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A B S T R A C T

As an extension of our previous work (Wu et al., 2019b), this study uses a positive accounting manner to track
the circulation of energy use via interregional trade, by taking a full account of indirect energy usage related
with primary inputs as well as intermediate inputs. The aggregate amount of interregional shift of energy
use is about six times larger than that recorded in the preceding work, revealing the robust flows of energy
use associated with intermediate products traded across global supply chains. The United States is a crucial
sink of energy use in the world, serving the leading net importer of energy use in final trade and the second
biggest net importer in intermediate trade. Around 60% of the energy use initiated by its final consumption
stems from other regions. For Mainland China as the third largest net importer of energy use in intermediate
trade and the leading net exporter in final trade, around 60% of local primary energy exploitation sinks into
final consumption abroad. For sustainable economic growth and efficient energy management, countries are
recommended to be further integrated in the international supply chains by accurately pinpointing their roles
in the trading market of energy use.
1. Introduction

Energy products, primarily crude oil, raw coal and natural gas, have
long been highlighted as the mostly traded commodities between re-
gions (IEA, 2017b). Following the shocking downfall of international oil
price in 2014, policy attention on regional energy security is expanding
with the awareness of the increasing dependence on transregional trade
in obtaining energy resources (Dixon et al., 2010; Wiedmann et al.,
2015). A region with limited energy resources, such as Japan, may rely
heavily on importing both energy products and other traded commodi-
ties as energy carriers from other regions to satisfy domestic energy
demand. Nowadays, all world regions are interconnected in a single
economic entity, namely the world economy (Wu et al., 2020). Robust
development of technology has significantly accelerated the speed of
communication and transport, which largely promotes regional spe-
cialization. A global supply chain has come into shape, along with
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the spatial separation of resources exploitation, product reprocessing,
production, assembly and consumption (Meng et al., 2018; Mi et al.,
2019). Taking the iPhone product as an example, over 700 suppliers
across the 30 countries provide components for an iPhone product
before it is ultimately assembled in the Foxconn factories in China,
according to Chen et al. (2017). In the near future, more and more
products will be made on the globe instead of being manufactured in
a single nation or region due to regional specialization.

The high integrity of the world economy will not only result in the
high-profile monetary trade imbalance between regions (Groenewold
and He, 2007; Trump, 2018), but also the re-allocation of ecological
elements (Ji et al., 2020; Mi et al., 2017; Shao et al., 2017; Su et al.,
2013; Tian et al., 2020). A region may acquire primary energy use
from abroad by outsourcing the energy-intensive industries. To be more
specific, apart from the direct imports of energy products, a region
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may acquire energy use from foreign nations and regions indirectly
by importing the energy-intensive products (Tang et al., 2019; Shao
et al., 2018; Zhang et al., 2017). By analyzing the drivers of the changes
in energy footprints of the world economy, Lan et al. (2016) found
out that affluent nations have been constantly receiving imports of
energy-intensive commodities from abroad. Due to the highly frequent
interregional trade, energy embedded in the traded products could
turn out to reach a remarkable amount (Jiang et al., 2020; Yang
et al., 2014). According to Chen and Wu (2017), energy embodied in
international trade takes more than 90% of the world’s total energy
use. Similar accountings have been conducted for China (Zhang et al.,
2016), the United Kingdom (Tang et al., 2013), Italy (Cellura et al.,
2011), South Korea (Park and Heo, 2007), Thailand (Limmeechokchai
and Suksuntornsiri, 2007), India (Pachauri and Spreng, 2002) as well
as urban regions (Wang et al., 2017; Wang and Chen, 2016; Li et al.,
2016) to reveal the cross-border transfer of energy use. Differing from
onsite energy accounting that reflects the onsite information only, most
of these studies mentioned above assign the onsite energy use to the
products used for final demand, thus being able to reflect the flows of
energy use via international exchange of final products. A normative ac-
counting manner in terms of final-demand-based framework is adopted
in most of these works by considering final demand as the engine of the
economic system (Chen et al., 2019).

While the final-demand-based accounting framework is very helpful
in establishing point-to-point linkages between direct energy use and
the specific agents, the circulating process of the energy use flows
across global supply chains is mostly neglected. Objectively speaking,
for any sectoral product, energy use is required directly and indirectly
in its production processes, whether it is afterwards used for inter-
mediate production or final demand. When the product is traded to
another region, the energy use hidden in the product also flows across
the borders and keeps circulating along the global supply chains before
sinking into final consumption. The final-demand-based framework
attaches importance only to the interregional displacement of energy
use caused by the exchange of final goods and pays little attention to
the energy use flows associated with the traded intermediate goods.
The truth is that, with the global supply chain being intricately sliced
up, international trade is largely driven by exchange of intermediate
products, which are reported to take up around 70% of the total
volume of world trade and largely outnumber the trade volume of final
products (Johnson and Noguera, 2012). Given that, it is also essential
to provide an objective measurement of the circulation of energy use
along global supply chains.

Dating back to the occurrence of the first oil crisis in the 1970s,
Herendeen (1973) firstly raised a positive accounting framework to
objectively depict the circulation of energy use within the economic
network, under the support of an established biophysical balance model
of energy use. A series of pioneering works on energy accounting sup-
ported by national input–output accounts have been then carried out by
Bruce Hannon, Robert Herendeen and Clark Bullard (all affiliated to the
energy research group in the University of Illinois) for the United States
economy for the year 1963, 1967 and 1972, respectively (Bullard and
Herendeen, 1975; Hannon, 2010; Herendeen, 1978, 1981). Shortly af-
terwards, by a combination of ecology and economics, Costanza (1980)
examined the total energy requirements of the entire production pro-
cess and service industry in the United States. During the last decade,
Chen and his colleagues has presented a series of energy overviews
of the global regions for the year 2004 (Chen and Chen, 2011), 2007
(Chen and Chen, 2013), 2010 (Chen and Wu, 2017) and 2012 (Wu
and Chen, 2017) respectively. In these accountings, the direct energy
inputs are mostly taken as the primary energy resources exploited as
biophysical support from the environment, while energy embodied in
the intermediate products is treated as the internal feedback within
the economic system and may keep circulating along the supply chains
before final use (Brown and Herendeen, 1996; Herendeen, 2004; Wu
2

et al., 2021). Following the demand-pull principle, the primary energy
exploited is allocated to those products that are presented to society as
final demand, which serve as the sink of energy use.

Whereas, a compromise seems to have been made in the above-
mentioned embodied energy accountings for the world economy. Final
products take inclusion of both the consumer goods, namely the prod-
ucts used for consumptive purposes (namely consumption by house-
holds, government and non-profit organizations), and the capital goods.
Products that could be treated as truly ‘‘consumed’’ and ultimately
leaving the economic system are those used for consumptive purposes,
which also corresponds to Adam Smith’s classical saying that consump-
tion should be taken as the sole aim of all production (Smith, 1776).
For the capital goods, though they are presented to society as final
products, they are bound to re-participate in the production system
as primary inputs to support the producing process (Wu et al., 2018,
2019a). Actually, capital goods have been long acknowledged by many
classical and neo-classical economists, such as Smith (1776) and Mill
(1821), as the indispensable means to guarantee economic production.
Seeing that the capital goods are not genuinely consumed, Wu et al.
(2019b) has previously raised a normative manner in terms of total-
consumption-based accounting framework that locates the genuine
final consumption as the impetus of the economic system. While that
work is appreciated for shedding light on the corresponding relations
between direct energy expenditure and the genuine final consumption,
it is based on a point-to-point linkage and leaves out the complex
production processes across the supply chains of the world economy. To
objectively reflect the circulating process of energy utility flows within
the economic system, it appears to be necessary to incorporate the
whole supply chains by taking into account of indirect energy feedbacks
related to not only intermediate inputs but also primary inputs.

As an extension of our previous work (Wu et al., 2019b), this study
raises a positive manner to track the process of energy use flows across
the global supply chains, with a full account of the indirect energy feed-
backs related to both primary inputs and intermediate inputs. Through
a positive accounting model aided by energy statistics and a multi-
region input–output (MRIO) account, an overall picture for the flows
of energy use from the source (extraction) to sink (final consumption)
through the channels of interregional trade is depicted. Energy use
flows associated with intermediate trade, final trade and trade balance
are displayed at length. Besides, sustainability of energy use of regions
is discussed by introducing indicators in terms of source-based and
sink-based energy self-sufficiency rates.

2. Methodology and data

2.1. Energy accounting model

By giving full attention to the indirect energy usage related to
primary and intermediate inputs in the supply chains, a positive ac-
counting framework for energy use is developed in this study based
on the one proposed in previous works (Chen and Wu, 2017; Wu and
Chen, 2017). A detailed comparison of these two models is described
in SI-A (supporting information), together with the schematic diagrams
illustrated and the basic mechanisms explained.

For the energy accounting model in this work, the biophysical
energy balance for a sector in the global economy incorporates primary
energy exploitation (zero for non-energy-exploitation sectors) as the
exogenous energy inputs as well as the indirect energy usage related to
both the intermediate and primary inputs. The corresponding algorithm
is described as below:

For the global economic system as denoted by the multi-region
input–output table, it is modeled as a system comprised of 𝑚 regions,
each consisting of 𝑛 economic sectors. Fig. 1 enunciates the detailed
energy balance for the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region. An explanation of the
parameters is as follows: 𝑒𝑟𝑖

(

=
∑𝑡

𝑘=1 𝑒
𝑟
𝑘𝑖
)

denotes the total amount of the
different kinds of genuine energy inputs provided by the environmental

𝑟
system; 𝑝𝑖 implies the total primary inputs flowing into the 𝑖𝑡ℎ sector
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Fig. 1. Energy use flows for the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region in the global economic system.
of the 𝑟𝑡ℎ region; 𝑧𝑠𝑟𝑗𝑖 stands for the intermediate inputs, denoting the
monetary cost of products flowing from the 𝑗𝑡ℎ sector of the 𝑠𝑡ℎ region
to the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region; 𝑥𝑟𝑖 is the total output of the 𝑖𝑡ℎ sector
of the 𝑟𝑡ℎ region; 𝑓 𝑟𝑠

𝑖 stands for the goods or services produced by the 𝑖𝑡ℎ
sector of the 𝑟𝑡ℎ region that are used as final demand in the 𝑠𝑡ℎ region,
which comprises 𝑓 𝑟𝑠

𝑖𝐶 as the products generated by the 𝑖𝑡ℎ sector of the
𝑟𝑡ℎ region that are used for final consumption in the 𝑠𝑡ℎ region, and 𝑓 𝑟𝑠

𝑖𝑂
as the products generated by the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region that are used
in the 𝑠𝑡ℎ region as the rest of final demand, namely the capital goods
such as products used as fixed capital formation and inventory increase;
𝜀𝑟𝑖 is the energy intensity of the sectoral output by the 𝑖𝑡ℎ sector of the
𝑟𝑡ℎ region; 𝜀𝑟𝑝𝑖 is the energy intensity of primary inputs of the 𝑖𝑡ℎ sector
of the 𝑟𝑡ℎ region.

Hence, the energy balance for the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region could
then be established as:

𝑒𝑟𝑖 + 𝜀𝑟𝑝𝑖𝑝
𝑟
𝑖 +

𝑚
∑

𝑠=1

𝑛
∑

𝑗=1
𝜀𝑠𝑗𝑧

𝑠𝑟
𝑗𝑖 = 𝜀𝑟𝑖𝑥

𝑟
𝑖 , (1)

where 𝜀𝑟𝑝𝑖𝑝
𝑟
𝑖 denotes the energy that is embodied in the total primary

inputs into the 𝑖𝑡ℎ sector of the 𝑟𝑡ℎ region; ∑𝑚
𝑠=1

∑𝑛
𝑗=1 𝜀

𝑠
𝑗𝑧

𝑠𝑟
𝑗𝑖 denotes the

energy that is embodied in all the intermediate inputs coming from all
the economic sectors within the world economy into the 𝑖𝑡ℎ sector of
the 𝑟𝑡ℎ region.

For the entire economic system covering 𝑚 world regions and 𝑛
economic sectors, a matrix equation could be obtained as:

𝑬 + 𝜺𝒑�̂� + 𝜺𝒁 = 𝜺�̂�, (2)

where 𝑬 is the 1×𝑚𝑛 row vector for 𝑒𝑟𝑖 ; �̂� is the 𝑚𝑛×𝑚𝑛 diagonal matrix
for 𝑷 (=[𝑝𝑟𝑖 ]1×𝑚𝑛); 𝒁 is the 𝑚𝑛×𝑚𝑛 matrix for 𝑧𝑟𝑠𝑖𝑗 ; �̂� denotes the 𝑚𝑛×𝑚𝑛
matrix for 𝑿; 𝜺𝒑 represents the 1 ×𝑚𝑛 row vector corresponding to 𝜀𝑟𝑝𝑖;
𝜺 is the 1 × 𝑚𝑛 row vector for 𝜀𝑟𝑖 .

For the global economy, energy embodied in the capital goods and
that embodied in primary inputs also reach a balance, as clarified in de-
tail in some existing works (Wu et al., 2018, 2019a). The corresponding
equation could be established as:
𝑚
∑

𝑟=1

𝑛
∑

𝑖=1
𝑝𝑟𝑖𝜀

𝑟
𝑝𝑖 =

𝑚
∑

𝑟=1

𝑛
∑

𝑖=1

𝑚
∑

𝑠=1
𝜀𝑟𝑖𝑓

𝑟𝑠
𝑖𝑂 . (3)

Currently, it is not feasible for us to distinguish the energy intensity
of the primary inputs by sector, given the knowledge of the relation
between the primary inputs and final demand is lacking. A simplified
treatment is therefore made that all the primary inputs, regardless of
the type or sectoral difference, are assumed to have the same embodied
energy intensity (Wu et al., 2018), 𝜀𝑝𝑙 (a scalar). Eq. (3) could be thus
reduced as:

𝜺 𝑃 = 𝜺𝑭 , (4)
3

𝒑𝒍 sum 𝑶
where 𝑃sum is a scalar representing the sum of the primary inputs into
all the investigated sectors; 𝑭𝑶 is the 𝑚𝑛 × 1 column vector for capital
goods.

By integrating Eq. (4) into Eq. (2), the matrix for the energy
intensity of sectoral products could be generated as:

𝜺 = 𝑬
(

�̂� −𝒁 − 1
𝑃sum

𝑭𝑶𝑷
)−1

. (5)

The energy use of the 𝑟𝑡ℎ region as denoted by the energy that is
embodied in the 𝑟𝑡ℎ region’s final consumption (𝐸𝐸𝐶) can be generated
as:

𝐸𝐸𝐶𝑟 =
𝑚
∑

𝑠=1

𝑛
∑

𝑗=1
𝜀𝑠𝑗𝑓

𝑠𝑟
𝑗𝐶 . (6)

The direct exploitation of energy resources for the 𝑟𝑡ℎ region could
be formulated as:

𝐷𝐸𝐸𝑟 =
𝑛
∑

𝑖=1
𝑒𝑟𝑖 . (7)

The energy that is embodied in the imports (𝐸𝐸𝐼) of the 𝑟𝑡ℎ region
is denoted as:

𝐸𝐸𝐼𝑟 = 𝐸𝐸𝐼𝐼𝑟 + 𝐸𝐸𝐹𝐼𝑟 =
𝑚
∑

𝑠=1(𝑠≠𝑟)

𝑛
∑

𝑗=1

[ 𝑛
∑

𝑖=1
(𝜀𝑠𝑗𝑧

𝑠𝑟
𝑗𝑖 + 𝜀𝑠𝑗𝑓

𝑠𝑟
𝑗 )

]

, (8)

in which 𝐸𝐸𝐼𝐼𝑟 (=∑𝑚
𝑠=1(𝑠≠𝑟)

∑𝑛
𝑗=1

∑𝑛
𝑖=1 𝜀

𝑠
𝑗𝑧

𝑠𝑟
𝑗𝑖 ) represents energy that is

embodied in the intermediate imports of the 𝑟𝑡ℎ region while 𝐸𝐸𝐹𝐼𝑟

(= ∑𝑚
𝑠=1(𝑠≠𝑟)

∑𝑛
𝑗=1 𝜀

𝑠
𝑗𝑓

𝑠𝑟
𝑗 ) represents energy that is embodied in the final

imports of the 𝑟𝑡ℎ region.
Correspondingly, energy that is embodied in the exports (𝐸𝐸𝑋) of

the 𝑟𝑡ℎ region is denoted as:

𝐸𝐸𝑋𝑟 = 𝐸𝐸𝐼𝑋𝑟 + 𝐸𝐸𝐹𝑋𝑟 =
𝑚
∑

𝑠=1(𝑠≠𝑟)

𝑛
∑

𝑖=1

[ 𝑛
∑

𝑗=1
(𝜀𝑟𝑖𝑧

𝑟𝑠
𝑖𝑗 + 𝜀𝑟𝑖𝑓

𝑟𝑠
𝑖 )

]

, (9)

in which 𝐸𝐸𝐼𝑋𝑟 (=∑𝑚
𝑠=1(𝑠≠𝑟)

∑𝑛
𝑖=1

∑𝑛
𝑗=1 𝜀

𝑟
𝑖𝑧

𝑟𝑠
𝑖𝑗 ) represents energy that is

embodied in the intermediate exports of the 𝑟𝑡ℎ region while 𝐸𝐸𝐹𝑋
(=∑𝑚

𝑠=1(𝑠≠𝑟)
∑𝑛

𝑖=1 𝜀
𝑟
𝑖𝑓

𝑟𝑠
𝑖 ) represents energy that is embodied in the final

exports of the 𝑟𝑡ℎ region.
As a result, energy embodied in trade balance (𝐸𝐸𝑇𝐵) of the 𝑟𝑡ℎ

region can be obtained as:

𝐸𝐸𝑇𝐵𝑟 = 𝐸𝐸𝐼𝑟 − 𝐸𝐸𝑋𝑟 = 𝐸𝐸𝐼𝑇𝐵𝑟 + 𝐸𝐸𝐹𝑇𝐵𝑟, (10)

where 𝐸𝐸𝐼𝑇𝐵𝑟 represents energy that is embodied in the intermediate
trade balance of the 𝑟𝑡ℎ region and 𝐸𝐸𝐹𝑇𝐵𝑟 stands for energy that is
embodied in the final trade balance of the 𝑟𝑡ℎ region.

It should be emphasized that for the 𝑟𝑡ℎ region, the following
balance exists:

𝐸𝐸𝐹 𝑟 = 𝐷𝐸𝐸𝑟 + 𝐸𝐸𝑃 𝑟 + 𝐸𝐸𝑇𝐵𝑟. (11)
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Fig. 2. Energy embodied in final consumption (𝐸𝐸𝐶) and direct energy exploitation (𝐷𝐸𝐸) of each region.
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Besides, the relationship between the source and sink of primary
nergy use is shown as:
𝑚

𝑟=1
𝐷𝐸𝐸𝑟 =

𝑚
∑

𝑟=1
𝐸𝐸𝐶𝑟. (12)

.2. Data sources

While the input–output tables for nations are released by national
tatistical departments at regular intervals, the global multi-region
nput–output account is generally constructed by non-governmental or-
anizations. In this work, the MRIO table from Eora database is applied,
hich provides a time-series of MRIO tables for world economy from

he year 1990 to 2015 (Lenzen et al., 2012, 2013). Compared with
lobal MRIO tables from other sources including world input–output
atabase (Timmer et al., 2015), Exiobase (Stadler et al., 2018) as well
s global trade analysis program (Aguiar et al., 2016), Eora MRIO table
ncludes an inclusive geographical breakdown of the world economy,
ith the number of world regions covered reaching 189. The MRIO

able from Exiobase, nevertheless, classifies the world economy into
4 nations and 5 ROW (rest of world) regions; the one from world
nput–output database includes 28 EU countries and other 15 major
conomies as well as a ROW region. Meanwhile, each region covered
nder the Eora MRIO table is composed of 26 economic sectors; hence
he aggregated number of the sectors of 189 regions are 4914. SI-B
nd SI-C (supporting information) respectively show the names of the
egions and those of the sectors in the global input–output account.

It needs to be especially noted that input–output tables lag behind
sometimes far behind) the present time. For instance, the global input–
utput accounts in Exiobase are only updated to the year 2011. This is
ecause that the input–output tables for the member nations are mostly
nveiled every several years, as the compilation process is a substantial
ork requiring large quantities of time, labor and money inputs. As
nown, official input–output tables for Chinese economy (such as the
997, 2002, 2007 and 2012 input–output tables) are released every
ive years. Since Chinese economy is one of the main focuses in this
ork and China’s statistics may greatly impact the accuracy of the
lobal input–output account compiled, the 2012 Eora global MRIO
able is used to represent the global economy, which could be consistent
ith the official statistics by Chinese government. Moreover, the data

or extraction of energy resources from IEA (2017a) are applied. The
4

rimary energy exploited includes fossil fuels, hydro-energy, biomass
nd the other renewables, the measurement of which is in units of
,000,000 tonnes equivalent in terms of oil (Mtoe). Detailed infor-
ation for allocating primary energy resources to the corresponding

conomic sectors could be resorted to a previous work (Chen and Wu,
017).

. Results and discussions

.1. Energy use of each region

The energy use of each region as captured by 𝐸𝐸𝐶 is presented in
ig. 2. The amount of each region’s direct energy exploitation denoted
y 𝐷𝐸𝐸 is also illustrated. SI-D (supporting information) gives the
umerical values. As shown, USA, Mainland China, Japan, Germany as
ell as India are revealed as the top five users, whose 𝐸𝐸𝐶 respectively

each 3276 Mtoe, 1393 Mtoe, 933 Mtoe, 447 Mtoe and 404 Mtoe. The
op five exploiters of primary energy resources are Mainland China,
SA, Russia, Saudi Arabia as well as India, whose 𝐷𝐸𝐸 reach 2360
toe, 1757 Mtoe, 1251 Mtoe, 579 Mtoe and 512 Mtoe, respectively.
s witnessed, the energy use of USA denoted by 𝐸𝐸𝐶 is approximately

wice more than that denoted by the direct energy exploitation, while
hat of Mainland China is in magnitude only 59.04% of the primary
nergy directly exploited. The gap between 𝐸𝐸𝐶 and 𝐷𝐸𝐸 is especially
bvious for Japan and Saudi Arabia. The direct energy exploitation by
apan is only 2.97% of its 𝐸𝐸𝐶, while that by Saudi Arabia is over
ight times as much as its 𝐸𝐸𝐶.

The components of the 𝐸𝐸𝐶 for the five leading energy users
re presented in Fig. 3, as classified respectively by energy type and
ector (details for sectoral integration are attached in the supporting
nformation). Service industry is responsible for 53.48% of the 𝐸𝐸𝐶 of
he United States, showing the service-oriented economic structure of
he United States. This ratio is 58.06% for Japan, suggesting the resem-
lance of industrial structure between the United States and Japan. For
ainland China, service industry still remains as a major contributor to

ts 𝐸𝐸𝐶, while the ratio (33.48%) is obviously lower than that of the
nited States and Japan. This is mainly because that Mainland China as
transitional economy is still on the way of adjusting itself from a low-

nd-manufacturing-oriented economy to a high-end-manufacturing- as
ell as service-oriented economy. For India, service industry only
ccounts for 19.66% of its 𝐸𝐸𝐶. In addition, it is found that while
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Fig. 3. Components of the 𝐸𝐸𝐶 for the five leading energy users.
Fig. 4. Per-capita energy usage for each region.
the contribution by agriculture industry to the 𝐸𝐸𝐶 is marginal for the
United States (0.6%) and Japan (2.04%), it is considerable for Mainland
China (13.17%) and India (41.03%), which is due to that these two
developing economies have been historically rooted on agriculture and
are still on the transitional stage.

Fig. 4 presents the per-capita 𝐸𝐸𝐶 of each region and the world
average level, which may serve an index to measure the residential
living standards of energy use. The per-capita 𝐸𝐸𝐶 for USA, Japan,
Germany and the United Kingdom are respectively calculated to be
10.43 toe/cap, 7.32 toe/cap, 5.55 toe/cap and 6.03 toe/cap, which
are several times higher than the world average level (1.79 toe/cap).
Whereas, for Mainland China as the world’s second biggest energy user,
its per-capita 𝐸𝐸𝐶 is merely 1.03 toe/cap, which is in magnitude only
around 60% of the world average level, one-fifth of that for Germany,
5

and only 10% of the 𝐸𝐸𝐶 for USA. As revealed, a wide gap lies between
the living standards as measured by per-capita 𝐸𝐸𝐶 between Mainland
China and the developed economies. Chinese citizens live a frugal life
to support consumption in other economies and to create a huge current
account surplus.

3.2. Energy use flows in intermediate trade and final trade

Energy use flows across the interregional trade are enunciated in
this section. Fig. 5 presents the energy use flows associated with the
imports, classified by intermediate imports and final imports. While
intermediate imports refer to imported products used for intermediate
production, final imports represent those used for final demand. As
demonstrated, USA, Mainland China, Japan, Germany and South Korea
are the five top importers of energy use, whose imports respectively
reach 1826 Mtoe, 1127 Mtoe, 1063 Mtoe, 1052 Mtoe and 679 Mtoe.
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Fig. 5. Energy embodied in the imports of the world regions.
Fig. 6. Energy embodied in the exports of the world regions.
s witnessed, the volumes of energy use imports by Mainland China,
apan and Germany are on the same level. As to USA serving the biggest
mporter, its import of energy use is twice larger than that of Mainland
hina. Meanwhile, it could be seen that energy use embodied in in-
ermediate imports for the regions is generally much larger than that
n final imports. In total, energy use embodied in global intermediate
mports is about five times larger than that in global final imports. As
een, intermediate products contribute dominantly to energy use flows
ia global trade, reflecting the integrity of the supply chains of the
orld economy.

With regard to energy embodied in the exports as illustrated in
ig. 6, Russia is revealed to be the leading exporter, followed closely by
ainland China, USA, Germany and Saudi Arabia. 1278 Mtoe of energy

se are exported from Russia to foreign regions, which are around 1.25
imes as much as the exports of Mainland China, 1.38 times as much
s those of the United States and over twice as much as those of Saudi
rabia. Meanwhile, energy embodied in intermediate exports of Russia

s strikingly around sixty times as much as that embodied in its final
xports. More strikingly, for Saudi Arabia that is reliant highly on the
xports of intermediate goods (such as oil), this ratio is calculated to be
15.64. While for other leading exporters including the United States,
6

Mainland China and Germany, this ratio turns out to 1.95, 4.36 and
2.98 respectively.

Fig. 7 presents energy embodied in the trade balance of different
regions in the world, as also classified by energy embodied in the in-
termediate trade balance and that in the final trade balance. Regarding
the countries and regions included in the Eora global MRIO database,
128 regions are illustrated to be net importers of energy use while the
rest regions are net exporters. USA, Japan, South Korea, Spain and Italy
prove to be the biggest five net importers, receiving a trade surplus of
energy use amounting to 902 Mtoe, 720 Mtoe, 278 Mtoe, 227 Mtoe and
218 Mtoe, respectively. Russia and Saudi Arabia, together with Qatar,
Iran as well as Australia, are revealed as the leading net exporters of
energy use, gaining a trade deficit amounting to 1112 Mtoe, 520 Mtoe,
192 Mtoe, 169 Mtoe, 159 Mtoe, respectively. For Mainland China, the
result indicates that it is a net importer of energy use, gaining a trade
surplus of 108 Mtoe, which is in magnitude around one-eighth of that
for the United States.

Fig. 8 presents the major net importers as well as the net exporters of
energy use in intermediate trade, with sectoral contributions illustrated.
Japan is unveiled to be the largest net importer in intermediate trade,
with its intermediate trade surplus reaching up to 698 Mtoe. For the
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Fig. 7. Energy embodied in the trade balance of the world regions.
Fig. 8. Sectoral components of prominent net importers and exporters of energy use in intermediate trade.
energy embodied in intermediate imports of Japan, 72.31% comes
from mining & electricity industry in foreign regions. This is mainly
because that Japan as a nation in severe insufficiency of primary energy
resources, is heavily dependent on energy products from foreign regions
to support domestic industrial production. Japan is followed by the
United States (687 Mtoe), Mainland China (348 Mtoe), South Korea
(305 Mtoe) and Italy (253 Mtoe). For Mainland China and the United
states, imported heavy industry products are respectively responsible
for 66.95% and 53.46% of their intermediate imports of energy use.
With regard to net exporters in intermediate trade, Russia takes the lead
with 1129 Mtoe exported abroad for foreign production activities, fol-
lowed by Saudi Arabia (542 Mtoe), Qatar (193 Mtoe), Iran (181 Mtoe)
and Australia (172 Mtoe). Mining & electricity industry respectively
account for 96.80%, 98.10%, and 99.21% of the intermediate exports
of Russia, Saudi Arabia and Qatar in terms of energy use.
7

Fig. 9 presents the prominent net importers & exporters in final

trade. As witnessed, five leading net importers in final trade turn out to

be USA, the United Kingdom, Hong Kong, Japan, and Saudi Arabia; the

leading net exporters in final trade turn out to be Mainland China, Ger-

many, Netherlands, Belgium and Italy. For Japan, while heavy industry

products from abroad contribute 42.12% of its final imports of energy

use, those exported abroad account for 82.19% of its final exports of

energy use. Mainland China is the largest net exporter in terms of

final trade, and the heavy industry and light industry respectively hold

accountable for 55.05% and 36.00% of its final exports of energy use.

For Germany, heavy industry and light industry respectively contribute
61.95% and 10.54% to its final exports of energy use.



Journal of Cleaner Production 320 (2021) 128621X. Wu et al.

3

e
d
a
f
B
r
e
c
t

r
p
c
R
M
e
o
1
e
(
t
R
c
i
U
a
t

e
P
o
b
F
U
1
C
2
J

Fig. 9. Sectoral components of prominent net importers & exporters of energy use in final trade.
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.3. Trade connections

In this section, the energy trade connections between major
conomies are demonstrated. Fig. 10(a) and Fig. 10(b) respectively
epict the inter-twisted relations of the major regions in intermediate
nd final trades. Regions covered in Eora database are integrated into
ifteen major regional economies, as could be seen in Fig. 10(a). SI-

(supporting information) gives the details of the disaggregation of
egions. The arc length represents the energy that is embodied in the
xports of each region, while the relationship between two regions
onnected is represented by the chord, the color of which complies with
hat of the larger exporter.

Regarding intermediate trade as illustrated in Fig. 10(a), Russia
emains the leading exporter of energy use, whose intermediate ex-
orts amount to 1256 Mtoe. EU27 and Japan which serve the major
ontributors are respectively accountable for 73.70% and 12.37% of
ussia intermediate exports of energy use. Following Russia and other
iddle East, EU27 takes the third place in intermediate exports of

nergy use. For the intermediate exports of EU27 (920 Mtoe), 17.32%
f them flow into the United States, 17.19% to other Europe & Eurasia,
6.57% to China, 4.80% to Russia, etc. While for USA, its intermediate
xports of energy use are mainly received by Canada (186 Mtoe), EU27
135 Mtoe) and China (87 Mtoe). Meanwhile, EU27 and USA are the
wo most prominent importers of energy use in intermediate trade.
ussia, Africa, Saudi Arabia, China and the United States respectively
ontribute 35.22%, 14.00%, 7.61% and 5.15% of EU27’s intermediate
mports of energy use. As for the intermediate imports of energy use for
SA, the major contributors are its neighboring regions, namely Canada
nd South & Central America that altogether account for 39.93% of the
otal.

For final trade connections as illustrated in Fig. 10(b), prominent
xporters turn out to be EU27, China, USA, ASEAN and other Asia
acific. Of the 408 Mtoe of energy use in EU27’s final exports, 22.72%
f them are received by the United States, 10.94% by China, 7.56%
y South & Central America, 5.04% by Russia, 4.68% by Japan, etc.
or China, the main receivers of its final exports of energy use include
SA, EU27 and Japan, which respectively occupy 29.24%, 21.54% and
2.48% of the total. With regard to the receivers of USA’s final exports,
anada and South & Central America together hold responsible for
9.61% of the total, followed by EU27 (18.63%), China (9.39%) and
apan (9.23%).
8

c

Meanwhile, Fig. 11(a) and Fig. 11(b) respectively map the net in-
ermediate trade and net final trade connections of energy use between
ome major regional economies. The largest flow of net intermediate
rade occurs between the EU27 and Russia. Russia is revealed to have
trade deficit of energy use to EU27 that amounts to 882 Mtoe. Other
ajor couples of intermediate trade imbalance in terms of energy use

nclude EU27–Africa, EU27–Saudi Arabia, EU27–other Middle East,
he United States–South & Central America, Japan–other Middle East,
hina–other Asia Pacific, etc. As witnessed, apart from the interme-
iate trade imbalance with Russia, EU27 is unveiled to have a big
ntermediate trade surplus of energy use with Africa, Arabia and other
iddle East, respectively amounting to 313 Mtoe, 183 Mtoe and 166
toe. USA is a net importer in trade of intermediate products; it has an

ntermediate trade surplus of energy use with South & Central America,
anada, Africa and Saudi Arabia, reaching 195 Mtoe, 116 Mtoe, 133
toe and 115 Mtoe, respectively. For Japan that is in severe shortage of

atural resources, it absorbs energy inflows mainly from Russia, other
iddle East, ASEAN, etc.

As for net final trade of energy use, the largest net trade flow of
nergy use (80 Mtoe) is from China streaming to USA, followed by
hat from EU27 streaming to USA (60 Mtoe). As witnessed, among
hese fifteen regional economies, the United States receives the biggest
urplus (215 Mtoe) of energy use in final trade, which is around twenty-
wo times as much as that of Japan (22 Mtoe). Apart from the trade
mbalance with China and EU27, the United States appears to obtain

considerable energy surplus in final trade with its geographically
djacent trading partners, including that with Canada (26 Mtoe), that
ith other North America (18 Mtoe) and that with South & Central
merica (10 Mtoe).

.4. Source-based and sink-based energy self-sufficiency rates

Under the global context, when primary energy resource is extracted
rom Region 𝐴, its use may pass through many regions before it finally
inks into final consumption of Region 𝐵. The source-based energy self-
ufficiency rate and sink-based energy self-sufficiency rate are adopted
ere to reflect a key aspect of the sustainability of a nation in terms
f energy use, which have been defined in a previous work as the
atio of primary energy resources exploited locally to satisfy the local
inal consumption to the local energy exploitation, and the ratio of
rimary energy resources exploited locally to satisfy the local final

onsumption to the energy embodied in the goods that are required by
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Fig. 10. Energy connections between 15 regional economies in (a) intermediate trade
and (b) final trade.

local final consumers, respectively (Chen and Wu, 2017). The source-
based energy self-sufficiency rates for the 189 regions are illustrated
in Fig. 12, while the sink-based energy self-sufficiency rates for these
regions are presented in Fig. 13.

As witnessed, for economies including USA, Mainland China, Ger-
many, the United Kingdom, Japan, France and Russia, the source-
based energy self-sufficiency rates are respectively 79.37%, 37.53%,
30.95%, 36.85%, 76.81%, 24.64% and 3.81%, while the sink-based
self-sufficiency rates are respectively 42.57%, 63.57%, 8.41%, 10.83%,
2.28%, 8.34% and 24.44%. For USA that serves the second biggest
exploiter, approximately four fifths of the energy resources provided
by its local environment finally sink in the products for domestic final
consumption. Meanwhile, around 60% of its energy use denoted by
𝐸𝐸𝐶 is originated from the energy resources that are extracted in
other countries and regions. This explains that the United States mainly
acts as the ultimate consumer in the global supply chain. For one
thing, USA keeps the majority of the energy resources denoted by local
environment at home to satisfy domestic final consumers. For another,
9

Fig. 11. Energy connections between 15 regional economies in (a) net intermediate
trade and (b) net final trade.

the use of vast primary energy resources exploited abroad has been
brought in to benefit domestic consumers, which has greatly enhanced
the domestic living standards.

While for Germany and France, both their source-based and sink-
based energy self-sufficiency rates are far smaller than the United
States. This implies that Germany and France are actively participating
in the world’s commodity chains as both receivers and providers of
energy use. These countries and regions import massive raw materi-
als from abroad to support domestic producing activities and export
massive high value-added goods to foreign regions to satisfy their final
consumption. As a result, more than two-thirds of the energy resources
by local environment finally sink into other regions. While it shall also
be noticed that, these regions also bring into massive energy use home
by importing the consumers products from abroad. Therefore, around
90% of their energy use denoted by 𝐸𝐸𝐶 stems from energy resources
exploited abroad. As seen, these developed regions make full use their
comparative advantages to be well positioned in the global commodity
chain.

For Mainland China as the country with the largest primary en-
ergy resource extraction, the picture turns to be quite different. As
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Fig. 13. Sink-based energy self-sufficiency rates for the world regions.
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reviously revealed, Mainland China receives a certain quantity of
ntermediate products from Asian Pacific regions to manufacture mas-
ive consumer products that are used to support final consumption of
he developed economies. Therefore, among all the primary resources
xploited locally, only one-third of them finally sink into the products
sed for domestic final consumption. Meanwhile, consumption is on a
ather low level in Mainland China compared with that in developed
conomies, thus resulting in the small quantity of final imports from
oreign regions. As a result, its energy-sufficiency rate by sink is much
arger than that of Germany, France and the United States. Only one-
hird of its energy use denoted by 𝐸𝐸𝐶 is originated from foreign
nergy resources. This implies that Mainland China mainly plays the
ole of a producer in the global supply chain.

.5. Distinct trading economies

Two distinct trading economies, i.e., Mainland China and the United
tates, are analyzed in this section by looking into the geographic and
ectoral details. Fig. 14(a) and Fig. 14(b) respectively illustrate the
mports and exports of energy use for Mainland China.
10
As presented in Fig. 14(a), heavy industry and mining & electricity
ndustry in foreign regions are the largest two providers of Mainland
hina’s embodied energy imports. While Asia & Pacific contributes
he biggest to Mainland China’s imports from heavy industry abroad,
iddle East remains the largest contributor to those from mining &

lectricity industry abroad. Meanwhile, of the energy use imports from
oreign heavy industry to Mainland China, 67.93% of them go to
omestic heavy industry, while only 12.67% of them are used for
inal demand. With regards to energy use imports from foreign mining

electricity industry, over 90% (93.48% exactly) of them flow into
omestic heavy industry to support producing activities. As for exports
f Mainland China as presented in Fig. 14(b), heavy industry dedicates
ver 60% of the total. The biggest three receivers of exports from Main-
and China are Asia & Pacific, Europe & Eurasia and North America,
espectively contributing 36.46%, 30.94% and 23.94% of the total.
eanwhile, within the 424 Mtoe of energy use exports from Mainland
hina to Asia & Pacific, 43.32% of them go to the heavy industry,
0.32% going to the final demand, 9.82% to the light industry, 4.88%
o the mining & electricity industry, etc. For the exports from Mainland
hina to North America, nearly half of them (46.11% exactly) are used

or their final demand.
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Fig. 14. Geographical and sectoral details of the imports and exports of energy use for Mainland China.
Fig. 15(a) and Fig. 15(b) respectively depict the imports and exports
of energy use for the United States. As witnessed, North America
contributes the biggest to the United States’ imports, followed by Asia &
Pacific. While North America contributes 27.89% of the United States’
imports from foreign heavy industry and 26.23% of those from foreign
Mining & Electricity industry, Asia & Pacific dedicates 37.35% of those
from foreign heavy industry and 45.73% of those from light industry
abroad. Meanwhile, for the 693 Mtoe of energy use imports from
foreign heavy industry into the United States, 36.29% of them are used
as final demand of the United States; 39.26% of them go to heavy
industry; 16.62% of them flow to service industry. As for 163 Mtoe
of energy use imports from light industry abroad, over 60% (63.24%
exactly) of them are used as the United States’ final demand. With
regards to exports from the United States, domestic heavy industry
contributes over half of the total, followed by Mining & Electricity
industry, service industry, etc. Within the 493 Mtoe of energy use
exports from the United States, 31.73% of them are received by Asia &
Pacific, 29.03% by North America, 26.00% by Europe & Eurasia, etc.
In addition, while around one third of the exports of embodied energy
from USA to Middle East are used for their final demand, less than one-
fifth of the exports of energy use from the United States to Asia & Pacific
are used to satisfy their domestic final needs.
11
3.6. Comparison with existing studies

In this section we compared the results of this work with those
obtained in existing studies. Previous efforts seeking to explore energy
use of the world economy based on global multi-region input–output
analysis are directed full attention (Gasim, 2015; Lan et al., 2016;
Simas et al., 2015; Wu and Chen, 2017; Wu et al., 2019b). In the work
by Simas et al. (2015) as well as that by Wu and Chen (2017), the
result shows that Russia is the biggest exporter and the United States
is the biggest importer of energy use, which is consistent with that in
this study. However, in the work by Gasim (2015), it was found that
China comes as the leading net exporter of energy use while Russia
comes the second, differing from the results in this study. An important
reason is the selection of different data sources: the study by Gasim
(2015) utilized the 2009 MRIO table coming from WIOD database for
input–output modeling; the one by Simas et al. (2015) chose the 2007
MRIO table coming from Exiobase; the present study was based on 2012
MRIO table adopted from Eora database. Thus, deviation of the results
is generated.

Meanwhile, it is found that the quantity of energy use embodied
in international trade obtained in this study is approximately six times
larger than that reported in the previous work by Wu et al. (2019b),
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Fig. 15. Geographical and sectoral details of the imports and exports of energy use for the United States.
and also several times higher than that by Simas et al. (2015) and that
by Wood et al. (2018). This is mainly because that in these previous
works, a normative manner is adopted that assigns the direct energy
use to final consumption and only the energy use embodied in traded
products for final use is accounted. In the present work, we adopt a
positive manner that tracks the circulation of energy use across the
whole supply chains, which takes into account of energy use embodied
in products traded for both intermediate and final use. As previously
mentioned, the economic trade volume of intermediate products is
much larger than that of final products. Also, the energy use intensity
of intermediate products is generally higher than that of final products
which are mostly for consumptive use. Therefore, the amount of energy
use embodied in international trade turns out to be largely outpacing
that obtained in the abovementioned studies.

3.7. Limitations and future agenda

This study presents a global panorama of energy use of world
regions, by means of a developed energy accounting model that gives
attention to both primary and intermediate inputs. As a preliminary
step, we combine typical statistics for one year to get a panorama of
12
global energy use and trade connections. The limitation is that the
temporal evolution of energy use for world regions is not demonstrated.
In future studies, we will make efforts to explore how the embodied
energy use and imports/exports of world regions change over time
based on time-series investigation. In particular, attention could be
paid to how the trade links between regional economies vary during
the last several decades, under the context of geo-economic integration
of regions. Besides, while the energy accounting model developed in
this study may shed new light on the process of how the energy use
is sourced from the environment and finally sinking into the social
system via final consumption, the energy intensity of primary inputs is
not differentiated by sector/type as a preliminary treatment. A future
direction is to further develop the energy accounting model by focusing
on the feedback mechanism between primary inputs and final demand
via social-redistribution matrix.

4. Conclusions and policy implications

In this study, an overview of energy use flows in the world economy
is conducted to reveal the highly-integrated relations between world
regions, offering a positive accounting framework which covers the
indirect energy usage related to primary and intermediate inputs.
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Overall, energy use flows associated with global intermediate trade
are remarkably over five times more than those of final trade. This
means that the utility of primary energy resources will be repeatedly
used by a number of regions before it leaves the economic system and
sinks into final consumption, implying that regions are becoming more
and more integrated in the global supply chain. Under this context,
a region is supposed to make itself adapt to the commodity chain
in the world economy by precisely pinpointing its role on the global
trading market. Moreover, while the top five energy exploiters are
Mainland China, the United States, Russia, Saudi Arabia and India, the
energy use denoted by 𝐸𝐸𝐶 of the United States is over twice that
f Mainland China, three and a half times that of Japan, and around
ight times that of Germany as well as India, which is due to the re-
llocation of embodied energy via the world’s supply chains by means
f interregional trade. Regarding per-capita energy use, it is notably
itnessed that the per-capita 𝐸𝐸𝐶 of Mainland China is only around
0% of the world average and only 10% of that of the USA, implying
hat Chinese citizens live a frugal life to support consumption in other
conomies and to create a huge current account surplus.

As revealed in this work, Mainland China is found to be a net
mporter of energy use in intermediate commodity trade but the largest
et exporter of energy use in final commodity trade, obtaining a final
rade deficit with nearly each of its trading partners. Therefore, it is like
world factory (or a hub region) which brings in intermediate prod-

cts from foreign regions to manufacture consumer products that are
xported for final demand in developed economies. Though a current
ccount surplus may be achieved by Mainland China, the utility of the
nergy resources provided by the local environment is mainly exported
broad to benefit foreign consumers instead of domestic residents. As
alculated, around 60% of the domestic exploited energy use sinks into
oreign regions’ final consumption. To maintain more energy use at
ome, domestic residential consumption is to be quantitatively and
ualitatively enhanced in China, since the current consumption level of
hina is still far lagging behind that of nations such as USA and Japan.
oreover, upgrading domestic industries that are resource-intensive

nd low value-added to industries that are knowledge-based, service-
ased, high value-added and energy-efficient is of profound importance
or Mainland China to improve the consumption structure, enhance the
ffluency of domestic residents’ lifestyles, relocate itself in the global
alue chain as well as conserve energy resources.

USA is illustrated to be the leading net importer of energy use,
ith a tremendous trade surplus with Mainland China and European
nion in final trade as well as a surplus with its neighboring countries

Canada, Mexico and Brazil) but a deficit with South & Central America
n intermediate trade. Its source-based and sink-based energy self-
ufficiency rates are respectively calculated to be 79.37% and 42.57%,
evealing USA as a major sink of energy use in the global supply
hains. On one hand, the use of the energy resources provided by the
ocal environment is largely kept at home. On other hand, it receives
assive imported energy use from its trading partners. Though this
ay make its domestic citizens enjoy an affluent lifestyle, the tradeoff

s that the United States obtains a massive trade deficit of currency
ith both European regions and Asia Pacific regions. In retrospect,
uring the last several decades, the United States has largely transferred
ts manufacturing industries abroad and pinpointed itself as high-tech-
nd service-oriented economy. In recent years the United States has
romulgated a series of policy packages that aim to move manufac-
uring industry back home (such as the passing of the reform tax bill
hat sharply lowers the corporate tax rates), which are deemed to be
ffective in cutting down its economic trade deficit as well as increasing
he domestic employment. Nevertheless, cutting the economic trade
eficit by bring back the industries that were once outsourced abroad
ay be a temporary but not a sustainable solution, which may impede
omestic industrial upgrading and also jeopardize the United States’
13

fforts towards climate change mitigation. a
Similar to the United States, Japan is demonstrated to be a notable
et importer of embodied energy. Featuring a shortage of natural
esources, Japan receives large quantities of energy products such as
rude petroleum, petroleum gas, coal briquettes, from Russia, Saudi
rabia, and other Middle East nations, thus obtaining a trade surplus

n terms of embodied energy with these resource-abundant nations
n intermediate trade. In final trade, it is worth noting that by ex-
orting massive high value-added products (such as automobiles and
lectronical products) to the global market, Japan is revealed to have a
onsiderable deficit of embodied energy with nations such as the United
tates in final trade. Nevertheless, this deficit is offset by Japan’s final
rade surplus of embodied energy with Asia Pacific regions, especially
ith Mainland China by importing the low value-added products such
s furniture, toys and textile products, thus making Japan a net im-
orter of energy use in final trade. By expanding its production and
onsumption beyond its national borders to the whole world, Japan
ecomes a magnetic hub in the globalized world that absorbs the global
esources and products to support both domestic enterprises’ industrial
emands and local residents’ everyday needs.

For Russia, Saudi Arabia and other Middle East regions, they could
e regarded as source regions that provide the global market with
bundant primary energy sources, thus maintaining a deficit with other
egions in intermediate trade of energy use, and a surplus with its
rading partners in final trade. Though in the short term these regions
ay obtain a trade surplus of currency, their economic structure is
uch too reliant on energy sectors. A shock in energy prices may

ecome a devastation to their economies, as could be demonstrated
y the devaluation of Russian ruble in the last few years. Therefore,
hese economies are supposed to diversify their industrial structure to
e more involved in the global market.

Overall speaking, the tide of globalization has been an ongoing and
nevitable trend in the long run. In the foreseen future, the binding
elations of the economies will be closer and the world economy may
row into a high interdependent community. Therefore, adapting one
egion’s industries to the world’s supply chains remains a crucial way
o facilitate the sustainable energy use and regional prosperity.
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