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Abstract: As an important part of trade in the Belt and Road Initiative (BRI) area, significant research
attention has been devoted to direct energy transfer, whereas studies on energy embodied in non-
energy products have largely been neglected. To present an overview of energy trade for the
BRI members, this study combined multi-regional input-output (MRIO) analysis with complex
network analysis to model energy use flows within the BRI’s intermediate and final trade network
during 2000–2015. Results showed that intermediate energy trade volume is about 7.29-fold larger
than that of final trade. Russia and Mainland China were found to be the main net exporter and
net importer in intermediate energy trade, respectively, but in final energy trade their roles are
reversed. In intermediate energy trade, resource exploitation and heavy industry are the leading
intermediate exporter and importer respectively, whereas household consumption is the largest
importer (accounting for about three-fifths of the total) in final energy trade. Based on the complex
network analysis, the BRI countries were found to trade widely in the final network while cooperating
deeply in the intermediate network, with obvious small-world features. Mainland China and Russia
were identified as key economies in both intermediate and final trade networks. In addition, quadratic
assignment procedure (QAP) analysis was adopted to explore the determinants of the BRI energy
trade from 2000 to 2015. It was found that geographic distance, land adjacency, and culture and
language have a consistently significant impact on intermediate trade. Closer geographic distance,
being adjacent to land, a higher level of economic development, and a larger size of population can
promote final trade. This study aimed to supplement existing studies on direct energy trade and
provides implications for understanding the sustainable energy development in the BRI area.

Keywords: belt and road initiative; embodied energy; multi-regional input-output analysis; complex
network analysis; quadratic assignment procedure analysis

1. Introduction

Proposed in 2013, the Belt and Road Initiative (BRI) has attracted significant global
attention. Researchers have aimed to view and assess this initiative from different per-
spectives. For instance, one stream concentrates on the environmental impacts on member
countries caused by rising trade [1], whereas others concern the risks of cooperation and
the stability of regional trade [2]. More recently, emerging evidence shows how countries
will benefit from trading under the BRI strategy [3]. Following the full implementation of
the initiative, the annual average growth rate of the BRI’s trade volume was 13.4% from
2013 to 2019, which surpassed that of the total volume of global trade [4]. Energy, as a
basic production material, is one of the most important issues in the BRI’s trade [5], with
increasing foreign investments in the infrastructure construction inducing considerable
energy consumption and trade. In addition, the unbalanced resource endowments provide
the BRI countries with growing opportunities for collaboration on energy matters to ensure
national energy security [6]. According to the statistics from the World Trade Organization
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(WTO) [4], the exports of fuels by the BRI countries totaled USD 1273 billion in 2019,
accounting for 15.7% of the countries’ total exports of goods. Therefore, there is a growing
awareness of studies on the energy trade of the BRI.

In addition to direct energy trade, which has been widely investigated in the literature,
indirect energy trade also plays a crucial role in international trade, but it is often ignored.
International trade involves the circulation of goods among countries; for instance, goods
that are produced in a home country can be consumed in foreign countries. The energy
consumption during the whole production process is therefore hidden in the goods and
is indirectly traded to foreign areas. Due to globalization, it is common for countries to
obtain indirect energy from other countries in order to avoid domestic energy use and
the consequential pollutant. As a result, indirect energy trade has been proven to account
for a growing proportion of the total energy trade in recent years [7], and has become a
non-negligible source of environmental pollution that is transferred within international
trade [8,9]. Placing emphasis on energy and pollutant transfers enables a comprehensive
overview of international energy cooperation to be undertaken, which is essential to
achieving sustainable energy development in the BRI area.

For this purpose, we adopted the concept of embodied energy in our study. Embodied
energy is defined as the total energy consumed in product processing, manufacturing,
and transportation, namely, the sum of direct and indirect energy consumption in the
whole production chain [10]. Since the concept was conceptualized in the 1970s, input-
output analysis (IOA) has been successfully applied by numerous researchers to evaluate
embodied energy in economic systems at various levels, including in global [7,11,12],
national [13–17], and city economies [18,19]. In terms of the BRI region, there have been
a lack of studies on its embodied energy trade. One of the recent works by Han et al.
(2020) compared the direct and embodied energy trade flows of the BRI countries, and
found that China experienced a trade surplus with respect to direct energy trade, and a
deficit in embodied energy trade, with its BRI partners [20]. Similarly, studies on virtual
water (or embodied water) [21], and the carbon footprint (or embodied carbon) [22,23],
for the BRI, also noted that embodiment accounting and conventional direct accounting
produce different results regarding resource use and pollutant emissions. Under the
2030 Sustainable Development Goals, the BRI initiative advocates establishing a green
Belt and Road, with sustainable energy development being an important field in this
region [24]. Given the large energy demand and significant energy-related trade in this
region, capturing a full spectrum of energy transfer among BRI countries is a critical step.
This may provide key information for stakeholders who are willing to move towards a
sustainable energy trade pattern or to more precisely define pollution responsibilities.

In international trade, tradable commodities are categorized into intermediate and
final goods. Intermediate products are utilized for intermediate production, whereas
final products are for final consumption [7]. For example, steel used in producing cars
is an intermediate good, whereas cars bought by consumers are final goods. As a result
of international specialization, more than 80% of international trade is represented by
intermediate goods and services [25], and embodiment studies on intermediate trade have
increasingly raised concerns in recent years. For instance, carbon emissions embodied
in intermediate trade were found to be 2.3-fold larger than those in final trade at the
global scale [26]. In a study on the water use embodied in global supply chains, the water
transfer of intermediate trade was found to be 1.4-fold that of final trade [27]. However,
because intermediate goods cross borders frequently and are embodied in goods multiple
times [6,28], the problem of double counting may emerge in the gross trade (or total
trade) accounting method, which includes both intermediate and final trade. Although
this problem has been solved in conventional international trade research by using a
value-added accounting method [29,30], this approach is still not mature in embodied
resource research and no consensus has been reached [31,32]. Accordingly, we adopted
the biophysical input-output balance model (see Appendix A) in Wu and Chen (2019)’s
work [7] to distinguish intermediate and final trade in the BRI region. As a result of
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industrial associations and division of labor in the BRI region, more countries are involved
in the regional supply chain, in which they play different roles in terms of intermediate
and final trade. Intermediate and final trade depict the countries’ interconnection in the
networks associated with intermediate production and final consumption, respectively.
They are important to understanding the countries’ trade pattern. The embodied energy
research in the BRI region, particularly separating intermediate and final trade, is lacking
in the literature, but is of great importance for providing a complete picture of how
energy flows with production and consumption activities in the BRI region. Therefore,
we attempted to fill this research gap by separately taking into account the intermediate
and final trade for the BRI regions, to help better understand the pattern of regional
energy trade.

The existing literature mostly relates to bilateral trade relationships and tends to over-
look the fact that trade relations among the BRI regions are complex and present network
characteristics. An increasing number of researchers have applied network analysis meth-
ods to study the structure and determinants of international trade networks [33–36]. In
studies of trade networks, network analysis methods have the advantage of concentrating
on the connection between two regions in the network, identifying the complete structure
of interactions among regions, and assessing its determinants. Thus, this approach is
more valuable than traditional statistical methods. Therefore, the structural characteristics
and the effects of the key influencing factors on the embodied energy trade for the BRI
were explored using the methods of complex network analysis and quadratic assignment
procedure (QAP) analysis. Complex network analysis enables a systematic simulation of
intricate sectoral and national interrelationships along the supply chains, and has been
widely documented in studies of international trade networks [12,37]. For the BRI regions,
Zhao et al. (2019) depicted the oil trade network in the region via complex network analysis,
and established interdependence relationships between China and the BRI countries [6].
Li et al. (2021) adopted complex network analysis to explore the evolution of the natural
gas trade in the BRI region, and concluded that trade links were deepening among BRI
countries [38]. Feng et al. (2020) applied a similar method to depict the trade competitive
advantage networks among the BRI countries, and indicated that Turkey and Russia had
the largest trade competitive advantages, whereas China functioned as the most important
intermediation [39]. However, it is still unclear how the BRI’s intermediate and final energy
trade networks have developed since the introduction of the initiative. The fast-growing
trade in the BRI has exerted a significant impact on human activities in the region, result-
ing in a wide variety of energy use. Therefore, the embodied energy flows in the BRI’s
intermediate and final trade during the period of 2000–2015, including the contributions
of major countries and regions, were estimated in this study. Furthermore, to explore the
factors that affect the network evolution of energy trade for the BRI regions, we applied
QAP analysis to the embodiment accounting model. QAP analysis is a valuable tool to
analyze the regression relationship between the explained matrix and the explanatory ma-
trix, and provides a means to assess the determinants of the trade network [40–42]. These
analyses may provide basic evidence for the establishment of more targeted agreements
to strengthen energy relations at the BRI scale, which, in turn, may help build a safe and
stable environment for the economic and trade development of BRI countries.

The remainder of the paper is organized as follows. Section 2 introduces the data
and methods. Section 3 analyzes the evolution of energy embodied in intermediate and
final trade from the national and sectoral perspectives, and Section 4 manifests network
features of the BRI’s embodied energy trade network at macro-, meso-, and micro-levels.
In Section 5, the QAP results for the influencing factors of the BRI’s embodied energy trade
are explored, and conclusions and implications are presented in Section 6.
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2. Materials and Methods
2.1. Data Sources

Following the recommendations of previous studies [5,43,44] and based on data
availability, 69 countries and regions were investigated in this research, including most of
the important countries and regions involved in the BRI trade (see Table A1). The global
economic input-output table was derived from the Eora database [45], from which data for
the BRI countries in the years 2000, 2005, 2010 and 2015 were extracted, and were deflated
by the producer price index (PPI) [46]. The energy data were obtained from energy balance
statistics released by the IEA [47], excluding some fossil energy that is used as industrial
materials. Detailed direct energy inputs by industry can be seen in Table A2 in Appendix .
In addition, data sources of the seven variables for QAP analysis are listed in Table A3.

2.2. Multi-Regional Input-Output (MRIO) Model

Due to data availability, the multi-regional input-output (MRIO) model has been
extensively applied in global input-output analysis [11,48]. This model consists of n sectors
in m regions, presenting the exchanges among these sectors in inter-regional trade. From
the perspective of sectoral energy use, the inputs include direct inputs from the ecological
environment and intermediate inputs from various sectors in different regions, and outputs
mainly consist of intermediate outputs and final outputs. Based on the biophysical input-
output balance model developed in existing studies [49,50], for sector i in region r, the
energy use balance formula can be calculated as:

dr
i +

m

∑
s=1

n

∑
j=1

εs
jz

sr
ji = εr

i(
m

∑
s=1

n
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j=1

zrs
ij +

m

∑
s=1

f rs
i ) = εr

i x
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i (1)

where dr
i represents direct energy inputs (i.e., direct energy exploited from the environment)

of sector i in region r; εs
j represents the embodied energy intensity of sector j in region s,

that is, the amount of energy used to produce one unit of output in sector j in region s; zsr
ji

denotes the monetary value of commodities that are produced by sector j in region s but are
then used as intermediate products by sector i in region r; f rs

i represents goods or services

traded from sector i in region r to region s as final products; xr
i (=
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represents total outputs of sector i in region r.
Define D as direct energy input matrix, E as embodied energy intensity matrix, Z as

intermediate goods exchange matrix, and X as total outputs matrix. Formula (1) then can
be written as:

D + EZ = EX̂ (2)

where the capitalized characters represent diagonalization. Because D, Z and X can be
obtained through existing databases, the embodied energy intensity matrix E can be
achieved.

Notably, ε is defined as the total quantity of energy resources required per unit to
produce the corresponding sector’s output for either immediate or final use. As a result,
all goods and services in the economic system are considered with energy hidden or
embodied within them, regardless of whether they are for intermediate production or final
use purposes. For region r, energy embodied in its intermediate goods imports (EEIr

p) and
exports (EEXr

p), embodied energy flows in final goods imports (EEIr
f ) and exports (EEXr

f )
can therefore be calculated as:
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EEIr
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2.3. Complex Network Analysis

According to the complex network theory, the embodied energy trade network among
the BRI countries was constructed to analyze the embodied energy trade flows in this
region. This network is represented by a set N = (E, F), in which E = (e1, e2 · · · en) indicates
the regions investigated which are taken as nodes, F =

{
fij
}
=

{
wijaij

}
denotes the trade

flows between the regions which are depicted as edges, in which wij is the weight in terms

of embodied energy trade volume from regions i to j, and aij =

{
1 i f wij > 0
0 otherwise

.

The features and evolutions of the network are discussed based on the macro-, meso-,
and micro-level indexes, as listed in Table 1. Macro-level indexes are designed to evaluate
the general characteristics of the trade network of embodied energy in the BRI. Meso-level
indexes try to distinguish the community partitioning and regional characteristics of the
network. Micro-level indexes are utilized to measure the involvement of each country and
to identify key economies from different perspectives.

Table 1. Specifications and formulas of the indexes measuring the BRI’s embodied energy trade network features.

Indexes Formula Specifications

Macro-level indexes

Average degree K = 1
n

n
∑

i=1
ki =

1
n ∑

ij
aij

It indicates the average amount of trade relations
each country has. n is the number of countries in
the BRI trade network of embodied energy, ki is
the degree of country i, and aij is the number of
trade links between country i and j.

Average weighted
degree S = 1

n

n
∑

i=1
wi =

1
n ∑

ij
wij

It indicates the country’s average trade relations
by trade volume. wi is the weighted degree of
country i, and wij is the weight of edge between
country i and j, representing their trade relations
weighted by embodied energy trade volume.

Clustering coefficient C = 1
n

n
∑

i=1

2Ei
ki(ki−1)

It represents the average clustering coefficient of
the countries, denoting the probability that any
two neighbors of a country are also connected
with each other [51]. Ei is the actual number of
connections among the neighbors of country i.

Characteristic path
length L = 1

n(n−1) ∑
ij

dij

It describes the average topological distance for
any two
countries to trade with energy [52].
dij = min(air + · · ·+ arj), reflecting the
minimum number of edges in all paths from
country i to j.

Small-world quotient SWQ = C
L

Lrandom
Crandom

It measures the network’s small-world nature, in
which most countries have no direct trade
relationship with each other, but they can
establish trade links through a small number of
steps. A network presents a small-world nature
when its SWQ is greater than 1. Crandom = k/n
and Lrandom = ln(n)/ ln

(
k
)

are the clustering
coefficient and characteristic path length in
random network, respectively.

Meso-level indexes Newman’s modularity
Q = 1

∑
ij

wij
∑
ij
(wij −

n
∑

j=1
wji

n
∑

j=1
wij

∑
ij

wij
)δ(ci , cj)

It measures the quality of community partitions,
by comparing the density of trade links inside
communities with links between communities
[53]. ci is the community to which country i is

assigned, and δ(ci , cj) =

{
1 ci = cj
0 ci 6= cj

.
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Table 1. Cont.

Indexes Formula Specifications

Micro-level indexes

Degree
(In- and Out degree)

Kin
i =

n
∑

j=1
aji ;

Kout
i =

n
∑

j=1
aij

It is the number of direct linkages that country i
has with other countries. In a directed network,
node degree can be further divided into
in-degree and out-degree, which indicates the
number of countries that a country imports from
and exports to in this network.

Strength
(In- and Out-strength)

Sin
i =

n
∑

j=1
wji ;

Sout
i =

n
∑

j=1
wij

It is the weighted version of node degree. In a
directed network, in-strength and out-strength
represent the total volume of embodied energy a
country importing from and exporting to in the
energy trade network, respectively.

Betweenness centrality BCi =
2∑

jk
gjk(i)/gjk

n2−3n+2

It is the degree to which a country is located in
the “center” of other countries to reflect the
ability of one country to control embodied
energy trade relationships. The larger value
indicates country i leverages a greater impact on
the network. gjk is the number of shortcuts
between country j and k, and gjk(i) is the
number of shortest paths between country j and
country k through country i [54].

2.4. QAP Analysis

This study applied the QAP method to analyze the determinants of the energy trade
network for the BRI members. The embodied energy trade network is a set of relational
data, in which structural auto-correlation frequently appears either in rows or columns
of the matrix [55,56]. In addition, factors affecting this network are inevitably dependent
on each other. This may lead to biased standard deviations when conducting multiple
ordinary least squares (OLS) regression. To solve this problem, QAP analysis was adopted
here. QAP is a non-parametric test method based on random permutations to examine the
significance of the regression coefficient and goodness of fit. Because all rows and columns
of the matrix are identically permuted in the QAP method, the problem of auto-correlation
is addressed. QAP analysis consists of correlation analysis and regression analysis. The
former examines the extent to which each influencing factor is related to the BRI’s embodied
energy trade network, whereas the latter is used to inspect whether these factors have a
statistically significant influence on the embodied energy trade network, and the extent of
that influence.

The gravity model argues that trade among different countries depends on the charac-
teristics of these countries [57]. The existing empirical studies mainly analyze the factors
of trade relationships among countries from the following aspects. The first is the spatial
proximity and geographic location among countries. For example, geographic distance is
an important factor for the trade scale. The closer the distance between countries, the lower
the transportation cost of trade and the larger the possibility of trade [58,59]. The second
factor is culture and language. The study of Wang and Sheng (2010) shows that culture and
language play a crucial role in international trade [60]. The sharing of a similar cultural
background or a common language among countries reduces the information acquisition
costs and hence promotes international trade [40]. The difference in economic develop-
ment is another important factor. According to Chong et al. (2018), economic distance is
used to test the effects of different levels of economic development on trade relations [35].
Moreover, because we focused on energy trade, in this study, the difference in energy
intensity was also included, as suggested by Wu et al. (2021) [41]. Based on the existing
studies [41,42,61], industry structure and population may also be vital determinants of
the spatial correlation network structure of embodied energy transfer. We also included
these two factors into our research. The definitions and data sources of all the factors are
described in Table A3.
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Based on the above analysis, the model constructed in this study is as follow:

T = f
(

Di f f _distance, Binary_land, Binary_culture, Di f f _GDP,
Di f f _industry structure, Di f f _energy intensity, Di f f _population

)
(7)

where T is the dependent variable, representing the spatial correlation matrix of BRI’s em-
bodied energy trade. Diff_distance, Diff_GDP, Diff_industry, Diff_energy, and Diff_population
are absolute differences in the corresponding indexes between the countries, and are pre-
sented in the matrix form. The five variables introduced above are standardized by the
column of the matrix. Binary_land and Binary_culture are binary matrices. Binary_land takes
the value 1 if two countries are adjacent to land and 0 otherwise. Binary_culture is equal to
1 if two countries share the same language or culture.

3. Energy Embodied in Intermediate and Final Trade along the BRI

By combing direct and indirect energy trade, the embodied energy trade network re-
flects the trajectory of total energy use flows in the BRI regions. Generally, the intermediate
trade volume of embodied energy in the BRI area continued to grow during this period
(from 4.13 × 1019 J in 2000 to 7.89 × 1019 J in 2015), and the same trend can be found for
final trade, which increased from 4.94 × 1018 J to 1.27 × 1019 J. The BRI’s intermediate
trade of embodied energy was about 7.29-fold larger than final trade on average, which is
slightly higher than the ratio (5.67-fold) at the global scale [25].

In the intermediate energy trade (see Figure 1), Russia, Mainland China, and Central
and Eastern Europe (CEE) are the main trading centers in the BRI region, of which Mainland
China and CEE are the major embodied energy receivers, and Russia is the main embodied
energy supplier. Specifically, Mainland China’s imports of embodied energy in intermediate
trade were 1.33-fold larger than its exports in 2000, and this disparity increased to be 1.99-
fold in 2015, indicating China’s role as a net importer in the BRI energy trade. By contrast,
the export volume of embodied energy in Russia was 8.33-fold larger than its imports
during the period, accounting for about one-third of the BRI’s total exports. The CEE
countries, such as Turkey, Slovakia, Greece, and Czech Republic, are major receivers of
Russia’s energy. Endowed with abundant energy resources, Russia supplies considerable
energy resources to support the development of CEE countries, whose energy resources are
extremely scarce. This highlights the importance of resource endowment in determining
countries’ role in the embodied energy trade.

In terms of final trade (see Figure 2), completely different results can be seen. Main-
land China and Russia switched their roles. Mainland China serves as the largest net
exporter of embodied energy, whose export volume (3.46 × 1018 J) is far larger than its
imports (8.94 × 1017 J), accounting for about 30% of the BRI’s total exports. Russia is
the third-largest embodied energy receiver, and contributes to approximately 6% of the
BRI’s total imports. An inverse trading pattern can be observed between Russia and CEE,
indicating that Russia exports a large number of energy-intensive materials to CEE for local
intermediate production, but imports numerous products from CEE to satisfy domestic
final consumption. Furthermore, the opposite flow also exists between countries such as
Saudi Arabia and Mainland China. These differences between intermediate and final trade
demonstrate the country’s varied roles in the two trade types. Hence, separate accounting
for embodied energy in intermediate and final trade helps provide a wider understanding
of energy exchanges among the BRI countries.
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Figure 1. The evolution of energy flows embodied in the BRI’s intermediate trade from 2000 to 2015 (main BRI countries
with large embodied energy trade flows are noted in different colors).

Figure 2. The evolution of energy flows embodied in the BRI’s final trade from 2000 to 2015 (main BRI countries with large
embodied energy trade flows are noted in different colors).

Figures 3 and 4 show the evolution of the sectoral contributions to intermediate and
final embodied energy trade, respectively. The 26 sectors are aggregated for illustration
purposes, with more details shown in Table A2.
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Figure 3. The industrial import and export structure of energy embodied in the BRI intermedi-
ate trade.
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Figure 4. The industrial import and export structure of energy embodied in the BRI final trade.

For intermediate trade, the resource exploitation industry is the leading contributor
to embodied energy exports, followed by heavy industry. During the sample period, the



Sustainability 2021, 13, 10530 10 of 29

share of resource exploitation industry decreased slightly (from 68.98% in 2000 to 65.01% in
2015), whereas heavy industry showed an upward trend (from 23.65% in 2000 to 27.19% in
2015). Considering embodied energy imports, heavy industry is the leading contributor, ac-
counting for around 60% of total intermediate imports. Due to the unbalanced distribution
of energy reserves in the BRI region, primary resources are exported from energy-abundant
countries as intermediate inputs for further processing in the heavy industry of energy-
scarce countries. Although the construction sector accounts for a small proportion of
total intermediate embodied energy trade (at around 5%), its import volume increased by
109.94% during the study period. This is due to the fact that the economic development
and urbanization process promoted the expansion of the construction sector in many BRI
countries [15]; construction is mainly involved in the material-intensive production process,
leading to large amounts of energy being exported to this sector. This suggests the impor-
tant role of the BRI initiative in strengthening energy cooperation among countries, which
is crucial for resource-scarce countries to maintain long-term industrial development and
economic prosperity. In addition, only about 11% of energy is imported for intermediate
usage in the service industry, with the transportation sector being the leading contributor
(about 43%), which indicates that this sector can be further strengthened with more free
trade agreements among the BRI countries [62].

In final trade, heavy industry is the largest embodied energy exporter, accounting for
about 48% of the BRI’s total exports. This is mainly due to the fact that heavy industry
includes the sectors of electrical and machinery, metal products, processing, and manufac-
turing, which provide the basic materials for other sectors in the BRI countries. Compared
with intermediate exports, the proportion of final embodied energy exports from light in-
dustry is more pronounced (22.63% in 2015). For the service industry, its embodied energy
exports account for about 7% of total energy exports, with transportation being the largest
contributor (about 38%), followed by education, health, and other services (about 14%),
indicating these are highly interconnected industries in the BRI economies [25]. In terms of
embodied energy imports, six kinds of final use were considered. Among these, household
consumption is the largest final user, with a share of about 60% of total final use, implying
that the standard of living of local residents is improving [63]. Non-profit institutions
serving households account for the second largest share, but indicates a downward trend,
declining from 17.65% in 2000 to 14.85% in 2015. This may due to the fact that that many
BRI countries have reformed to reduce unnecessary administrative procedures, and these
sectors are now operated transparently and sustainably. It is noted that the proportion
of gross fixed capital formation in final use increased from 12.32% to 15.42% during the
period. These resources are accumulated and prepared for infrastructure construction and
future production, revealing that countries along the BRI have the potential to maintain
economic prosperity.

4. Intermediate and Final Energy Trade Networks along the BRI

Several complex network indexes were utilized to capture the spatial features and
evolutions of the BRI’s intermediate and final energy trade networks. These indexes can
be categorized into three levels, namely, the macro-level for describing general features of
networks, the meso-level for distinguishing community structure and regional characteris-
tics of networks, and the micro-level for identifying key countries of networks. The key
findings of each level are discussed below.

4.1. Macro-Level Analysis

The macro-level analysis identifies the general features of the embodied energy trade
network in the BRI area. The evolution of the major indexes for intermediate and final
trade are shown in Figure 5.
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Unit: 1017 J

Figure 5. Network characteristics of intermediate and final trade of the BRI in terms of (a) average degree; (b) average
weighted degree, and (c) small-world quotients. (Detailed data are provided in Table A4).

The breadth and depth of trading relationships in the BRI region are measured by the
average degree and average weighted degree, respectively, as shown in Figure 5a,b. The
average degree in the final trade network grew faster than that in the intermediate network.
It increased from 12.08 in 2000 to 15.44 in 2015, suggesting that about three new trading
partners are added to each country in final embodied energy trade on average. However,
the increase in the average weighted degree was more obvious in the intermediate trade
network than in the final trade network, rising from 6.29 × 1017 J in 2000 to 1.15 × 1018 J in
2015. The above trends indicate that countries trade more widely with each other in final
trade, while cooperating more deeply in intermediate trade. As a result of the reduction of
trade costs due to the BRI’s regional trade and transport facilitation, the region is integrated
into a larger market, in which more countries are willing to exchange final products
with different partners. In addition, the strengthened cooperation ties in intermediate
goods processing are mainly attributed to the deepening division of production and
tightening industrial linkages in the BRI area, which encourages more intensive trade in
intermediate products.

Results in Figure 5c show that the small-world quotient (SWQ) was estimated to
be greater than 2 for both networks, which is slightly lower than the SWQ in the global
embodied energy trade network (about 5.87) [12], confirming the small-world nature in
the BRI region. However, the quotient for final network reveals a downward tendency,
and the same phenomenon can be found in the intermediate network after 2010. This
implies a weakening small-world nature in this region, particularly after the proposal of
the BRI initiative. As a result of the regional division of production, the production chain
of embodied energy continues to elongate, providing opportunities for countries to trade
with more partners, even if they are not geographically adjacent. This is also in accordance
with one of the BRI’s aspirations to build a broader and mutually beneficial regional trade
market [64].
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4.2. Meso-Level Analysis

In this study, modularity optimization based heuristic method [65] was adopted to
identify the community structure of the embodied energy trade network in the BRI region.
The modularity (Q) was calculated to be greater than 0.3 in all networks, indicating the
good quality of the partitions. Generally, around 75% of trade flows are attributed to
intra-community exchanges, which highlights the regional integration. Countries adjacent
to each other are inclined to be incorporated into the same community in the intermediate
energy trade network, whereas the geographical distribution of countries in the same
community is more decentralized in final trade network. In addition, the dense spatial
connections also indicate that the depth and breadth of regional trade are improving.

Figure 6 shows the regional distribution in the community from 2000 to 2015 for the
final trade network, in which countries are assigned to three relatively stable communities,
namely, C1, C2, and C3. Dominated by Mainland China, C1 is consistently the largest
community in the BRI region, and generates 4.65 × 1018 J intra-embodied energy flows
in 2015, and contributes to about 37% of the total trade flows in the network. C2 is the
second largest community, which is relatively decentralized and led by Ukraine and Russia.
Although the total trade volume is small for each country in community C2, these countries
trade frequently with each other. Community C3 experiences minor changes in its leading
country. Hong Kong was the dominant region in community C3 in 2000 but, in 2005, it
broke away from this community and was placed in community C1; thus, India has been
the core country in community C3 since 2005.

Figure 6. The community structure of the BRI’s final energy trade network from 2000 to 2015
(countries colored in red, blue, and grey belong to communities C1, C2, and C3 respectively. The
width of each edge captures the value of trade flows between two trading countries and the node
size represents the total trade volume of each country. The number of nodes in 2000, 2005, 2010, and
2015 is 65, 66, 67, and 68, respectively. The number of edges in 2000, 2005, 2010, and 2015 is 785, 887,
985, and 1050, respectively).

Regarding intermediate trade, with the exception of the year 2000, three stable com-
munities were formed, as shown in Figure 7. Specifically, Community C1 is still led by



Sustainability 2021, 13, 10530 13 of 29

Mainland China, which is consistent with its position in the final trade network. This
implies that Mainland China, as the region’s important supplier and consumer, actively
engages in intra and inter-regional trade of both intermediate and final products. Com-
munity C2 is the largest group and is more centered around Russia, which accounts for
about 35% of total inter-regional trade flows, with Slovakia and Czech Republic being
the largest embodied energy receivers. The large trade volume in C2 not only implies a
close trade relationship, but also indicates that an energy crisis may be transmitted quickly
from one country to others in community C2, particularly for key countries. Community
C3 has the least intra-trade volume, and its leading countries, Turkey and Greece, have
not only established various trade ties with countries within this community, but also
received signficant amounts of embodied energy from Russia in community C2. In 2000,
community C4 consisted of a small number of regions such as Hong Kong, India, and
Taiwan. However, this community was largely disbanded in 2005, and most countries
were assigned to community C1, indicating that these countries trade more frequently with
other countries in C1.

Figure 7. The community structure of the BRI’s intermediate energy trade network from 2000 to 2015
(countries colored in red, blue, grey, and orange are assigned to communities C1, C2, C3, and C4,
respectively. The width of each edge captures the value of trade flows between two trading countries
and the node size represents the total trade volume of each country. The number of nodes in 2000,
2005, 2010, and 2015 is 65, 66, 69, and 68, respectively. The number of edges in 2000, 2005, 2010, and
2015 is 859, 919, 978 and 993, respectively).

4.3. Micro-Level Analysis

Micro-level indexes were utilized to measure the involvement of each country in
the BRI’s embodied energy trade network, which includes the degree, strength, and be-
tweenness centrality. The top five economies of the above indexes from 2000 to 2015 were
identified and are shown in Tables A5–A9. Although the countries’ ranking varies in
different measurements, some key economies, i.e., Mainland China, Russia, India, and
Turkey, consistently rank at the forefront, highlighting their remarkable contributions to
the BRI’s regional embodied energy trade.
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Regarding the node degree in intermediate trade, Mainland China and India rank
first and second in both in-degree and out-degree, which indicates that they are important
intermediate goods processors and suppliers in the BRI’s regional supply chain. In terms
of final trade, Mainland China retains its leading position with the highest in-degree and
out-degree. India’s out-degree rank surpasses its in-degree rank, and this phenomenon can
also be found in Turkey and Thailand, which is mainly attributed to their export-oriented
strategy in trade. Overall, most countries’ in-degree in intermediate trade is larger than
that in final trade, whereas an inverse trend is found regarding out-degree during the study
period, which implies an imbalanced embodied energy trade pattern. Most countries sell
energy embodied in final products to more distant countries in the BRI region in search
of broader consumption markets. Furthermore, they also tend to diversify their country
sources when importing intermediate energy products to avoid the risks associated with a
supply disturbance caused by energy wars or economic crises [66].

In addition to the node degree, the important role of a country in the BRI network
can also be captured through strength indexes, which describe the closeness of node re-
lationships. Generally, summing the intermediate and final trade volumes, the weighted
out-degree in Russia (about 2.48 × 1019 J) is much larger than in Mainland China (about
1.09 × 1019 J), whereas the opposite result is found in the global embodied energy trade
network, in which Mainland China is the world’s largest embodied energy exporter [12].
Specifically, from the rankings shown in Tables A7 and A8, Mainland China is consistently
ranked first in terms of weighted out-degree in final trade, and ranks first and second in
weighted in- and out-degree, respectively, in intermediate trade. This confirms its leading
role as “the world’s factory” in the BRI region, whose energy products are imported by
various BRI countries, and then manufactured and exported as semi-products for interme-
diate input in other countries, or as finished products to satisfy foreign final consumption
needs. Russia, whose export volume is far beyond other countries, ranks first in weighted
out-degree in intermediate trade during the period. This signifies the high interdependence
between Russia and its energy exporting partners, which may increase potential risks
for both sides. For countries that rely heavily on embodied energy imports from Russia,
they may lose energy resources if they have socio-economic conflicts with Russia, or an
energy crisis occurs in Russia. Conversely, Russia, whose income is heavily dependent
on energy exports, may suffer significant losses due to resource anti-control measures
imposed by importing countries via boycotting the use of energy from Russia [67]. These
risks emphasize the crucial role of the BRI strategy in establishing stable energy supply
and demand ties, which is a win-win solution for the countries involved. As the largest
embodied energy importer in final trade, Hong Kong consistently ranks first in weighted
in-degree. This is mainly because this region is focused on the service industry with little
manufacturing, and imports a large number of energy products from Mainland China and
other countries to support its operation of the tertiary industry and the daily consumption
of local residents [68]. Moreover, in final trade, the export volumes of embodied energy in
Singapore, Turkmenistan, Thailand, and India significantly increased during the period.

The betweenness centrality is used to identify the trade mediators in the BRI region.
Mainland China and Russia play a major role as a “bridge” in both intermediate and
final embodied energy trade networks. If this role is disrupted, the regional supply
chains among the corresponding countries become disconnected. However, in the global
embodied energy network inspected by Chen et al. (2018), the mediate position of Russia
is significantly weakened and, in contrast to the current study, the network is mostly
controlled by the United States, China, and Germany [12]. In addition, in intermediate
trade, the mediate position of Turkey and Greece dropped sharply from 2005 to 2010, which
was probably due to the global financial crisis in 2008. In final trade, the mediate position
of most countries revealed a downward trend, implying a more decentralized feature in
the BRI’s embodied energy trade.
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5. Influencing Factors on Energy Trade Network of the BRI
5.1. QAP Correlation Analysis

In this paper, 5000 random permutations were selected to undertake a correlation
analysis between the spatial correlation matrix of the BRI’s embodied energy trade and the
impact factors, as shown in Tables 2 and 3. We found the following results.

Table 2. Results of QAP correlation analysis of the matrix T and the impact factors for intermediate trade.

Year 2000 2005 2010 2015

Diff_distance −0.203 *** −0.190 *** −0.180 *** −0.178 ***
Binary_land 0.336 *** 0.333 *** 0.338 *** 0.335 ***

Binary_culture 0.132 *** 0.122 *** 0.120 *** 0.115 ***
Diff_GDP 0.195 *** 0.293 *** 0.324 *** 0.314 ***

Diff_industry
structure −0.009 0.024 0.032 −0.001

Diff_energy intensity 0.077 * 0.087 * 0.004 −0.001
Diff_population 0.207 *** 0.257 *** 0.280 *** 0.296 ***

Notes: * Significance at 10% level. ** Significance at 5% level; *** Significance at 1% level.

Table 3. Results of QAP correlation analysis of the matrix T and the impact factors for final trade.

Year 2000 2005 2010 2015

Diff_distance −0.190 *** −0.173 *** −0.161 *** −0.170 ***
Binary_land 0.353 *** 0.340 *** 0.334 *** 0.339 ***

Binary_culture 0.107 *** 0.101 *** 0.097 *** 0.097 ***
Diff_GDP 0.352 *** 0.422 *** 0.442 *** 0.444 ***

Diff_industry
structure 0.044 0.071 * 0.091 * 0.030

Diff_energy intensity 0.024 0.045 −0.035 −0.033
Diff_population 0.348 *** 0.390 *** 0.404 *** 0.407 ***

Notes: * Significance at 10% level. ** Significance at 5% level; *** Significance at 1% level.

First, in terms of the intermediate trade network, Geographic distance, Land adjacency,
Culture and language, Level of economic development, and Population were strongly
correlated with the network from 2000 to 2015 at the 1% significance level. In particu-
lar, Geographic distance was the only influencing factor that was negatively correlated
with the network, which implies that the greater the geographic distance among differ-
ent countries, the lower the regional trade volume. In addition, Energy intensity was
marginally significantly correlated with the intermediate trade network only in 2000 and
2005. Considering the magnitudes of the correlation coefficients, Land adjacency and Level
of economic development were the largest, suggesting that these two factors have the
closest relationships with embodied energy trade, and that their influence increases as the
coefficients increase. However, Industrial structure was not statistically correlated with
intermediate trade network.

Second, from the perspective of the final trade network, Geographic distance, Land
adjacency, Culture and language, Level of economic development, and Population were
found to be statistically significant. In contrast to intermediate trade, Energy intensity
was not statistically correlated with the final trade network. However, it is noteworthy
that Industrial structure was found to be statistically significant in the final trade network,
compared to the intermediate network. This indicates that the proportional disparity of the
secondary industry in GDP between two countries has no relation to intermediate energy
trade network, but is positively correlated with final network to some extent.
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5.2. QAP Regression Analysis

Because correlation analysis only provided preliminary results, QAP regression anal-
ysis was then applied to further investigate the statistical significance of the impact of
different factors on the energy trade network for the BRI countries. QAP regression analysis
was derived from the selection of 5000 random permutations. The regression results of the
influencing factors on the BRI embodied energy flows in intermediate and final trade are
shown in Tables 4 and 5, respectively.

Table 4. Results of QAP regression analysis of the matrix T and the impact factors for intermediate trade.

Year 2000 2005 2010 2015

Diff_distance −0.112 *** −0.106 *** −0.108 *** −0.105 ***
Binary_land 0.277 *** 0.264 *** 0.265 *** 0.267 ***

Binary_culture 0.056 *** 0.049 *** 0.044 *** 0.038 **
Diff_GDP 0.048 0.212 *** 0.257 *** 0.189 **

Diff_industry
structure −0.021 −0.010 −0.018 −0.029

Diff_energy intensity 0.082 ** 0.094 ** 0.017 0.013
Diff_population 0.157 ** 0.074 * 0.059 0.137 **

Adj-R2 0.170 0.202 0.213 0.212
Notes: * Significance at 10% level. ** Significance at 5% level; *** Significance at 1% level.

Table 5. Results of QAP regression analysis of the matrix T and the impact factors for final trade.

Year 2000 2005 2010 2015

Diff_distance −0.121 *** −0.110 *** −0.113 *** −0.117 ***
Binary_land 0.281 *** 0.262 *** 0.254 *** 0.256 ***

Binary_culture 0.026 * 0.025 * 0.020 0.016
Diff_GDP 0.168 *** 0.264 *** 0.296 *** 0.305 ***

Diff_industry
structure 0.005 0.016 0.012 −0.025

Diff_energy intensity 0.034 0.056 * −0.013 −0.014
Diff_population 0.192 *** 0.159 ** 0.145 ** 0.156 **

Adj-R2 0.251 0.287 0.295 0.306
Notes: * Significance at 10% level. ** Significance at 5% level; *** Significance at 1% level.

First, in terms of intermediate trade, Geographic distance, Land adjacency, and Culture
and language are long-term significant factors, and have the greatest impact on embodied
energy trade. Specifically, the coefficient of Geographic distance is statistically negative
at the 1% critical level, suggesting that a shorter geographic distance between countries
leads to a higher level of trading volumes. This finding is consistent with the previous
literature [35] and the arguments of the gravity model [57]. High transportation costs of
energy and energy products (mostly from the heavy industry sector) induce countries to
trade with partners with short geographic distance. Land adjacency plays a crucial role in
the intermediate trade network, in which countries who are adjacent to land tend to trade
more energy with each other. This is mainly due to the fact that oil and natural gas are
frequently traded in the BRI regions, but they are mainly transported through pipelines,
thus leading to high construction and management costs if countries are not adjacent to
each other. However, when considering the dynamic features, the influence of this factor
weakens from 2000 to 2015, indicating that, with the diversified modes of energy trade,
adjacency to land tends to be less important in embodied energy trade. The regression
coefficients of Culture and language are significantly positive but with a diminishing
trend. This implies that countries benefit from a common language and a similar cultural
background. It also suggests that cultural and language barriers still exist among the BRI
countries due to information asymmetry and cultural shock. However, as a result of the
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advancement of the BRI strategy, which has promoted more frequent trade cooperation
among BRI countries, cultural barriers are decreasing over time [69]. According to the
results of Level of economic development, its positive impact increased before 2010 and
then decreased after the proposal of the BRI strategy, suggesting a decreasing influence
on the BRI energy trade network. Results also show that countries with a high economic
development disparity tend to trade more with each other. One possible reason is that
some economically advanced countries with abundant energy resources tend to have
higher labor and pollution costs associated with the development of energy-intensive
industries. These industries are thus transferred to less-developed countries to reduce
costs, which facilitates trade among countries. Furthermore, results were found to be
significant for Energy intensity only in 2000 and 2005. The positive value indicates that
countries with a larger energy intensity disparity tend to have greater trade in embodied
energy. Some BRI countries at that time were in the initial stage of development, and their
economies relied heavily on energy and had a relatively high level of energy intensity,
whereas some energy abundant countries had a low level of energy intensity due to
their strict environmental regulations and clean production technology. The difference in
energy intensity between these countries induces the frequent transfer of energy among
the BRI regions [70]. Nevertheless, Population significantly affected trade in certain years
but showed no clear pattern, and Industry structure had no significant effect on the
network. Therefore, the reduction in the cost of transportation via technology to mitigate
the limitation of geographic distance, adjacency to land, and narrowing of the language
and cultural gap between BRI countries can promote intermediate embodied energy trade.

Second, from the perspective of final trade, Geographic distance, Land adjacency,
Level of economic development, and Population have a significant influence on the final
network during the sample period. The trends of Geographic distance and Land adjacency
in final trade are similar to those of intermediate trade. Compared with the intermediate
trade network, the coefficients of Level of economic development showed an opposite
trend, in which the influence increased from 2000 to 2015. This suggests that the disparity
in the countries’ economic scales has a significant positive effect on the BRI embodied
energy trade, and that its influence is growing. The impact of Culture and language on final
trade was marginally significant in 2000 and 2005, but subsequently became insignificant.
Industrial structure was found to be statistically insignificant, as in the intermediate trade
network. To conclude, we find that a closer geographic distance, adjacency to land, a higher
level of economic development, and a larger size of population can promote final trade for
the BRI countries.

6. Conclusions and Implications

This study applied MRIO analysis to model the energy use embodied in both inter-
mediate and final trade networks of the BRI region. In this paper, the spatiotemporal
evolution of the trade networks and its influencing factors from 2000 to 2015 are discussed
via complex network analysis and the QAP approach. Several meaningful conclusions and
potential suggestions can be drawn from this paper.

First, the total volume of intermediate trade in the BRI area is about 7.29-fold larger
than that of final trade on average. Large embodied energy flows in both intermediate
and final trade indicate that BRI countries trade more frequently with each other as a
result of their economic and industrial development. In addition, this also implies that
this region has the potential for maintaining clean energy development and a sustainable
production–consumption pattern, because energy use is closely related to environmental
pollution. In the intermediate energy trade, Mainland China and CEE are major embodied
energy receivers, whereas Russia is the main supplier of embodied energy. Nevertheless,
Mainland China and Russia switched their role in final trade, suggesting the importance of
resource endowment in determining countries’ role in the embodied energy trade. From
the industrial perspective, in intermediate trade, resource exploitation and heavy industry
are the leading embodied energy exporting sectors, whereas heavy industry and the service
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sector are key importers. In final trade, heavy and light industries are the main exporting
sectors, whereas household final consumption accounts for the greatest share of embodied
energy imports.

Second, at the macro-level, countries in the BRI area trade more widely with each
other in final trade, whereas their cooperation is deeper in intermediate trade. In both
intermediate and final trade networks, a small-world nature is manifested. At the meso-
level, about 75% of total trade flows are attributed to intra-community exchanges, which
highlights the importance of regional integration. The final trade network forms three
stable communities from 2000 to 2015, dominated by Mainland China, India, and Russia,
respectively. Three stable communities and one unstable community were witnessed
in intermediate trade, which are centered around Russia, Mainland China, Turkey, and
Hong Kong, respectively. At the micro-level, the node degree, weighted degree, and
betweenness centrality were used to identify key economies in the network. Mainland
China ranked first in both in-degree and out-degree. For weighted in-degree, Mainland
China ranked first in intermediate trade, whereas Hong Kong ranked first in final trade.
For weighted out-degree, Russia and Mainland China were the leading embodied energy
exporter in intermediate and final trade, respectively. In addition, Mainland China and
Russia act as a “bridge” in each type of network. These diversified trade patterns have
several implications for different entities. For most embodied energy importing countries,
it is necessary to expand their trade partners to reduce their dependence on major energy
countries such as Russia and Mainland China, which can mitigate the negative impact on
them of energy crises in major countries. For the main embodied energy exporters, it is
also of significant importance for them to manage their energy trade relationships with
countries in the same community, and diversify their exporting structure to reduce their
high reliance on energy exports. In addition, although the BRI strategy has resulted in
significant progress in strengthening energy cooperation ties among member countries, the
energy trade status of key countries may not only influence BRI’s direct energy supply, but
also have a significant impact on regional industrial supply chains by influencing indirect
energy trade. Accordingly, the future steps of the BRI strategy must focus on coordinating
energy relations among these core countries to stabilize regional energy security.

Third, geographic distance between countries, and the adjacency of pairs of countries
to land, have significant effects both on intermediate and final energy trade networks.
The extent of cultural similarities has a consistently significant effect only on intermediate
trade, whereas GDP disparities and population differences between countries significantly
affect final trade. Energy intensity plays a weaker role in both trade networks and industry
structure has no significant impact. The QAP regression results indicate that there are
still opportunities available to promote BRI’s embodied energy trade. Developing new
technologies to reduce the transportation costs of energy transfer, or encouraging developed
countries to help build energy-related infrastructure in impoverished countries, will enable
more distant countries to establish a tighter embodied energy trade link. In addition, the
BRI strategy must also play a role in fostering cultural and economic communication and
establishing a transparent regional energy trade platform to reduce transaction costs due
to cultural and language barriers.

Because large energy and non-energy products are transferred more frequently in the
BRI region, the issue of carbon emissions caused by cross-border trade has also attracted
broader concerns. To address this problem and maintain progress toward the United
Nation’s 2030 Sustainable Development Goals, it is important to reduce embodied energy
use and define the global carbon emission responsibilities of the BRI countries. The
results in our study present detailed information about the embodied energy transfer
of each BRI country, thus providing an understanding of the quantity of energy each
country has provided or received in regional trade. As a result, authorities are able to
implement consumption- or production-oriented policies to control local carbon emissions.
In terms of allocating responsibilities for carbon reduction, this study also provides a
holistic perspective of total energy use in the BRI region, which can be used to identify
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emission responsibilities associated with intermediate and final trade. This can supplement
the existing studies that focus merely on responsibilities in final trade, and help formulate
a fair proposal for allocating emission reduction responsibilities.

The combination of these policies and the previous trade models can raise countries’
awareness of their current status in the embodied energy trade network, and thus allow
a more active involvement in the BRI region. However, this research only presents a pre-
liminary overview of the energy network embodied in the trade among the BRI countries,
and a number of limitations can be addressed in future research. First, the global MRIO
table adopted in this study only incorporates countries at the national or regional level,
and neglects the provincial heterogeneity within a country. For instance, although the
manufacturing capacity and import–export volumes vary significantly among provinces in
China, these disparities are integrated into Mainland China in the global MRIO table. This
may cause some deviations and more detailed implications cannot be derived. Second, in
this study, we calculated and analyzed the energy embodied in the BRI’s intermediate and
final trade. This may involve the double-counting of terms due to the frequent cross-border
trade of intermediate goods, meaning it is not possible to estimate the added value of
embodied energy produced by each country in the regional division of production. Thus,
one of our future research directions may be to resolve the issue of double-counting in
terms of energy trade in order to more precisely identify the contribution of each country in
the energy supply chain. Third, although the Eora database used in this paper is the most
suitable database to the best of our knowledge, its robustness and reliability for making
targeted policies remain to be validated [71]. In addition, the update of this database is
relatively slow, so we cannot track BRI’s energy flow during the past five years. Finally,
energy flows within the BRI member countries were classified in this study. However,
these countries also have close energy interactions with countries outside the BRI region,
which also deserve special attention. Thus, future work may also compare energy flows
both inside and outside the BRI region.

To conclude, as a result of the prosperity resulting from socio-economic development
among the BRI countries, energy trade will become increasingly important in the future.
This study undertook a comprehensive analysis of the spatiotemporal evolution and
influencing forces of the BRI intermediate and final energy trade networks. It is expected
that its results will supplement the direct energy trade theory and contribute to recent
efforts to better understand the roles and responsibilities of the BRI countries in the context
of energy conservation and carbon reduction, and to provide insight for the implementation
of targeted energy trade policies to establish stable energy trade relations in the BRI region.
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Appendix A. Information on the Method

In conventional international trade accounting, a country’s gross trade contains both
intermediate and final trade, which leads to a double-counting problem. In order to
tackle the problem, the value-added accounting method has been widely applied in the
literature. For instance, Li et al. (2021a) calculated trade in value-added of Outward
Foreign Direct Investment (OFDI) using the Trade in Value added (TiVA) database initiated
by the WTO and OECD [72]. Grodzicki (2020) applied vertically-integrated analysis
to capture the combined contributions of all industries supplying their inputs to the
automotive final production within a value chain [73]. Koopman et al. (2014) decomposed
the country’s gross exports into sixteen value-added components based on the input-output
table, and identified four double-counting terms [74]. Other examples using a similar
decomposition method for excluding double-counting terms can be found in Johnson and
Noguera (2012) [29] and Zhao et al. (2018) [30].

However, in terms of natural resources (e.g., energy, land, and water) or pollution
emissions (e.g., carbon and mercury) embodied in trade, research on the double-counting
problem remains insufficient. Usubiaga-Liaño (2021) identified the double-counting portion
in the energy footprint due to the use of both primary and secondary energy sources [75].
Dai et al. (2021) applied the Hypothetical Extraction Method (HEM) to decompose value-
added trade and estimated the CO2 emissions induced by China–US trade [31]. Recent
embodied carbon research mentioned the value-added method [32,76], in which CO2
emission intensities and value-added coefficients are adopted to separate the original
input-output table into embodied carbon flows (in physical units) and value-added flows
(in dollar units) in trade, and performed a comparison. However, they only solved the
double-counting problem in trade flows, and not in carbon flows. Hence, to date, there
is no consensus on the method used to tackle the double-counting problem in embodi-
ment accounting. As in the case of studies of international trade, which evolved from
the gross trade accounting method to value-added trade accounting, introducing added
value into embodied energy to address the double-counting problem requires time and
further validation.

As a result of the deepening international division of production, natural resources,
and pollution emissions are transferred more frequently in intermediaries. Research
regarding embodied accounting has thus received significant attention [26,77]. Generally,
there are two types of double counting in embodied energy research. The first category
concerns the process from intermediate production in one county to final consumption in
another. When a commodity is first traded for intermediate production and then traded for
final use, it is recorded twice in gross trade accounting. Accordingly, the double-counting
issue occurs if embodied energy in intermediate trade and final trade are summed. Because
our study was designed to compare intermediate and final trade to explore regional trade
patterns in energy supply chains, the discussions on gross trade (or total trade) were
excluded to avoid ambiguity. In the revised manuscript, we calculated and discussed
intermediate and final imports and exports, respectively, without adding them together, in
order to provide an overview of energy use in intermediate and final trade of region r, which
is a prerequisite for understanding the role of region r in the BRI’s energy supply chains.

The second category of double-counting occurs within intermediate trade, in which
energy use in intermediate goods and services of one country may be traded for production
of other intermediate goods and services in foreign countries, and is therefore recorded
twice. However, we should note that the issue of double-counting is common to all net-
works, and not all double-counting results are meaningless. For example, in conventional
international trade, many national or regional-level statistics are still based on gross trade
accounting. The double-counting terms in gross trade are used to gauge the depth of a coun-
try’s participation in the global production chain, and important messages may be missed
if no account is taken of the double-counted terms [74]. Similarly, the double-counted
terms in embodied energy accounting induced by exchanges of intermediate goods and
services reflect the interconnection of energy flows in the intermediate trade network, and
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can provide statistical support for understanding sectoral or national inter-dependence in
energy trade. In this regard, the portion related to this category of double-counting was
retained in this study.

In our study, we referred to Wu and Chen (2019)’s work to calculate the embodied en-
ergy in intermediate trade based on gross trade accounting [7]. As indicated in Equation (1)

in the main text, dr
i +

m
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n
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j=1
εs

jz
sr
ji = εr

i(
m
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s=1

n
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j=1
zrs

ij +
m
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s=1
f rs
i ) = εr

i x
r
i , which implies that Sec-

tor i in Region r receives direct energy inputs (dr
i ) and indirect energy use (

m
∑

s=1

n
∑

j=1
εs

jz
sr
ji )

in terms of embodied energy of intermediate inputs, to produce outputs containing total
energy use (εr

i x
r
i ). This equation is actually an expression of the energy conservation law

in the biophysical input-output balance model [7] (see Figure A1 below). In the model of
Figure A1a, we can see that all goods and services in the economic system are expressed
in energy units, i.e., joules, to estimate the energy use related to the goods and services,
which is analogous to monetary units that are adopted in economic analyses to evaluate
the economic value of the goods and services. Parallel to the unit price defined in economic
analyses, embodied energy intensity ε is defined as the total amount of energy resources
required per unit to produce the corresponding sector’s output for either immediate or
final use. As a result, all outputs have a price and contain energy use, regardless of whether
they are for intermediate production or final use purposes.

When all sectors in region r are considered, we can obtain Figure A1b. For region r, it

imports intermediate goods and services (
m
∑

s=1(s 6=r)
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ji ) for industrial production, and

imports goods and services for final use (
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n
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j ), from foreign regions. These imports

can be multiplied by the unit price of the corresponding sector to obtain the economic value
of intermediate and final imports of region r. In this study, we adopted ε to convert the trade
data to joules to address the energy issue. Intermediate and final imports were multiplied
by ε of the corresponding sector to obtain the energy use embodied in intermediate imports
(i.e., the energy use for the production of these intermediate imports) and final imports (i.e.,
the energy use for the production of these final imports), which can be illustrated as EEIr

p =
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j ), respectively. EEIr
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support given by foreign regions to intermediate production in region r, and EEIr
f indicates

the energy use in foreign areas to meet the final demand in region r. Similarly, the exports of

region r are imported by foreign regions for either intermediate production (
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∑
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or final use (
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i ). The energy use related to these intermediate exports (EEXr

p =

n
∑

i=1

m
∑

s=1(s 6=r)

n
∑

j=1
(εr

i z
rs
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i )) measures the energy use

in region r to support the intermediate production and final use in foreign areas, respectively.

Figure A1. Cont.
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Figure A1. Energy use flows for a typical (a) sector and (b) region.

Appendix B. Data Description and Data Source

Table A1. The 69 countries and their abbreviations in the BRI region.

Country Abbreviation Country Abbreviation Country Abbreviation

1 Afghanistan AFG 24 Indonesia IDN 47 Poland POL
2 Albania ALB 25 Iran IRN 48 Qatar QAT
3 Armenia ARM 26 Iraq IRQ 49 Moldova MDA
4 Azerbaijan AZE 27 Israel ISR 50 Romania ROU
5 Bahrain BHR 28 Jordan JOR 51 Russia RUS

6 Bangladesh BGD 29 Kazakhstan KAZ 52 Saudi
Arabia SAU

7 Belarus BLR 30 Kuwait KWT 53 Serbia SRB
8 Bhutan BTN 31 Kyrgyzstan KGZ 54 Singapore SGP

9

Bosnia
and

Herzegov-
ina

BIH 32 Laos LAO 55 Slovakia SVK

10 Brunei BRN 33 Latvia LVA 56 Slovenia SVN
11 Bulgaria BGR 34 Lebanon LBN 57 Sri Lanka LKA
12 Cambodia KHM 35 Lithuania LTU 58 Syria SYR

13 Mainland
China CHN 36 Macao

SAR MAC 59 Taiwan TWN

14 Croatia HRV 37 Malaysia MYS 60 Tajikistan TJK
15 Cyprus CYP 38 Maldives MDV 61 Thailand THA

16 Czech
Republic CZE 39 Mongolia MNG 62 Macedonia MKD

17 Egypt EGY 40 Montenegro MNE 63 Turkey TUR
18 Estonia EST 41 Myanmar MMR 64 Turkmenistan TKM
19 Georgia GEO 42 Nepal NPL 65 Ukraine UKR
20 Greece GRC 43 Gaza Strip PSE 66 UAE ARE

21 Hong
Kong HKG 44 Oman OMN 67 Uzbekistan UZB

22 Hungary HUN 45 Pakistan PAK 68 Viet Nam VNM
23 India IND 46 Philippines PHL 69 Yemen YEM
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Table A2. Industry categorization for direct energy inputs.

Sector Content Sector Grouping

1 Agriculture Agriculture
2 Fishing Agriculture
3 Mining and quarrying Resource exploitation
4 Food and beverages Light industry
5 Textiles and wearing apparel Light industry
6 Wood and paper Light industry
7 Petroleum, chemical and non-metallic mineral products Heavy industry
8 Metal products Heavy industry
9 Electrical and machinery Heavy industry

10 Transport equipment Heavy industry
11 Other manufacturing Light industry
12 Recycling Light industry
13 Electricity, gas and water Heavy industry
14 Construction Construction
15 Maintenance and repair Service
16 Wholesale trade Service
17 Retail trade Service
18 Hotels and restaurants Service
19 Transport Service
20 Post and telecommunications Service
21 Financial intermediation and business activities Service
22 Public administration Service
23 Education, health and other services Service
24 Private households Service
25 Others Other industries
26 Re-export and re-import Other industries

Table A3. Explanation, variables, and data sources of influential factors.

Influencing Factor Explanation Variables Data Sources

Geographic distance
The geographic distance

between the capitals of two
countries

Diff_distance
(Geographic distance

difference matrix)

CEPII database
http://www.cepii.fr/

CEPII/en/bdd_modele/
presentation.asp?id=6

(accessed on 8 June 2021)

Land adjacency
Whether two countries are
adjacent to each other by

land

Binary_land
(Land adjacency binary

matrix)

CEPII database
http://www.cepii.fr/

CEPII/en/bdd_modele/
presentation.asp?id=6

(accessed on 8 June 2021)

Culture and language
Whether countries share

the same language or
culture

Binary_culture
(Culture and language

binary matrix)

CEPII database
http://www.cepii.fr/

CEPII/en/bdd_modele/
presentation.asp?id=19

(accessed on 8 June 2021)

Level of economic
development

The GDP disparity
between countries

Diff_GDP
(Economic scale difference

matrix)

World Bank database
https://data.worldbank.
org/indicator/NY.GDP.

MKTP.CD
(accessed on 8 June 2021)

http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=6
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=19
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=19
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=19
https://data.worldbank.org/indicator/NY.GDP.MKTP.CD
https://data.worldbank.org/indicator/NY.GDP.MKTP.CD
https://data.worldbank.org/indicator/NY.GDP.MKTP.CD
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Table A3. Cont.

Influencing Factor Explanation Variables Data Sources

Industrial structure

The difference of the
proportion of the secondary

industry in GDP between two
countries

Diff_industry
(Industrial structure difference

matrix)

World Bank database
https://data.worldbank.org/
indicator/NV.IND.TOTL.ZS?

view=chart (accessed on 8
June 2021)

Energy intensity

The disparity of the
proportion of energy

consumption to output
between two countries

Diff_energy
(Energy intensity difference

matrix)
This study

Population The population difference
between two countries

Diff_population
(Population difference matrix)

World Bank database
https://data.worldbank.org/

indicator/SP.POP.TOTL
(accessed on 8 June 2021)

Appendix C. Data for Network Indexes

Table A4. Macro-level network indexes of intermediate and final energy trade network from 2000 to 2015.

Network Category Year Average Degree Average Weighted
Degree

Small-World
Quotients

Intermediate trade
network

2000 13.22 6.29 × 1017 J 3.71
2005 13.92 8.80 × 1017 J 3.38
2010 14.17 1.04 × 1018 J 3.11
2015 14.60 1.15 × 1018 J 2.99

Final trade network

2000 12.08 7.36 × 1016 J 3.29
2005 13.44 1.17 × 1017 J 3.24
2010 14.70 1.61 × 1017 J 3.30
2015 15.44 1.85 × 1017 J 3.13

Table A5. In-degree indexes of top 5 BRI countries from 2000 to 2015.

Ranking 1 2 3 4 5

Intermediate

2000
Mainland China Russia Turkey Thailand India

43 35 35 34 33

2005
Mainland China India Thailand Russia Turkey

45 38 36 34 34

2010
Mainland China India Russia Saudi Arabia Thailand

48 39 37 35 35

2015
Mainland China India Russia Saudi Arabia Turkey

49 39 37 35 35

Final

2000
Russia Mainland China Turkey Saudi Arabia Greece

37 33 32 27 27

2005
Russia Mainland China India Turkey Saudi Arabia

39 38 32 31 30

2010
Mainland China Russia India Saudi Arabia Turkey

43 39 35 35 32

2015
Mainland China Russia Turkey Saudi Arabia India

43 39 36 36 35

https://data.worldbank.org/indicator/NV.IND.TOTL.ZS?view=chart
https://data.worldbank.org/indicator/NV.IND.TOTL.ZS?view=chart
https://data.worldbank.org/indicator/NV.IND.TOTL.ZS?view=chart
https://data.worldbank.org/indicator/SP.POP.TOTL
https://data.worldbank.org/indicator/SP.POP.TOTL
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Table A6. Out-degree indexes of top 5 BRI countries from 2000 to 2015.

Ranking 1 2 3 4 5

Intermediate

2000
Mainland China India Russia Turkey Ukraine

46 42 41 37 36

2005
Mainland China India Russia Turkey Ukraine

51 44 42 38 37

2010
Mainland China India Russia Turkey Ukraine

56 47 45 41 37

2015
Mainland China India Russia Turkey Greece

58 47 45 41 36

Final

2000
Mainland China India Turkey Thailand Taiwan

51 42 40 35 32

2005
Mainland China India Thailand Turkey Greece

55 45 43 40 32

2010
Mainland China India Turkey Thailand Indonesia

59 48 47 45 37

2015
Mainland China India Turkey Thailand Czech

Republic
59 49 49 47 39

Table A7. Weighted in-degree of top 5 BRI countries from 2000 to 2015 (unit: 1017 J).

Ranking 1 2 3 4 5

Intermediate

2000
Mainland China Turkey Greece Slovakia Czech Republic

38.38 37.61 32.91 28.62 24.82

2005
Mainland China Turkey Slovakia Greece Czech Republic

70.44 49.45 47.65 40.13 38.51

2010
Mainland China Turkey Slovakia Czech Republic Greece

130.50 60.31 58.06 46.40 36.92

2015
Mainland China Turkey Slovakia Czech Republic Thailand

147.75 67.85 60.51 48.90 41.70

Final

2000
Hong Kong Russia India Singapore Malaysia

10.11 2.90 2.82 2.54 2.09

2005
Hong Kong Russia India Ukraine Singapore

15.45 4.90 4.74 4.36 3.60

2010
Hong Kong Mainland China India Russia Ukraine

20.04 6.83 6.72 6.54 5.93

2015
Hong Kong Ukraine Mainland

China Russia India

20.19 10.92 8.94 7.60 7.24



Sustainability 2021, 13, 10530 26 of 29

Table A8. Weighted out-degree of top 5 BRI countries from 2000 to 2015 (unit: 1017 J).

Ranking 1 2 3 4 5

Intermediate

2000
Russia Mainland China Iran Saudi Arabia Ukraine
123.68 28.77 24.07 22.27 18.63

2005
Russia Mainland China Iran Saudi Arabia India
192.55 51.48 29.79 28.6 20.86

2010
Russia Mainland China Iran Saudi Arabia India
227.50 71.92 37.74 34.00 30.06

2015
Russia Mainland China Saudi Arabia Iran India
244.75 74.19 41.75 39.23 36.29

Final

2000
Mainland China Singapore Taiwan India Thailand

11.75 3.29 2.96 2.79 2.31

2005
Mainland China India Singapore Turkmenistan Thailand

22.50 4.44 4.36 3.99 3.50

2010
Mainland China India Singapore Thailand Turkmenistan

34.02 6.84 6.76 4.64 4.30

2015
Mainland China Turkmenistan India Singapore Thailand

34.60 8.83 8.83 7.80 5.60

Table A9. Betweenness index of top 5 BRI countries from 2000 to 2015.

Ranking 1 2 3 4 5

Intermediate

2000
Mainland China Russia Turkey India Greece

0.15 0.14 0.08 0.074 0.052

2005
Mainland China Russia India Turkey Greece

0.16 0.11 0.09 0.08 0.061

2010
Mainland China Russia India Turkey Greece

0.17 0.10 0.09 0.05 0.048

2015
Mainland China Russia India Thailand Turkey

0.19 0.09 0.08 0.06 0.056

Final

2000
Mainland China Russia Turkey India Greece

0.15 0.13 0.10 0.06 0.05

2005
Mainland China Russia India Turkey Greece

0.17 0.11 0.07 0.06 0.06

2010
Mainland China Russia India Turkey Greece

0.18 0.09 0.07 0.06 0.05

2015
Mainland China Russia Turkey India Thailand

0.16 0.08 0.07 0.06 0.04
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