  11      A  12     …    A  1 n        A  21      A  22     …    A  2 n       ⋮   ⋮   ⋱   ⋮      A  n 1      A  n 2     …    A  n n       ]     [       X 1         X 2       ⋮       X n       ]  +  [        ∑   j = 1  n   y  1 s           ∑   j = 1  n   y  2 s        ⋮        ∑   j = 1  n   y  3 s        ]    



(1)







Suppose there are N countries, each country has M production departments, and    X r  =   ∑   s = 1  n   x  rs     is the total output of the country r.    x  rs     is the output country r exported to country s. Products from various sectors can be directly consumed or used as intermediate inputs, and countries export intermediate and final products. The total output is used to meet intermediate product demand and final product demand:    Y r  =   ∑   s = 1  n   y  rs    ;    y  rs     represents the country s‘s final demand for country r’s products. The matrix   A   is the direct consumption coefficient matrix, which describes the industrial links between the intermediate products of countries in world trade.


   A  rs   =  [   a  ij   rs    ]  ,      a    ij   rs   =    z  ij   rs      x j s     



(2)




   a  ij   rs     indicates the number of products i of country r consumed by country s when producing one unit of product j.    z  ij   rs     is the intermediate consumption invested by sector i of country r into the country j sector s.


   [       X 1         X 2       ⋮       X n       ]  =    [     I −  A  11     −  A  12     …   −  A  1 n       −  A  21     I −  A  22     …   −  A  2 n       ⋮   ⋮   ⋱   ⋮     −  A  n 1     −  A  n 2     …   I −  A  n n       ]    − 1    [       Y 1         Y 2       ⋮       Y n       ]   



(3)






   [       X 1         X 2       ⋮       X n       ]  =  [      B  11      B  12     …    B  1 n        B  21      B  22     …    B  2 n       ⋮   ⋮   ⋱   ⋮      B  n 1      B  n 2     …    B  n n       ]   [       Y 1         Y 2       ⋮       Y n       ]   



(4)







In Equation (4),    B  rs   =    [  I −  A  rs    ]    − 1     is the total consumption coefficient matrix, i.e., the Leontief inverse matrix. It represents the demand for the products of each sector of the country r, for each unit of final product produced by country s, including direct demand and indirect demand.




3.2. The Virtual Oil Measurement Model


As the research object of this paper is bilateral trade, the world can be divided into country a, country b, and country *. Equation (4) can be deformed to Equation (5).


   [       x  m × 1   a a        x  m × 1   a b        x  m ×  (  n − 2  )    a *          x  m × 1   b a        x  m × 1   b b        x  m ×  (  n − 2  )    b *          x  m  (  n − 2  )  × 1    * *         x  m  (  n − 2  )  × 1   * b        x  m  (  n − 2  )  ×  (  n − 2  )     * *         ]   










    [       B  m × m   a a        B  m × m   a b        B  m × m  (  n − 2  )    a *          B  m × m   b a        B  m × m   b b        B  m × m  (  n − 2  )    b *          B  m  (  n − 2  )  × m   **        B  m  (  n − 2  )  × m   * b        B  m  (  n − 2  )  × m  (  n − 2  )    **        ]     [       y  m × 1   a a        y  m × 1   a b        y  m ×  (  n − 2  )    a *          y  m × 1   b a        y  m × 1   b b        y  m ×  (  n − 2  )    b *          y  m  (  n − 2  )  × 1   **        y  m  (  n − 2  )  × 1   * b        y  m  (  n − 2  )  ×  (  n − 2  )    **        ]    



(5)




where the subscript represents matrix dimension, such as m × 1. The matrix     x    m  × 1    a b      is the country a’s output consumed by country b. Matrix B and matrix Y are total consumption coefficient matrix and final demand matrix, respectively.



It is assumed that the oil consumption intensity coefficient is represented by the variable    f r   , which is the ratio of oil consumption    C r    of each industry to the total output    X r    of the industry [56].


   f r  =    C r     X r     



(6)







(1) Virtual oil consumption of the country a exported to country b (  V O  E  a b    )



Since the production process of this part of the goods is completed in the territory of country a, the intensity of oil consumption should be determined by the technical level of country a. The input structure of the intermediate product should include    B  aa   ,      B    ab    , and    B   a *     . The export is caused by the final demand of country b, so the final demand matrix should consist of    y  ab   ,      y    bb    , and    y   * b     .


  V O  E  a b   =  f  m × m  a   [       B  m × m   a a        B  m × m   a b        B  m × m  (  n − 2  )    a *        0   0   0     0   0   0     ]   [     0     y  m × 1   a b      0     0     y  m × 1   b b      0     0     y  m  (  n − 2  )  × 1   * b      0     ]   



(7)







(2) Virtual oil consumption of country a imported from country b (  V O  I  a b    )



Similarly, this part of the goods is produced in country b, so its oil consumption intensity is    f b   , and the complete consumption coefficient matrix should include    B  ba   ,      B    bb    , and    B   b *     . They are finally used to meet the needs of the country a,    y  aa   ,      y    ba    , and    y   * a     .


    VOI   ab   =  f  m × m  b   [     0   0   0       B  m × m   ba        B  m × m   bb        B  m × m  (  n − 2  )     b *         0   0   0     ]   [       y  m × 1   aa      0   0       y  m × 1   ba      0   0       y  m  (  n − 2  )  × 1    * *       0   0     ]   



(8)








3.3. Structural Decomposition Analysis


The structural decomposition model attributes the change in virtual oil consumption to the impact of oil consumption technology level, intermediate production structure, and final demand scale [57]. Among them, the driving factors of final demand can be further divided into product structure [p], country structure [c], and scale effect [s]. Take    Y  mn × 1  a    as an example


   Y  m n × 1  a  =  p  m n × m n  a  ∗  c  m n × 1  a  ∗  s  1 × 1  a   



(9)







The matrix     p    m  × 1    a b      represents the proportion of the demand for a certain product of the national b to the total demand of the global product. The matrix     c    m  × 1    a b      is the proportion of the country b’s demand for the country a’s product to its total demand for the product. The matrix     s    m  × 1    a b      represents the total demand for the product in each country.



When the t-th year and the (t − 1)-th year are respectively used as the base period for the accounting, the change can be decomposed into two forms. To reduce the error, this paper uses the average value as the final result.


  Δ V O  E  a b   =  f t a   B t a   p t b   c t b   s t b  −  f  t − 1  a   B  t − 1  a   p  t − 1  b   c  t − 1  b   s  t − 1  b   



(10)






  Δ V O  I  a b   =  f t b   B t b   p t a   c t a   s t a  −  f  t − 1  b   B  t − 1  b   p  t − 1  a   c  t − 1  a   s  t − 1  a   



(11)







Equations (12)–(16) show the final decomposition result of   Δ   VOE   ab    . Five factors are included.




	(1)

	
The effect of oil consumption intensity    f a   :


  Δ V O  E  a b    (   f a   )  =  1 2   (  Δ  f a   B t a   p t b   c t b   s t b  + Δ  f a   B  t − 1  a   p  t − 1  b   c  t − 1  b   s  t − 1  b   )   



(12)








	(2)

	
The effect of the intermediate input structure    B a   :


  Δ V O  E  a b    (   B a   )  =  1 2   (   f  t − 1  a  Δ  B a   p t b   c t b   s t b  +  f t a  Δ  B a   p  t − 1  b   c  t − 1  b   s  t − 1  b   )   



(13)








	(3)

	
The effect brought by product structure of final demand    p b   :


  Δ V O  E  a b    (   p b   )  =  1 2   (   f  t − 1  a   B  t − 1  a  Δ  p b   c t b   s t b  +  f t a   B t a  Δ  p b   c  t − 1  b   s  t − 1  b   )   



(14)








	(4)

	
The effect brought by the country structure of final demand    c b   :


  Δ V O  E  a b    (   c b   )  =  1 2   (   f  t − 1  a   B  t − 1  a   p  t − 1  b  Δ  c b   s t b  +  f t a   B t a   p t b  Δ  c b   s  t − 1  b   )   



(15)








	(5)

	
The effect brought by final demand scale    s b   :


  Δ V O  E  a b    (   s b   )  =  1 2   (   f  t − 1  a   B  t − 1  a   p  t − 1  b   c  t − 1  b  Δ  s b  +  f t a   B t a   p t b   c t b  Δ  s b   )   



(16)













Similarly, Equations (17)–(21) describe the five driving factors of   Δ   VOI   ab   .  




	(1)

	
The effect of oil consumption intensity    f b   :


  Δ V O  I  a b    (   f b   )  =  1 2   (  Δ  f b   B t b   p t a   c t a   s t a  + Δ  f b   B  t − 1  b   p  t − 1  a   c  t − 1  a   s  t − 1  a   )   



(17)








	(2)

	
The effect of the intermediate input structure    B b   :


  Δ V O  I  a b    (   B b   )  =  1 2   (   f  t − 1  b  Δ  B b   p t a   c t a   s t a  +  f t b  Δ  B b   p  t − 1  a   c  t − 1  a   s  t − 1  a   )   



(18)








	(3)

	
The effect brought by product structure of final demand    p a   :


  Δ V O  I  a b    (   p a   )  =  1 2   (   f  t − 1  b   B  t − 1  b  Δ  p a   c t a   s t a  +  f t b   B t b  Δ  p a   c  t − 1  a   s  t − 1  a   )   



(19)








	(4)

	
The effect brought by the country structure of final demand    c a   :


  Δ V O  I  a b    (   c a   )  =  1 2   (   f  t − 1  b   B  t − 1  b   p  t − 1  a  Δ  c a   s t a  +  f t b   B t b   p t a  Δ  c a   s  t − 1  a   )   



(20)








	(5)

	
The effect brought by final demand scale    s a   :


  Δ V O  I  a b    (   s a   )  =  1 2   (   f  t − 1  b   B  t − 1  b   p  t − 1  a   c  t − 1  a  Δ  s a  +  f t b   B t b   p t a   c t a  Δ  s a   )   



(21)














3.4. Data Sources


This article obtains data from the WIOD database, which contains two parts [58,59]. The first part is the input-output table, which was released in 2013 and covers 41 countries and regions around the world, each country consisting of 35 departments (Appendix A Table A1). Currently updated to 2011. The second part is oil consumption data, which comes from environmental accounts. Although the input-output table released in 2016 covers 2014, it is difficult to use it for the calculation of virtual oil consumption due to the oil consumption and coal consumption in its environmental accounts are combined into one. Therefore, the research range of this paper is 1995–2011. In addition, this period covers important events in global trade, such as China’s accession to the WTO in 2001, the 2008 global financial crisis, and the US shale gas revolution, which is of great research value [60,61,62].





4. Results and Discussion


4.1. The Scale and Evolution of Virtual Oil Embodied in Sino-US Trade


China and the United States are important players in the global oil market. Figure 3 shows the oil consumption embodied in China’s imports and exports and its composition, and the different colors represent the import source country and export destination country (detailed data in Appendix B, Table A2 and Table A3). Before 2009, it can be seen that the annual average of virtual oil exports is greater than the imports. The virtual oil consumption trade deficit reflects China’s role as a “world factory” in international trade and China undertakes a large number of manufacturing tasks from all over the world, especially from developed economies. Judging from the flow of countries, a large part of the oil consumption embodied in its exports has flowed to developed countries such as the United States, Germany, and Japan. Among them, the virtual oil exported to the US accounted for 24.23% of China’s total exports in 1995. China’s accession to the World Trade Organization in 2001 brought about the rapid development of foreign trade. In 2006, the virtual oil consumption embodied in China’s exports to the US peaked at 49.04, mtoe, accounting for 24.39%. Since then, with the advent of the financial crisis and the US shale gas revolution, the dependence of US oil on foreign countries was reduced. However, in terms of virtual oil consumption, China’s exports to the United States have not decreased. By 2011, the exports were 44.53 million tons of oil equivalent, which rose back to pre-crisis levels. Its share of China’s total virtual oil exports has fallen to 19.98%, which may be related to China’s rising position in the global value chain. China has reduced the productivity of low-cost, high-energy products. Increased awareness of environmental protection forced China to reduce its commitment to high-energy processing tasks and seek to climb the value chain. Overall, although China’s virtual oil consumption trade deficit had been reduced, its exports to some developed countries represented by the United States were still much larger than its imports. Therefore, China still has a lot of room to save energy and reduce emissions in the export trade.



As can be seen from Figure 4, US virtual oil imports far exceed exports, and except for neighboring countries, China is the main source of imports. (Detailed data in Appendix B Table A4 and Table A5). This further illustrates the importance of studying Sino-US virtual oil trade. In 2005, the US’s virtual oil imports were 2.67 times the exports. It is related to the US’s position in the supply chain. The United States tends to import high-energy-consuming intermediate and final products, which mainly come from Canada, China, Russia, South Korea, and other countries. In 1995, US virtual oil consumption from abroad was 223.91 million tons of oil equivalent, of which China accounted for 6.68%. By 2006, US virtual oil imports reached 488.88 million tons, of which China contributed 10.03%, second only to Canada. Since then, with the advent of the economic crisis and the increase of the self-sufficiency rate of the US, total imports have shrunk slightly. In terms of exports, however, most of the virtual oil in the United States flows to neighboring countries, such as Canada and Mexico, or developed countries such as Japan, Germany, France, and the United Kingdom. The total exports have increased significantly since 2009, and the increase in shale oil production may have caused this change. Overall, the deficit of virtual oil trade in the United States is still large.



The rising trend of virtual oil embodied in China’s exports to the US and US exports to China is basically the same, as can be seen from Figure 5. China’s virtual oil exports to the US have tripled from 1995 to 2011. Among them, the rapid rising phase was mainly concentrated in 2002–2006. This is because, after China’s accession to the world trade organization, it has undertaken a large number of manufacturing production tasks from the US. The US’s virtual oil exports to China increased 4.45 times from 1995 to 2011. It is noteworthy that its rapid growth phase is concentrated after 2009. Hydraulic fracturing technology has brought about an increase in oil and gas production. Before this, the growth was slow. As can be seen from Figure 1 and Figure 3, China’s total virtual oil exports in 1995 were 19.91 million tons of oil equivalent, of which the net exports to the US reached 51.97%. This proportion was as high as 107.42% in 2004. After 2009, net exports to the US were still 25.95 million tons of oil equivalent (2009). Therefore, the comparison of net exports further shows that despite the overall deficit in China’s virtual oil consumption trade after 2009, the trade situation with the United States has not changed. Sino-US trade should be the starting point for the two countries to control oil consumption.




4.2. Virtual Oil Trade between Various Sectors in China and the United States


Figure 6 shows the flow changes (ranging from large to small) in the 12 sectors with the largest volume of virtual oil trade in Sino-US trade. The detailed data is in Appendix B Table A6 and Table A7. It can be seen that China acts as a net exporter of virtual oil consumption in various industries, but the trend and proportion of net exports in each industry are different. The following will focus on the six sectors with the largest virtual oil consumption.



“Coke, refining and nuclear fuel” has the largest consumption of virtual oil, which is a heavily polluted heavy industry sector It accounts for 56.8% of China’s total virtual oil exports to the United States, and 56.5% of the US’s total exports to China. Similar to the total amount, China is also the net exporter of embodied oil in this sector. In 1995, China’s virtual oil consumption for the US was three times its import, and by 2011, this figure was 1.67. Furthermore, the trend of net exports after 1995 shows that the Chinese petroleum refining industry, which entered the middle stage of industrialization, developed rapidly and brought a large number of hidden oil exports. After peaking in 2006, with the upgrading of industrial structure and the economic crisis, the export volume of virtual oil began to decline. Therefore, in the bilateral trade, China’s virtual oil trade surplus brought by Coke, Refined Petroleum, and Nuclear Fuel has rapidly shrunk after 2006.



“Chemicals and chemical products” are the second-largest heavy industry sector in virtual oil consumption, accounting for 12.0% and 16.2% of China’s implicit oil exports and imports to the United States, respectively. In line with the oil refining sector, China’s exports of virtual oil to the United States have risen and then declined, and its changes have been affected by various factors such as joining the World Trade Organization, upgrading industrial structure, and the global financial crisis. However, since 1995, US virtual oil exports to China have been steadily increasing, with an average annual growth rate of 9.68%, mainly due to the success of the US shale gas revolution and the relative maturity of US chemical technology.



The transportation industry is also an important part of the Sino-US virtual oil trade, among which “air transportation” accounts for the largest proportion. However, in the three transportation industries, “Water Transport” has the highest oil consumption intensity. This result is mainly due to the geographical distance between China and the United States, and the trade demand for air transportation is relatively large. In the Air Transport sector, China’s exports to the United States determine the trend of net exports in trade, while the virtual oil exports of the United States are steadily increasing, with an annual growth rate of 17.67%.



In the “Electric, Gas, and Water Supply” sector, China’s exports to the United States were relatively stable in 1995–2001, maintaining an annual oil equivalent of 0.87 million tons. Since then, as China successfully joined the WTO, trade has prospered. The production process of goods is inseparable from the supply of electricity, natural gas, and water resources. As a result, the oil consumption embodied in trade has risen rapidly, reaching 1.58 million tons of oil equivalent in 2004. Since then, China’s exports to the United States have fallen sharply as productivity has improved and the financial crisis has hit. However, US exports to China are minimal, with an average annual price of only 0.05 million tons.



Judging from the 16 sectors shown in Figure 4, China is a net exporter of virtual oil consumption in Sino-US trade, particularly in heavy manufacturing sectors such as “Coke, Refined Petroleum, and Nuclear Fuel” and “Chemicals and Chemical Products”. The characteristics of these sectors are high energy consumption, heavy pollution. This further demonstrates that China’s position in the global value chain is very low. Although it obtains economic output by processing and assembling low-value-added products and becomes a major exporter, it consumes a lot of local resources and leaves pollutants at home. On the other hand, the United States tends to transfer high-pollution tasks to other countries to protect local resources.




4.3. The Driving Factors of the Changes in Virtual Oil Flows in Sino-US Bilateral Trade


To further explore the drivers of changes in virtual oil flow reflected in trade, in this part, structural decomposition analysis technology is used to decompose the changes in China’s exports and imports of virtual oil to the United States. Figure 7 depicts the driving forces of the changes in China’s exports to the United States, and Figure 8 presents the US exports to China (detailed data in Appendix C Table A8). In these two waterfall charts, blue and purple are the baseline consumption, yellow represents promotion, and gray represents inhibition.



The most important factor contributing to this increase was the input structure of intermediate products (b), the country structure of final products (c), and the scale of final demand (s). As shown in Figure 7, these three factors increased the export volume of virtual oil in 2005 by 3.72 times compared to 1995. The change in China’s intermediate product input structure has played the most obvious promoting effect, especially since China’s accession to the WTO. This factor alone has increased the export volume of virtual oil by 76.5%. This is because China has undertaken a large number of manufacturing outsourcing tasks in the United States, leading to the rapid expansion of the export scale of intermediate products in related industries. The country structure effect and the demand scale effect of the final product also showed similar trends, and the export volume in 2005 increased by 1.91 times compared with that in 1995. Since then, with the advent of the financial crisis and the enhancement of American self-sufficiency, these factors have undermined the impetus.



The most important factor inhibiting China’s virtual oil exports to the United States is the technical effect, which is the decline of oil consumption intensity in China’s sectors. Throughout the study period, technological factors have reduced China’s virtual oil exports by 47.78 million tons of oil equivalent. This means that China is committed to improving the efficiency of oil use and reducing resource consumption. However, compared with the previous period (−43.5%, −64.6%), the inhibitory effect of this factor was weakened in 2005–2009 and 2009–2011, which were −41.3% in 2005–2009 and −16.3% in 2009–2011. This shows that it is more difficult for China to further improve the efficiency of oil consumption in the export sector. Otherwise, it should be noted that during the impact period of the US shale oil revolution (2009–2011), the influence of various factors is weakening, which reflects China’s weak growth in US virtual oil exports.



During the whole research period, the US exports of virtual oil to China have been on the rise. As shown in Figure 8, the main driving factor is the scale effect of China’s final demand for the US. This factor alone increased the export volume in 2011 by 4.56 times compared to 1995. Comparing the two columns of the waterfall chart, it can be seen that China’s demand for the US final products is greater than that of the US for China, which reflects that China is more dependent on the final products made in the United States. Especially after China became a WTO member, Sino-US trade has become more frequent, and the United States has opened up a market of technology-intensive products in China. The input structure of intermediate products played different roles at different stages. From 2001 to 2005, the impact of the U.S. intermediate product input structure on virtual oil exports has become a stimulating effect, reflecting the increasing oil intensity of the production structure of various US departments. Since then, with the economic downturn and increased environmental awareness, this factor reduced the total exports by 26.5% between 2005 and 2009. However, after 2009, the sharp increase in domestic oil and gas production in the United States brought about a large amount of oil input in the production of intermediate products, which increased the total exports by 27.7%.



In addition, the decline in oil consumption intensity is the most important factor in the growth of US virtual oil exports to China. From 1995 to 2009, the decline in the intensity of virtual oil consumption in the US production sector reduced exports by 138.04%. This means that the United States is committed to improving energy efficiency at this stage and has achieved significant results. However, from 2009 to 2011, as the production and use of shale oil are still in the initial stage, all five factors resulting from the decomposition of exports are shown as promoting effects. Therefore, the US needs to further improve oil efficiency and optimize the input structure.





5. Conclusions


Based on the WIOD database, this paper establishes an extended virtual oil consumption input-output model and explains the virtual oil flow reflected in bilateral trade between China and the United States. Through the analysis of industry-level data and the factor decomposition of the total volume, the composition and driving factors of the changes in Sino-US virtual oil trade are explored. The main results are concluded as follows:



(1) In bilateral trade between China and the United States, China appears as a net exporter of virtual oil, and its net exports have increased annually, especially after China entered into the WTO. In 2004, China’s embodied oil net exports flowing into US even exceeded the total net exports. After 2008, the global economic crisis has depressed the trade. From 2009 to 2011, the United States successfully carried out the shale oil revolution, thereby improving the self-sufficiency of oil. As a result, China’s net exports of virtual oil to the United States have declined. Overall, the trade surplus has always been huge.



(2) From the perspective of industry structure, China’s net virtual oil exports to the United States are mainly concentrated in the heavy industry sectors represented by “Coke, Refined Petroleum and Nuclear Fuel” and “Chemicals and Chemical Products”. By importing intensive products from China, the United States has outsourced heavily polluting production processes, thus alleviating the environmental pressure of the United States to a certain extent. However, in comparison, China’s technological level and energy efficiency are lower than those of the United States. Therefore, this “outsourcing” behavior has caused a huge adverse impact on the sustainable development of global resources and the environment.



(3) The results of structural decomposition show that in the bilateral trade between China and the United States, the scale effect is the most important factor to promote the increase of virtual oil exports, and the input structure of intermediate products is a secondary factor. Technical effects are an important force to restrain virtual oil consumption. Both China and the United States have made certain achievements in improving the efficiency of oil utilization. However, as far as the United States is concerned, after 2009, the technical effect has promoted the increase in virtual oil exports, which indicates that the United States, which is in the initial stage of shale oil development, still needs to further improve its technological level.



Since 2018, the trade war between China and the US has broken out and intensified, with the petrochemical industry also getting involved. This has adversely affected China-US and global trade. Since the COVID-19 pandemic in 2020, global oil demand has shrunk sharply, causing a severe impact on the oil market. Under this grim situation, an in-depth excavation and interpretation of the implied oil flows in the historical period of China and the United States will help formulate effective policies to promote the balanced development of the oil trade market. From a long-term perspective, both China and the United States should strive to reduce their dependence on oil and improve their technical level to alleviate the negative impact of the shock on the oil industry. The following measures are specifically proposed.



(1) For China, in order to achieve economic growth, it should reduce its dependence on the export of resource-intensive products and encourage the export of high value-added and low-consumption technology-intensive products. This requires China to improve energy efficiency and reduce the intensity of energy consumption. On the one hand, it can reduce oil consumption through the inhibiting effects of technology. On the other hand, exporting low-consumption and high-value-added products is conducive to China’s rise in the value chain of international trade.



(2) For the US, while vigorously developing shale gas, it should continue to work hard to improve the efficiency of oil utilization to ensure that technological progress inhibits the growth of virtual oil consumption. In addition, the United States should actively promote advanced technology in the world, and promote the energy efficiency of other countries through international cooperation, so as to promote the sustainable development of global energy trade. In addition, this study has certain limitations. At present, there is a serious lag in the updating of the input and output tables and their corresponding environmental accounts. The data used in this study is already the latest available for the calculation of virtual oil consumption, which limits Breakthroughs in related research. Therefore, it will be a new direction to compile a new input-output table based on existing data and sort out new oil consumption accounts. By excavating the evolution of virtual oil consumption and its driving factors during major events, it is helpful to formulate new policies to control oil consumption and promote the development of clean energy.
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Table A1. Category of sectors in the World Input-Output Database.






Table A1. Category of sectors in the World Input-Output Database.





	Code
	Sector





	s1
	Agriculture, Hunting, Forestry, and Fishing



	s2
	Mining and Quarrying



	s3
	Food, Beverages, and Tobacco



	s4
	Textiles and Textile Products



	s5
	Leather, Leather, and Footwear



	s6
	Wood and Products of Wood and Cork



	s7
	Pulp, Paper, Paper, Printing, and Publishing



	s8
	Coke, Refined Petroleum and Nuclear Fuel



	s9
	Chemicals and Chemical Products



	s10
	Rubber and Plastics



	s11
	Other Non-Metallic Mineral



	s12
	Basic Metals and Fabricated Metal



	s13
	Machinery, Nec



	s14
	Electrical and Optical Equipment



	s15
	Transport Equipment



	s16
	Manufacturing, Nec; Recycling



	s17
	Electricity, Gas, and Water Supply



	s18
	Construction



	s19
	Sale, Maintenance, and Repair of Motor Vehicles and Motorcycles; Retail Sale of Fuel



	s20
	Wholesale Trade and Commission Trade, Except for Motor Vehicles and Motorcycles



	s21
	Retail Trade, Except for Motor Vehicles and Motorcycles; Repair of Household Goods



	s22
	Hotels and Restaurants



	s23
	Inland Transport



	s24
	Water Transport



	s25
	Air Transport



	s26
	Other Supporting and Auxiliary Transport Activities; Activities of Travel Agencies



	s27
	Post and Telecommunications



	s28
	Financial Intermediation



	s29
	Real Estate Activities



	s30
	Renting of M&Eq and Other Business Activities



	s31
	Public Admin and Defense; Compulsory Social Security



	s32
	Education



	s33
	Health and Social Work



	s34
	Other Community, Social, and Personal Services



	s35
	Private Households with Employed Persons
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Table A2. China’s virtual oil exports (mtoe).






Table A2. China’s virtual oil exports (mtoe).

























	
	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	AUS
	1.69
	1.64
	1.94
	1.92
	2.14
	2.11
	1.97
	2.58
	3.83
	5.01
	5.35
	5.22
	6.32
	6.54
	8.68
	11.09
	12.53



	BRA
	0.41
	0.47
	0.75
	0.78
	0.50
	0.82
	0.84
	0.96
	1.18
	1.47
	1.46
	1.85
	2.43
	3.35
	2.45
	3.65
	4.48



	CAN
	1.58
	1.51
	1.80
	1.80
	1.97
	2.08
	2.14
	2.46
	3.19
	4.10
	4.58
	5.27
	5.30
	5.65
	5.59
	6.48
	6.35



	IDN
	0.76
	0.76
	1.04
	0.52
	0.68
	1.13
	1.15
	1.39
	1.74
	1.72
	1.90
	2.04
	2.12
	2.78
	3.03
	4.23
	5.07



	IND
	0.63
	0.66
	1.49
	1.32
	1.47
	2.21
	2.08
	1.87
	2.33
	3.33
	3.92
	4.95
	5.88
	5.53
	5.46
	7.06
	7.33



	JPN
	10.55
	9.73
	10.92
	9.58
	11.82
	12.45
	12.86
	12.89
	15.83
	19.11
	20.07
	19.94
	17.95
	16.89
	18.28
	20.44
	22.46



	KOR
	2.01
	2.29
	3.50
	1.98
	2.97
	3.88
	3.91
	4.88
	5.73
	6.15
	6.66
	7.21
	7.51
	6.83
	5.59
	7.72
	8.17



	MEX
	0.22
	0.28
	0.55
	0.73
	0.67
	1.05
	1.20
	1.53
	1.80
	2.29
	2.58
	2.96
	2.97
	3.01
	2.43
	3.22
	3.48



	RUS
	0.57
	0.50
	0.69
	0.74
	0.59
	0.60
	0.83
	1.13
	1.45
	1.61
	2.08
	3.06
	4.43
	4.77
	3.60
	5.41
	5.94



	TUR
	0.20
	0.21
	0.41
	0.43
	0.36
	0.54
	0.41
	0.53
	0.69
	1.08
	1.41
	1.76
	1.98
	2.32
	1.93
	3.22
	3.61



	TWN
	0.83
	0.89
	1.24
	1.17
	1.20
	1.47
	1.29
	1.47
	1.76
	2.26
	2.14
	2.14
	1.99
	2.01
	1.67
	2.22
	2.32



	USA
	14.95
	14.45
	18.01
	19.85
	20.38
	24.89
	24.46
	28.54
	33.84
	42.51
	46.02
	49.04
	46.83
	44.26
	39.63
	46.76
	44.53



	EU-28
	13.61
	12.76
	15.51
	17.01
	17.72
	19.22
	19.58
	21.49
	28.64
	36.23
	37.64
	42.20
	45.99
	43.43
	37.55
	46.46
	45.75



	ROW
	13.68
	13.22
	13.41
	12.82
	10.67
	17.38
	19.01
	26.40
	35.43
	41.55
	46.62
	53.37
	58.83
	61.00
	44.98
	53.32
	50.86
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Table A3. China’s virtual oil imports (mtoe).






Table A3. China’s virtual oil imports (mtoe).

























	
	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	AUS
	0.59
	1.04
	1.28
	1.06
	1.08
	1.42
	1.37
	1.17
	1.34
	1.50
	1.87
	2.12
	2.34
	2.58
	2.84
	3.43
	3.83



	BRA
	0.17
	0.19
	0.27
	0.25
	0.34
	0.42
	0.58
	0.81
	1.22
	1.47
	1.42
	1.38
	1.58
	1.97
	2.32
	2.42
	2.75



	CAN
	0.73
	0.77
	0.79
	0.88
	0.87
	1.06
	1.18
	1.25
	1.38
	1.82
	1.75
	1.62
	2.07
	2.37
	2.29
	2.58
	3.26



	IDN
	0.75
	0.79
	1.15
	2.98
	2.63
	3.23
	3.42
	3.60
	3.56
	3.19
	2.78
	2.26
	2.32
	2.24
	2.50
	3.92
	4.00



	IND
	0.25
	0.32
	0.52
	0.56
	0.68
	1.30
	1.37
	1.57
	1.73
	1.96
	1.97
	2.34
	2.43
	2.38
	2.39
	3.21
	3.90



	JPN
	3.10
	3.42
	4.35
	4.74
	4.57
	5.21
	5.75
	6.91
	7.89
	9.22
	10.33
	11.24
	12.52
	13.26
	12.65
	14.76
	16.24



	KOR
	6.45
	7.47
	12.96
	15.68
	14.54
	17.02
	17.55
	16.19
	19.05
	21.23
	18.93
	19.86
	21.40
	23.92
	26.52
	32.15
	38.44



	MEX
	0.14
	0.14
	0.11
	0.10
	0.13
	0.14
	0.15
	0.20
	0.27
	0.31
	0.35
	0.35
	0.43
	0.49
	0.58
	0.71
	0.76



	RUS
	2.47
	2.66
	2.59
	2.67
	4.75
	5.24
	5.16
	6.29
	6.31
	6.54
	6.60
	6.42
	5.66
	6.90
	8.45
	9.64
	12.67



	TUR
	0.07
	0.07
	0.07
	0.06
	0.06
	0.07
	0.13
	0.14
	0.17
	0.19
	0.15
	0.18
	0.21
	0.37
	0.38
	0.45
	0.58



	TWN
	2.55
	3.44
	4.25
	4.45
	4.37
	5.61
	7.05
	8.26
	9.44
	10.19
	10.18
	9.77
	11.28
	11.27
	12.37
	17.16
	21.19



	USA
	4.61
	4.73
	5.00
	4.43
	5.10
	5.30
	5.63
	6.26
	7.34
	8.74
	8.71
	9.73
	11.54
	13.19
	13.68
	21.17
	25.10



	EU-28
	4.34
	4.43
	4.77
	4.77
	5.61
	6.86
	7.93
	8.86
	10.62
	11.89
	11.60
	12.56
	13.53
	15.48
	16.05
	21.44
	26.02



	ROW
	15.58
	18.67
	17.57
	16.64
	25.06
	25.84
	30.05
	39.28
	46.01
	58.74
	62.85
	67.59
	67.40
	79.55
	80.27
	113.32
	140.11
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Table A4. US’s virtual oil exports (mtoe).
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	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	AUS
	3.42
	3.98
	4.41
	4.04
	3.88
	3.96
	3.34
	3.07
	3.18
	3.56
	3.59
	3.51
	4.38
	4.50
	3.64
	5.64
	6.84



	BRA
	5.03
	4.89
	4.84
	4.03
	3.37
	3.60
	3.23
	2.30
	2.17
	2.37
	2.70
	3.21
	3.84
	4.82
	4.29
	8.73
	11.72



	CAN
	19.22
	17.26
	22.20
	21.23
	17.92
	20.32
	20.94
	20.30
	20.32
	19.96
	20.81
	21.20
	22.27
	23.04
	19.58
	29.59
	39.16



	CHN
	4.61
	4.73
	5.00
	4.43
	5.10
	5.30
	5.63
	6.26
	7.34
	8.74
	8.71
	9.73
	11.54
	13.19
	13.68
	21.17
	25.10



	IDN
	1.67
	1.92
	1.86
	0.78
	1.05
	0.92
	0.93
	0.86
	1.05
	1.24
	1.25
	1.42
	1.61
	1.82
	1.17
	1.94
	2.30



	IND
	1.36
	1.40
	1.66
	1.72
	1.87
	1.32
	1.19
	1.36
	1.60
	2.05
	2.25
	2.96
	3.46
	3.60
	3.02
	3.91
	4.08



	JPN
	26.30
	25.17
	24.35
	17.90
	20.29
	21.30
	17.81
	14.87
	13.85
	14.20
	13.15
	12.42
	12.32
	14.31
	10.99
	15.09
	16.83



	KOR
	8.27
	8.82
	6.44
	3.75
	4.43
	5.12
	4.24
	4.27
	4.18
	4.36
	4.32
	4.70
	5.08
	4.63
	3.48
	5.62
	5.75



	MEX
	12.59
	14.76
	18.90
	20.50
	20.99
	25.01
	23.44
	19.22
	18.37
	17.84
	18.78
	19.09
	21.40
	23.50
	20.68
	35.98
	55.29



	RUS
	1.40
	1.41
	1.73
	1.26
	0.69
	1.44
	2.16
	1.91
	1.38
	1.18
	1.36
	1.60
	2.02
	2.20
	1.65
	2.43
	3.00



	TUR
	1.41
	1.53
	1.53
	1.30
	1.15
	1.25
	1.00
	0.84
	0.96
	1.15
	1.18
	1.34
	1.52
	1.74
	1.23
	1.80
	2.69



	TWN
	5.98
	5.87
	5.36
	4.46
	5.49
	5.02
	4.04
	3.66
	2.94
	3.15
	2.68
	2.47
	2.55
	2.68
	1.96
	3.16
	3.17



	EU-28
	46.06
	50.15
	52.04
	49.18
	49.15
	47.80
	46.36
	43.21
	43.53
	49.01
	47.63
	49.45
	52.44
	57.82
	51.65
	74.51
	90.11



	ROW
	60.10
	60.33
	60.64
	54.62
	53.17
	47.25
	43.46
	52.67
	57.41
	62.33
	64.45
	71.86
	84.60
	86.17
	84.07
	92.52
	100.49
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Table A5. US’s virtual oil imports (mtoe).
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	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	AUS
	1.61
	3.71
	4.14
	4.10
	3.03
	3.61
	3.23
	2.42
	2.69
	2.73
	2.82
	3.03
	2.93
	2.48
	2.75
	2.73
	2.53



	BRA
	2.70
	2.95
	2.93
	3.55
	4.19
	7.81
	11.32
	9.62
	10.89
	9.12
	8.37
	7.41
	6.15
	5.93
	4.22
	5.44
	6.52



	CAN
	33.62
	39.00
	40.23
	43.28
	43.29
	48.66
	53.69
	52.77
	52.33
	53.38
	52.92
	50.04
	51.16
	49.18
	40.10
	49.14
	51.63



	CHN
	14.95
	14.45
	18.01
	19.85
	20.38
	24.89
	24.46
	28.54
	33.84
	42.51
	46.02
	49.04
	46.83
	44.26
	39.63
	46.76
	44.53



	IDN
	5.51
	4.61
	4.17
	10.11
	6.19
	8.03
	8.52
	5.18
	5.30
	6.12
	5.12
	4.78
	4.02
	3.57
	3.00
	3.21
	3.09



	IND
	2.78
	3.07
	3.71
	4.34
	5.62
	8.37
	8.02
	8.27
	7.61
	8.48
	8.90
	10.80
	9.54
	8.33
	8.44
	9.59
	10.71



	JPN
	11.75
	12.23
	15.44
	16.72
	15.79
	17.00
	16.76
	17.32
	16.27
	16.34
	17.30
	17.93
	17.62
	14.60
	11.03
	13.34
	12.17



	KOR
	10.66
	10.14
	14.13
	19.54
	17.31
	18.74
	19.73
	17.93
	17.48
	19.32
	19.49
	18.87
	20.00
	16.17
	14.47
	17.93
	17.64



	MEX
	13.25
	13.24
	12.63
	13.52
	13.71
	14.99
	14.00
	13.86
	15.88
	16.17
	17.39
	16.49
	16.24
	15.98
	17.66
	15.63
	16.06



	RUS
	6.04
	5.39
	5.50
	8.10
	11.81
	15.19
	12.35
	13.57
	13.66
	13.34
	15.29
	16.03
	12.39
	15.67
	13.37
	16.43
	21.33



	TUR
	0.61
	0.66
	0.82
	1.02
	0.88
	1.06
	1.28
	1.63
	1.32
	1.38
	2.03
	1.25
	1.10
	1.25
	0.78
	1.00
	1.07



	TWN
	6.55
	5.95
	6.75
	7.80
	8.01
	8.87
	9.48
	11.18
	13.30
	13.97
	13.71
	12.43
	12.51
	9.71
	9.25
	12.55
	11.73



	EU-28
	37.61
	43.31
	49.49
	51.45
	53.25
	70.50
	68.59
	62.64
	63.04
	69.06
	71.57
	74.24
	72.34
	73.90
	57.22
	69.73
	84.03



	ROW
	76.27
	91.21
	87.41
	85.20
	120.26
	140.65
	150.39
	148.84
	153.86
	185.00
	234.25
	206.53
	213.29
	226.28
	154.82
	180.62
	203.68
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Table A6. The oil consumption embodied in China’s inter-industry exports to the US (mtoe).
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	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	c1
	0.56
	0.50
	0.57
	0.59
	0.57
	0.45
	0.45
	0.53
	0.72
	0.92
	1.27
	1.45
	1.27
	1.03
	0.91
	1.00
	0.94



	c2
	0.39
	0.36
	0.55
	0.52
	0.50
	0.71
	0.65
	0.75
	0.87
	0.98
	1.07
	1.16
	1.09
	1.16
	0.82
	0.96
	0.91



	c3
	0.03
	0.03
	0.04
	0.04
	0.04
	0.04
	0.04
	0.05
	0.06
	0.08
	0.11
	0.11
	0.10
	0.09
	0.08
	0.09
	0.09



	c4
	0.25
	0.22
	0.23
	0.28
	0.32
	0.33
	0.32
	0.33
	0.37
	0.50
	0.53
	0.50
	0.44
	0.37
	0.29
	0.34
	0.31



	c5
	0.07
	0.06
	0.07
	0.09
	0.11
	0.12
	0.12
	0.13
	0.15
	0.20
	0.19
	0.18
	0.16
	0.14
	0.12
	0.12
	0.12



	c6
	0.02
	0.02
	0.02
	0.03
	0.02
	0.03
	0.03
	0.03
	0.04
	0.05
	0.07
	0.08
	0.08
	0.07
	0.06
	0.07
	0.06



	c7
	0.04
	0.03
	0.04
	0.05
	0.06
	0.07
	0.07
	0.09
	0.10
	0.10
	0.12
	0.13
	0.12
	0.12
	0.10
	0.12
	0.11



	c8
	8.12
	7.79
	9.86
	10.41
	11.07
	14.06
	13.40
	15.50
	18.52
	23.98
	26.46
	28.48
	27.55
	26.17
	22.84
	27.11
	25.96



	c9
	1.74
	2.06
	2.66
	2.77
	2.60
	3.14
	3.01
	3.57
	4.32
	5.04
	5.39
	5.68
	5.37
	4.94
	4.36
	5.15
	5.03



	c10
	0.13
	0.13
	0.14
	0.19
	0.18
	0.17
	0.16
	0.17
	0.20
	0.25
	0.27
	0.26
	0.23
	0.21
	0.17
	0.20
	0.20



	c11
	0.25
	0.24
	0.28
	0.37
	0.38
	0.46
	0.45
	0.51
	0.50
	0.52
	0.53
	0.56
	0.46
	0.41
	0.30
	0.36
	0.34



	c12
	0.59
	0.56
	0.67
	0.68
	0.64
	0.75
	0.69
	0.79
	0.98
	1.12
	1.15
	1.24
	1.16
	1.08
	0.91
	1.07
	1.02



	c13
	0.07
	0.07
	0.08
	0.08
	0.09
	0.10
	0.11
	0.14
	0.17
	0.20
	0.22
	0.22
	0.24
	0.26
	0.20
	0.25
	0.23



	c14
	0.15
	0.14
	0.17
	0.20
	0.20
	0.22
	0.21
	0.26
	0.30
	0.39
	0.43
	0.44
	0.41
	0.43
	0.40
	0.47
	0.45



	c15
	0.03
	0.03
	0.03
	0.04
	0.04
	0.06
	0.05
	0.05
	0.06
	0.10
	0.10
	0.10
	0.10
	0.11
	0.08
	0.10
	0.10



	c16
	0.08
	0.08
	0.08
	0.14
	0.15
	0.16
	0.16
	0.21
	0.20
	0.21
	0.19
	0.17
	0.15
	0.14
	0.12
	0.13
	0.11



	c17
	0.87
	0.76
	0.85
	0.97
	0.86
	0.89
	0.86
	0.98
	1.20
	1.58
	1.43
	1.28
	0.87
	0.64
	0.40
	0.47
	0.45



	c18
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.03
	0.02
	0.02
	0.02
	0.02



	c19
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c20
	0.17
	0.18
	0.19
	0.18
	0.22
	0.20
	0.20
	0.22
	0.14
	0.13
	0.08
	0.07
	0.07
	0.07
	0.06
	0.07
	0.07



	c21
	0.06
	0.07
	0.08
	0.08
	0.09
	0.09
	0.10
	0.12
	0.11
	0.11
	0.13
	0.13
	0.12
	0.12
	0.11
	0.12
	0.11



	c22
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.04
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05



	c23
	0.25
	0.23
	0.31
	0.49
	0.52
	0.68
	0.67
	0.77
	0.90
	1.16
	1.40
	1.54
	1.51
	1.43
	1.20
	1.40
	1.31



	c24
	0.22
	0.21
	0.26
	0.45
	0.60
	0.97
	1.10
	1.36
	1.50
	1.59
	1.82
	2.00
	1.94
	1.72
	1.61
	1.78
	1.69



	c25
	0.63
	0.46
	0.58
	0.91
	0.77
	0.82
	1.23
	1.52
	1.89
	2.49
	2.12
	2.21
	2.32
	2.45
	3.51
	4.25
	3.86



	c26
	0.03
	0.04
	0.05
	0.04
	0.04
	0.05
	0.04
	0.03
	0.09
	0.17
	0.22
	0.25
	0.28
	0.24
	0.19
	0.23
	0.21



	c27
	0.01
	0.01
	0.02
	0.02
	0.02
	0.04
	0.03
	0.04
	0.04
	0.05
	0.05
	0.06
	0.06
	0.05
	0.05
	0.05
	0.05



	c28
	0.03
	0.03
	0.02
	0.02
	0.03
	0.02
	0.02
	0.03
	0.03
	0.04
	0.04
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05



	c29
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02



	c30
	0.03
	0.03
	0.04
	0.09
	0.12
	0.13
	0.14
	0.20
	0.20
	0.33
	0.37
	0.39
	0.41
	0.44
	0.41
	0.50
	0.47



	c31
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c32
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01



	c33
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01



	c34
	0.07
	0.07
	0.09
	0.09
	0.09
	0.09
	0.09
	0.11
	0.11
	0.13
	0.16
	0.19
	0.18
	0.18
	0.17
	0.18
	0.17



	c35
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
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Table A7. The oil consumption embodied in the US’s inter-industry exports to China (mtoe).
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	1995
	1996
	1997
	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007
	2008
	2009
	2010
	2011





	c1
	0.20
	0.13
	0.15
	0.11
	0.08
	0.11
	0.12
	0.12
	0.17
	0.28
	0.23
	0.28
	0.29
	0.40
	0.49
	0.57
	0.72



	c2
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.03



	c3
	0.02
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.04
	0.03
	0.04
	0.05



	c4
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02



	c5
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c6
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.04
	0.04
	0.05
	0.07



	c7
	0.04
	0.04
	0.04
	0.03
	0.03
	0.04
	0.04
	0.04
	0.05
	0.06
	0.06
	0.07
	0.07
	0.08
	0.07
	0.08
	0.10



	c8
	2.70
	2.82
	2.92
	2.48
	2.99
	2.91
	3.00
	3.38
	4.03
	4.77
	4.65
	5.21
	6.07
	7.21
	7.27
	12.76
	15.39



	c9
	0.75
	0.84
	0.91
	0.79
	0.89
	0.96
	0.93
	1.09
	1.32
	1.69
	1.64
	1.71
	1.93
	2.18
	2.40
	2.81
	3.09



	c10
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.03



	c11
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.01
	0.02
	0.03
	0.03
	0.04
	0.04
	0.06
	0.06
	0.08
	0.10



	c12
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.07
	0.07
	0.08
	0.09
	0.10
	0.12
	0.14
	0.15
	0.15
	0.17
	0.22



	c13
	0.04
	0.04
	0.04
	0.04
	0.04
	0.05
	0.06
	0.06
	0.08
	0.09
	0.08
	0.09
	0.09
	0.10
	0.09
	0.13
	0.14



	c14
	0.07
	0.07
	0.08
	0.09
	0.10
	0.11
	0.16
	0.16
	0.17
	0.17
	0.16
	0.17
	0.17
	0.17
	0.18
	0.21
	0.24



	c15
	0.02
	0.02
	0.02
	0.03
	0.02
	0.02
	0.04
	0.03
	0.04
	0.03
	0.04
	0.05
	0.05
	0.05
	0.07
	0.07
	0.08



	c16
	0.00
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02



	c17
	0.03
	0.03
	0.03
	0.04
	0.04
	0.04
	0.05
	0.04
	0.07
	0.07
	0.08
	0.05
	0.07
	0.06
	0.05
	0.05
	0.05



	c18
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.04
	0.04
	0.05
	0.06



	c19
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c20
	0.04
	0.04
	0.04
	0.04
	0.04
	0.05
	0.06
	0.06
	0.07
	0.08
	0.07
	0.08
	0.08
	0.09
	0.08
	0.11
	0.12



	c21
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03



	c22
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.03
	0.04
	0.05



	c23
	0.11
	0.11
	0.11
	0.10
	0.12
	0.14
	0.15
	0.19
	0.22
	0.26
	0.34
	0.41
	0.51
	0.58
	0.60
	0.93
	1.09



	c24
	0.07
	0.07
	0.07
	0.08
	0.10
	0.14
	0.16
	0.20
	0.19
	0.20
	0.20
	0.20
	0.22
	0.11
	0.13
	0.15
	0.16



	c25
	0.20
	0.18
	0.22
	0.26
	0.29
	0.33
	0.37
	0.37
	0.36
	0.38
	0.48
	0.62
	1.01
	1.03
	1.09
	1.84
	2.13



	c26
	0.04
	0.04
	0.04
	0.02
	0.03
	0.05
	0.05
	0.06
	0.06
	0.07
	0.10
	0.11
	0.17
	0.17
	0.19
	0.25
	0.29



	c27
	0.00
	0.00
	0.01
	0.00
	0.01
	0.01
	0.01
	0.01
	0.02
	0.02
	0.03
	0.03
	0.03
	0.03
	0.03
	0.03
	0.04



	c28
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.02
	0.03
	0.03
	0.03
	0.03
	0.03
	0.04
	0.04
	0.04
	0.06
	0.06



	c29
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c30
	0.08
	0.08
	0.09
	0.09
	0.10
	0.11
	0.13
	0.14
	0.16
	0.15
	0.15
	0.18
	0.21
	0.27
	0.27
	0.35
	0.41



	c31
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.02
	0.03
	0.04
	0.05
	0.07
	0.09
	0.11
	0.13
	0.18



	c32
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c33
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00



	c34
	0.02
	0.01
	0.01
	0.02
	0.02
	0.02
	0.02
	0.03
	0.03
	0.03
	0.03
	0.04
	0.05
	0.07
	0.07
	0.09
	0.11



	c35
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
	0.00
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Table A8. The driving forces of virtual oil consumption changes (mtoe).
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	Driving Factor
	China’s Exports to the US
	US’s Exports to China





	(1995–2001)
	
	



	Effect of oil consumption intensity (f)
	−6.5025
	−0.7575



	Effect of intermediate input structure (B)
	8.4663
	−0.8517



	Effect brought by product structure of final demand (p)
	−1.2149
	−0.0213



	Effect brought by country structure of final demand (c)
	3.7133
	0.2431



	Effect brought by final demand scale (s)
	5.0408
	2.4084



	(2001–2005)
	
	



	Effect of oil consumption intensity (f)
	−15.8015
	−4.0740



	Effect of intermediate input structure (B)
	18.7070
	3.7435



	Effect brought by product structure of final demand (p)
	−1.0916
	−0.0671



	Effect brought by country structure of final demand (c)
	12.0066
	−0.0420



	Effect brought by final demand scale (s)
	7.7404
	3.5181



	(2005–2009)
	
	



	Effect of oil consumption intensity (f)
	−18.9990
	−1.5259



	Effect of intermediate input structure (B)
	6.7229
	−2.3063



	Effect brought by product structure of final demand (p)
	−7.0986
	−0.2048



	Effect brought by country structure of final demand (c)
	9.2726
	−0.1530



	Effect brought by final demand scale (s)
	3.7150
	9.1610



	(2009–2011)
	
	



	Effect of oil consumption intensity (f)
	−6.4791
	0.9103



	Effect of intermediate input structure (B)
	5.6393
	3.7896



	Effect brought by product structure of final demand (p)
	1.0802
	0.1258



	Effect brought by country structure of final demand (c)
	0.8828
	0.6664



	Effect brought by final demand scale (s)
	3.7726
	5.9327
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Figure 1. Global energy consumption and composition. 
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Figure 2. Top 20 countries with the highest oil consumption. 
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Figure 3. The evolution of China’s virtual oil consumption: (a) Exports; (b) Imports. 
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Figure 4. The evolution of the USA’s virtual oil consumption: (a) Exports; (b) Imports. 
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Figure 5. The virtual oil consumption embodied in Sino-US and its changing trend. 
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Figure 6. The changes in virtual oil flow in typical sectors. 
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Figure 7. Decomposing results of virtual oil flows’ changes embodied in China’s exports to the US in 1995–2011: the period of (a) 1995–2001; (b) 2001–2005; (c) 2005–2009; (d) 2009–2011. 
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Figure 8. Decomposing results of virtual oil flows’ changes embodied in the US’s exports to China in 1995–2011: the period of (a) 1995–2001; (b) 2001–2005; (c) 2005–2009; (d) 2009–2011. 
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Table 1. The structure of the multi-regional input-output table.
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Outputs

	
Intermediate Products

	
Final Demand

	
Total Outputs




	
Inputs

	

	
     R 1     

	
…

	
     R n     






	
Intermediate inputs

	
    R 1    

	
    Z  1 , 1     

	
…

	
    Z  1 , n     

	
    Y 1    

	
    X 1    




	
    R n    

	
    Z  n , 1     

	
…

	
    Z  n , n     

	
    Y n    

	
    X n    




	
Value added

	
    V 1    

	
…

	
    V n    

	

	




	
Total inputs

	
    X 1    

	
…

	
    X n    
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