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Abstract: China’s Belt and Road Initiative (BRI) will inevitably affect global energy cooperation.
Along the Belt and Road, there are many developing countries. To understand the energy cooperation
and development of these countries comprehensively is of great significance to guide their devel-
opment and evaluate the impact of the BRI on the world energy and economic pattern. However,
there is insufficient attention on those countries. Based on embodied energy analysis, a method
which can track direct and indirect energy consumption in the economic system, effectively linking
energy with the economy and environment, this paper proposes an evolution model of the embodied
energy flow of the countries. Then, it simulates the evolution of the embodied energy flow under
different cooperation strategies. The results show that if cooperation between countries positively
affects their cooperation with other countries, adopting a mixed strategy is an advisable choice. On
the contrary, cooperation with “powerful” countries in the network will be more conducive to the
embodied energy flow. This article provides a new perspective and foundation for further discussion
on the economy, trade, and energy cooperation along the Belt and Road.

Keywords: embodied energy; embodied energy flow network; energy policy; energy cooperation;
evolution simulation and modeling; the “Belt and Road Initiative”

1. Introduction

Energy is essential for economic and social development and improved quality of
life in all countries [1]. For most countries globally, energy security is one of the most
important focuses of their national strategy. Due to the uncertainty and instability in the
energy supply chain, such as the fragile and aging infrastructure, national energy secu-
rity is increasingly threatened [2], especially for enormous energy-consuming countries
like China. Therefore, it proposed the One Belt One Road Initiative (BRI), the world’s
most extensive infrastructure construction plan, and energy cooperation is an important
component of it [3]. The BRI will contribute to constructing a more sustainable economic
growth pattern, which may improve the overall energy efficiency of countries along the
route [4]. In BRI, China is committed to expanding energy cooperation between countries,
especially energy infrastructure construction and energy exploration and development.
Some scholars believe that countries and regions along the route such as Russia, Mon-
golia, and Central Asia should seize the strategic opportunity of the BRI to strengthen
cooperation with China [5-8]. In the meantime, some perspectives think these countries
need to aware of the risks caused by the continuous growth of China’s influence and
policy unsustainability caused by some factors like geopolitical conflict [9-11]. However,
most of the existing studies are based on direct energy cooperation, ignoring the flow
and cooperation of indirect energy in the flow of a large number of products and services
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between countries along the Belt and Road. At the same time, there is insufficient attention
to the underdeveloped areas along the Belt and Road. Along the Belt and Road, except
for 16 high-income countries, including Singapore, Qatar, and the United Arab Emirates,
most developing countries have a per capita GDP of less than 45% of the world average.
At least half of the lower-middle and low-income countries have a per capita GDP of less
than 2000 dollars, only 18.3% of the global average [12]. With the implementation of the
BRI, the development of these underdeveloped regions will inevitably lead to an increase
in resource consumption [13]. Extensively understanding the evolution of their energy
consumption is essential to evaluate the BRI, understand real energy cooperation relations
between countries, and further study environment issues and then guide their energy
policy formulation and development strategy.

Simultaneously, the energy crisis and environmental issues have also made the global
energy transition a general trend. However, the existing international energy security
framework follows the traditional arrangement that focuses on ensuring the supply of
oil for the United States and Europe. It is skeptical of newcomers and lacks institutional
arrangements to effectively respond to the increase in oil demand in developing countries.
At the same time, additional renewable energy production may slow the depletion of
traditional energy reserves, reduce carbon dioxide (CO,) emissions, and provide benefits
to the environment [14], considering cooperation in renewable energy is also essential.
Hence, establishing a new type of international energy cooperation could ensure a win-win
situation between developed and developing countries. Its foundation is that all countries
need to be integrated into an overall system, comprehensively considering the relationship
between energy and the economy and energy and the environment [15]. However, the
traditional evaluation based on direct energy is insufficient to capture all energy transfer
among economies and may overestimate or underestimate the actual energy requirement
of a country [16,17]. Therefore, embodied energy, a concept originated in system ecology,
which is defined as the total (direct and indirect) energy required to produce economic or
environmental goods and services [18,19], has been introduced to study energy-related
issues. Embodied energy analysis can integrate historical and offsite formation and thus
provide a more systematic perspective of energy use [20]. Moreover, because of its ability
to track energy consumption in the economic system, it has become a hot topic in research
related to determining the impact of the economy on the environment [21-27]. By using
trade and input-output data between countries, calculating the embodied energy flow
between countries can clarify the actual energy dependence between countries [16,19].
Moreover, it can introduce the complex interdependence between various countries and
industrial sectors from a global perspective [28]. It reflects the number of resources that
a country or a specific department can obtain from the upstream countries and relevant
departments of the upstream countries in the global value chain, thus reflecting its devel-
opment status from the energy perspective. The BRI may change the current pattern of
international trade networks [29,30], and it will inevitably affect the energy flow pattern
embodied in trade. For the underdeveloped and developing countries along the route,
although they do not necessarily have direct energy import and export relations with other
countries, there are energy cooperation relationships because of the flow of products and
services. By observing the embodied energy flow relationship, on the one hand, we can
understand the status of these countries in the Belt and Road energy cooperation network
and lay a comprehensive and reliable foundation for discussing their development. On
the other hand, with the help of network evolution in complex network analysis theory, it
also provides an effective way to reasonably explore their development trend of energy
consumption and further judge these regions” development direction based on this trend.

Therefore, this article aims to propose an embodied energy flow network between the
Belt and Road countries and observe the development status of the underdeveloped and
developing countries in the network from the perspective of embodied energy. Moreover,
through embodied energy analysis, which can reflect the energy required and consumption-
embodied trade between countries, we can clarify the current status of their actual energy
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cooperation relations with other countries by observing their energy flow relationships.
Then, by referring to the evolutionary ideas of the BBV model in complex network analysis,
we establish a model for the evolution of embodied energy flows between countries along
the Belt and Road. Based on this model, we compare the changes in the embodied energy
flow between these developing countries and other countries due to changes in cooperative
relations under different cooperation strategies. The results may provide a reference for
discussing the development strategies of developing countries from the energy perspective.
They may also lay a good foundation for further research on energy and environmental
sustainability in the future.

2. The Belt and Road Embodied Energy Flow Network
2.1. Embodied Energy and Its Calculation

Embodied energy is the total (direct and indirect) energy required for the production
of economic or environmental goods and services [19]. Specifically, in the study of trade
energy issues, embodied energy is the direct and indirect energy consumed by imported
and exported goods and services in international trade. It is the production and transporta-
tion consumed when products and services are transferred from one region to another and
the direct and indirect energy consumed by the entire link of the flow of products and
services between industries or departments [16,31-35]. It has the characteristics of com-
prehensiveness, flowability, separability, and scalability [23]. Its most outstanding value is
that it can effectively reflect the actual energy dependence between countries, connecting
energy and economical energy with the environment [16,36,37]. From the perspective of
energy consumption, through embodied energy, we can understand all the energy required
for the operation of the economic system. It also provides an evaluable basis for studying
environmental problems caused by energy consumption, such as the study of embodied
emissions based on the extension of embodied energy.

The most widely used method for calculating implied energy is the multi-regional
input-output model (MRIO), reflecting the energy consumption and flow relationships
of various regions more accurately. The data for calculating the embodied energy in this
article comes from the Eora 26 database. Eora 26 is a complete global MRIO table, plus
environmental satellite account, in a harmonized 26-sector classification. It is a system that
includes 189 economies, 26 sectors of each economy, and 6 final demand projects in the
world. Figure 1 shows a typical MRIO model. In this model, the world economy is divided
into m countries or regions, and each country and region contains n economic sectors or
commodities. T is the intermediate usage matrix, representing the flow of goods from
sector j in y area to sector i in x area, expressed in dollars. F represents the final demand,
which is divided into 6 columns. The primary input required by the output of sector i in
area x is represented by V. In our data set, it is represented by d and its measurement unit is
K] [38]. Specifically, in MRIO, primary energy input includes natural gas, coal, petroleum,
nuclear power, hydropower, geothermal power, wind power, solar, tidal and wave power,
biomass energy, and waste power.
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Figure 1. Sketch Map of a Revised MRIO table.

In the embodied energy flow model, the core principle is the balance of material
energy. The total embodied energy input of a specific region or an industrial sector is
equal to the total output of embodied energy. Figure 2 shows the balance of energy input
and output of different industrial sectors in different regions, where d denotes the direct
energy use of sector i in area x, € represents the total energy intensity, and Z represents the
intermediate input of sector j in area y to sector i in area x. F represents the final demand
of sector i in area x. Therefore, the embodied energy balance relationship between sectors
can be expressed as Formula (1).

LR ) -EEA )
] j

Indirect energy input

Direct energy input

IDICEES

Sector i inarea X

2,25 (5 + 1)

Energy embodied in
total output

Figure 2. The principle of balance of embodied energy for sector i in the region.
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In our research, we calculate the embodied energy by calculating the total energy
intensity e. The total energy intensity of an area represents the actual energy use (direct
and indirect) produced by a certain sector in the area [18,39]:

e=dfi! 2)

where d is a row vector, representing the energy use of each sector in one area. ! is an
inverse matrix of diagonalized total output ¢.

Then, the domestic energy demand in the domestic production in area x can be
calculated using the following formula:

EXx — €x(1 - AxX)—lfxx (3)
The embodied energy flow between areas can be expressed as:
EY = ¢*(1 — A) 1 (4)

Among them, f** represents the final demand in x area. +*¥ represents the part of the
intermediate and final demand in area y that is produced by area x.

2.2. Network Construction and Network Characteristics

In network analysis, the network is a system that contains a large number of in-
dividuals and the interactions between them. Then, the individuals are the nodes of a
network, and the interactions and relationships of individual detection are the connections
of the nodes in the network, which are represented by edges. In different networks, nodes
and edges have different meanings. In this article, nodes represent countries, and edges
represent the embodied energy flow relationship between countries, which is the energy
cooperation relationship in the form of embodied energy. Then, with the advancement
of network science and analysis technology, there are many indicators and algorithms
to help us understand different complex networks, such as degree, degree distribution,
degree centrality, strength, strength distribution, community detection, etc. In a network,
node degree represents the number of its neighbors and how many edges are connected to
it. It is usually used to measure the importance of the node. The strength represents the
interaction between nodes. The strength distribution represents the probability that the
strength is a special value [40]. In this article, the degree indicates how many countries
have energy cooperation relations with one country. The strength represents the degree
of energy cooperation between the two countries, expressed as the amount of embodied
energy flow. There are two indicators of it, edge strength and node strength, where the
edge strength is specific to the numerical value, it is the amount of embodied energy flow
between the two countries, and the node strength is the sum of the strength of all edges
connected to a node.

2.2.1. Network Construction and Its Characteristic

To evaluate the status and role of countries along the Belt and Road in the network,
this article focuses on countries that have signed the Belt and Road bilateral agreements
or cooperation memos. Then, based the available data in the Euro database, this paper
finally compiled the input-output data of 99 countries in 2011, 2013, and 2015 (the list of
these 99 countries is in Table A1 in Appendix A). Through the MRIO model, we calculated
the embodied energy flow between these countries and built the embodied energy flow
network along the Belt and Road through R and Gephi software. Furthermore, with the
network feature analysis, the relationship model between the Belt and Road countries
is examined, which can provide data support for the next evolution model proposal. In
this network, there are 99 nodes, representing 99 countries along the Belt and Road, and
if there is embodied energy import and export between two countries, there is an edge.
For example, if China imports energy from Russia, in the network there is an edge from
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NAM

Russia to China. Thus, the edges between nodes are directed edges, representing the flow
direction and quantity of embodied energy among countries.

Benefiting from the development of globalization, the embodied energy flow network
between countries along the Belt and Road is a fully connected network, which means that
there are embodied energy flow relationships between each country and other countries
along the Belt and Road; there are no isolated nodes in the network. The network density
is always 1.

As shown in Figure 3, to better show the evolution of the BRI countries’ energy
cooperation relationship, we only retain the edges with the weight in the top 90%. It can be
seen from Figure 3 that the number of connected edges has not changed significantly in the
three years, and only a few countries have a large amount of embodied flows, like China,

Russia, and Korea.
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Figure 3. Embodied energy flow network of the Belt and Road.

Table 1 shows the countries’ total embodied energy flow strength along the Belt and
Road, the amount of embodied energy flow of the top 20 countries, and the amount of
energy outflow and inflow. Because the amount of embodied energy flows between most
countries is very small, from Figure 3 we can see that when we remove the edges with a
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weight less than 10% of the maximum weight, the number of edges plummeted. Only a few
countries, such as South Korea and China and China and Russia, have a significant amount
of embodied energy flow. Table 1 also confirms that countries such as China, South Korea,
Russia, Jamaica, Singapore, South Africa, Maldives, Iraq, Iran, and Ukraine have appeared
in the top 20 countries. It can be seen that the total intensity or embodied energy flow in
2015, 2013, and 2011 are 108017767,6, 112773348,5, and 95953890, 11, respectively. However,
the distribution of overall strength is not even. The top three countries are China, South
Korea, and Russia, and their total strength accounts for nearly 50% of the total network
strength. In 2011, 2013, and 2015, China’s embodied energy flow accounted for 19%, 20.8%,
and 20.3% of the entire network. South Korea accounted for 11.3% in 2011 and 11.6% in
2013 and 2015. Russia accounted for 10.3%, 10.6%, and 10.7%. Then, the strength of the top
20 countries accounted for nearly 90% of the total strength. Specifically, the energy flows
of the remaining 79 countries only account for 16.3%, 16.8%, and 16% of the total energy
flows. This means that those countries’ total embodied energy flow is not as much as that
of China.

Table 1. Total strength and the top 20 countries with embodied energy flows strength in countries along the Belt and Road.

2015 2013 2011
Network Total 108.02 112.77 95.95
Strength
Total Out In Total Out In Total Out In
Strength Strength Strength Strength Strength Strength Strength Strength Strength
CHN 21.93 10.14 11.79 CHN 2349 11.05 12.43 CHN 18.28 7.74 10.53
KOR 12.51 7.65 4.86 KOR 13.11 7.86 525 KOR  10.83 6.4 4.44
RUS 11.64 7.39 4.25 RUS 11.99 7.64 4.35 RUS 9.85 6.07 3.78
ITA 4.72 1.28 343 ITA 49 1.38 3.52 ITA 4.49 1.24 3.26
SGP 441 0.77 3.64 SGP 4.6 0.8 3.8 SGP 4.08 0.72 3.36
MYS 3.89 2.28 1.62 MYS 4.09 242 1.68 ZAF 3.84 32 0.64
ZAF 3.76 3.1 0.66 ZAF 3.95 3.26 0.69 MYS 3.76 2.39 1.37
IRN 3.12 2.18 0.94 IRN 3.25 2.28 0.97 IRN 3.29 2.54 0.75
THA 294 1.14 1.8 THA 3.11 1.23 1.87 IDN 2.79 1.68 1.11
UKR 2.93 1.61 1.32 UKR 3.04 1.69 1.35 UKR 274 1.61 1.13
IDN 2.84 1.6 1.24 IDN 3.01 1.69 1.32 THA 243 0.94 1.49
AUT 2.66 1.96 0.7 AUT 2.71 1.99 0.72 AUT 2.24 1.61 0.63
TUR 2.06 0.26 1.8 TUR 212 0.27 1.85 TUR 1.85 0.27 1.59
BLR 2.02 2 0.02 SAU 2.05 1.14 0.91 BLR 1.77 1.75 0.02
SAU 2 1.13 0.88 BLR 2 1.97 0.03 SAU 1.75 1.04 0.71
KAZ 1.82 0.94 0.88 KAZ 191 0.98 0.93 KAZ 1.63 0.87 0.76
POL 1.63 0.39 1.24 POL 1.68 0.41 1.27 POL 1.41 0.35 1.06
ARE 1.52 0.69 0.83 ARE 1.56 0.69 0.87 ARE 1.27 0.54 0.73
CZE 1.27 0.29 0.98 CZE 1.28 0.29 0.99 CZE 1.11 0.28 0.83
ROU 1.1 0.46 0.64 PHL 1.05 0.37 0.69 PHL 0.92 0.33 0.59

Unit:1 million Tj.

Figure 4 shows the distribution of embodied energy flow strength for each of the three
years. It can be seen that the embodied energy flow of most countries is relatively low, and
only a few countries are relatively high. However, in 2013 and 2015, especially in 2015,
some countries’ embodied energy strength increased, which confirms the results presented
in Figure 4. The embodied energy flow strength of 97% of the BRI countries dramatically
increased from 2011 to 2013, and then it fell slightly in 2015.
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Figure 4. The embodied energy flow strength distribution.

Furthermore, Figure 5 shows the net embodied energy outflows and net inflows of
countries along the Belt and Road in three years. Net inflow countries refer to countries
with embodied energy outflows less than inflows. The number of countries with net inflows
and with net outflows in the three years has not changed. Among the 99 countries along
the Belt and Road, 27 are net exporters of embodied energy, and the remainder, including
China, are net importers. In twelve countries, such as Malaysia, Afghanistan, and Gabon,
the amount of embodied energy inflow accounts for more than 90% of their total embodied
energy flow, which means that these countries have a high degree of embodied energy
dependence.

Recipients: China, Jamaica, Singapore, Thailand, Turkey, Poland, UAE, Djibouti, Romania, Philippines, Viet Nam,
Indonesia, Slovakia, Guinea, Italy, Chile, Luxembourg, Kyrgyzstan, Costa Rica, New Zealand, Nigeria, Slovenia, Angola,
Venezuela, Namibia, Peru, Kuwait, Portugal, Zambia, Ethiopia, Zimbabwe, Cuba, Azerbaijan, Laos, Lebanon, Morocco,
Egypt, El Salvador, Kazakhstan, Tunisia, Ghana, Tanzania, Tajikistan, Lesotho, Serbia, Mozambique, Cyprus, Greece, Sri
Lanka, Panama, Uruguay, Cambodia, Armenia, Czech Republic, Croatia, Nepal, Afghanistan, Trinidad and Tobago,
Mauritania, Malaysia, Albania, Estonia, Cameroon, Senegal, Montenegro, Benin, Gambia, Latvia, Papua, New Guinea,

Niger, Gabon, Barbados.
Contributors: South Korea, Russia, Maldives, South Africa, Iraq, Ukraine, Iran, Austria, Belarus, Saudi, Arabia, Kenya,
Oman, Uzbekistan, Fiji, Bulgaria, Pakistan, Algeria, Qatar, Lithuania, Mongolia, Bahrain, Yemen, Brunei, Bolivia,

Madagascar, Myanmar, Togo.

Figure 5. Recipients and contributors in the network.
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2.2.2. Community Detection

Furthermore, to analyze the characteristics and pattern of energy cooperation rela-
tions between countries along the Belt and Road, this paper also explores the community
structure of the implied energy flow network of the Belt and Road Initiative. Figure 6 and
Table 2 respectively show the test results of associations in the Belt and Road countries.
In 2011 and 2013, there were no significant changes in the associations. The 99 countries
along the Belt and Road were divided into four associations. In 2011, the first community
was Russia-led, and its scale is the largest, covering 32 countries. This is followed by the
community headed by South Africa and includes 29 countries. The third community is
headed by China and South Korea, including 25 countries, and the last community includes
13 countries. It is worth noting that although the community headed by China and South
Korea only contain about a quarter of the countries, their strength accounts for more than
half of the total strength. Moreover, from Table 2, we can see that most members of each
community belong to the same regional economic organizations, which means there is a
closer energy cooperation relationship within these regional economic organizations.
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Figure 6. Community structure of the network.
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Table 2. Members of communities and related political and economic union of them.

Members

2015

2013

2011

Related Political and
Economic Union

Community 1

ALB, DZA, AUT, AZE,
BLR, BGR, HRV, CYP,
CZE, EST, GEO, GRC,

HUN, ITA, KAZ, KGZ,
LVA, LBY, LTU, LUX,
MLT, POL, ROU, RUS,
SVK, SVN, TJK, TUN,

TUR, UKR, UZB

AFG, AGO, ARM, BEN,
CMR, COD, GAB, GHA,
IRN, KEN, KWT, LBN,
MDG, MNE, MOZ,
NAM, NER, NGA, PRT,
SEN, SRB, ZAF, TZA,
TGO, ARE, ZMB, ZWE

ALB, DZA, AUT, AZE,
BLR, BGR, HRYV, CYP,
CZE, EST, GEO, GRC,

HUN, ITA, KAZ, KGZ,
LVA, LBY, LTU, LUX,

MLT, MAR, ROU, RUS,
SVK, SVN, TJK, TUN,

TUR, UKR, UZB

Arican Continental Free
Trade Area (AfCFTA),
European Union (EU)

Community 2

BHR, BRN, KHM, CHN,
FJI, IDN, JOR, LAO, MYS,
MNG, MAR, MMR, NPL,
NZL, OMN, PAK, PNG,
PHL, QAT, SAU, SGP,
KOR, LKA, THA, VNM,
YEM

BHR, BRN, KHM, CHN,
FJI, IDN, JOR, LAO, MYS,
MNG, MAR, MMR, NPL,
NZL, OMN, PAK, PNG,
PHL, QAT, SAU, SGP,
KOR, LKA, THA, VNM,
YEM

BHR, BRN, KHM, CHN,
FJI, IDN, JOR, LAO, MYS,
MNG, MMR, NPL, NZL,
OMN, PAK, PNG, PHL,
POL, QAT, SAU, SGP,
KOR, LKA, THA, VNM,
YEM

South Pacific Regional
Trade Economic
Cooperation Agreement
(SPARTECA),
Asia-Pacific Economic
Cooperation (APEC)

Community 3

BRB, BOL, CHL, COL,

CRI, CUB, ECU, SLV,

PAN, PER, TTO, URY,
VEN

BRB, BOL, CHL, COL,

CRI, CUB, ECU, SLV,

PAN, PER, TTO, URY,
VEN

BRB, BOL, CHL, COL,

CRI, CUB, ECU, SLV,

PAN, PER, TTO, URY,
VEN

Central American
Common Market
(CACM), La Comunidad
Andina, Caribbean
Community and
Common Market
(CARICOM)

Community 4

AFG, AGO, ARM, BEN,
CMR, COD, GAB, GHA,
IRN, KEN, KWT, LBN,
MDG, MNE, MOZ,
NAM, NER, NGA, PRT,
SEN, SRB, ZAF, TZA,
TGO, ARE, ZMB, ZWE

AFG, AGO, ARM, BEN,
CMR, COD, GAB, GHA,
IRN, KEN, KWT, LBN,
MDG, MNE, MOZ,
NAM, NER, NGA, PRT,
SEN, SRB, ZAF, TZA,
TGO, ARE, ZMB, ZWE

AFG, AGO, ARM, BEN,
CMR, COD, ETH, GAB,
GHA, IRN, ISR, KEN,
KWT, LBN, MDG, MNE,
MOZ, NAM, NER, NGA,
PRT, SEN, SRB, ZAF,
TZA, TGO, ARE, ZMB,
ZWE

AfCFTA

In summary, from the perspective of embodied energy, all developing regions along

the Belt and Road have energy cooperation relations with other countries in the network.
However, these relationships are in a weak position due to their national strength or natural
resources endowment. To enhance the status of these countries in the network, they need
to find suitable strategies to strengthen cooperation with other countries and enhance their
influence in the network.

3. Analysis of Strategies for Increasing the Amount of Embodied Energy Flows of
Developing Countries Based on the BBV Model

Based on the above analysis of the embodied energy flow network of the Belt and
Road, we can see that a large number of developing countries are in a “marginal” and weak
position in the network. Moreover, the network is already a fully connected network, which
means nodes in the network cannot increase their degree by generating new connections to
enhance their status in the network. Therefore, to improve these countries’ status, from
the perspective of network evolution, they need to find a suitable strategy to increase their
strength, which represents the amount of embodied energy flow between themselves and
other countries.

The BBV model is an evolution model proposed by Barret, Bathelemy, and Vespignani,
different from the unweighted network. In this model, weights and topology evolve and
influence each other at the same time. At the same time, if a new connection edge appears
after a new node joins in the network, the weight brought by the new edge will also cause
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the weight of the existing edge in the network to change [41-43]. For example, during
the implementation of the BRI, new countries continue to join, and the joining of new
countries will inevitably lead to changes in the overall network. Similarly, the cooperation
relationship between existing countries in the network will also change continuously, such
as because of the BRI, many countries have more opportunities for cooperation with China.
Furthermore, these changes would also affect other countries in the network.

3.1. Evolution Model Based on BBV Model and Real Network Data

The cooperation network between the Belt and Road countries is a dynamic and
complex network system. Each country constitutes a node of this complex network, and this
network continues to grow and evolve. The evolution process is a complex and dynamic
process, including the participation of new countries and the evolution of cooperative
relations between countries. Unlike some other networks like social networks, the countries
along the Belt and Road are relatively fixed. Its unlimited evolution is more reflected in
the relationship between nodes (countries) and nodes (countries) themselves rather than
the increase or decrease of nodes (countries). The evolution for the number of nodes has
boundaries. In the evolution of edges, in the real world, the previous cooperation between
countries is affected by many factors, such as geographic location, resource endowment,
politics, and religion. Therefore, to reflect the network structure of cooperation between the
Belt and Road countries and ensure that the research results have corresponding practice,
we propose the Belt and Road energy cooperation evolution model based on the actual
embodied energy flow network data. It has the following characteristics:

1. The number of nodes is fixed: Since this article mainly considers the influence of the
continuous strengthening of cooperation between the existing One Belt One Road
countries and the preferred choice of partners of selected countries, the evolution of
this article is more based on the actual network data to investigate the evolution of
node strengths and edge weights.

2. Heterogeneity between nodes: Due to the differences in economic development and
resource endowments between the Belt and Road countries, there are huge differences
between the Belt and Road countries, and these heterogeneities will also affect their
tendency to cooperate in the network and the benefits of cooperation. Since the model
in this article is based on an embodied energy flow network, a network based on real
input and output data, considering it from the perspective of embodied flow, nodes
with greater strength are also more critical in the network, like China.

Therefore, the Belt and Road embodied energy cooperation network proposed in
this article initially has 99 nodes. They represent 99 countries along the Belt and Road.
According to the actual embodied flow network data in 2011, the initial point weights are
respectively assigned, and the network is fully connected. The weight of each edge is equal
to their amount of embodied energy flow, and directionality is not considered. The initial
point weight is equal to the sum of all edge weights connected to it.

Simultaneously, according to the comparative advantage theory [44,45] and related
research on geopolitics, cooperation between countries is usually based on differences
in resource endowments, and geographical proximity has also become an essential basis
for national cooperation [46—48], like various regional economic groups. Moreover, due
to the uneven development of the world economy, some developing countries lack the
bargaining chip to compete with developed countries. They are usually at the lower
level of participants in the global supply chain, such as raw material production, primary
processing, and labor-intensive industries. In order to further improve their power of
discourse in international affairs, they tend to form alliances. However, it is undeniable
that it is also the best or only choice for many developing countries to become a host country
of eliminated industries from developed countries or their supplier of primary products in
a period. Therefore, the design of cooperative evolution of developing countries in this
paper is based on two strategies. One is “grouping,” that is, they prefer to cooperate with
other developing countries. The other is “ride one’s coattails” (ROC), which means they
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prefer to cooperate with other developed countries. Then, according to different strategic
tendencies, there are different evolution mechanisms.

3.2. Evolution Mechanism

V represents countries along the Belt and Road in the embodied energy cooperation
network G (V, E) of the Belt and Road, and V = 99. E is the edge set, and it represents
the relationships because of embodied energy flow between these countries. The initial
value of E is the amount of embodied energy flow between each country in 2011, and
according to the strength distribution, this article mainly considers those countries where
their node strength accounts for less than 10% of the total network strength. Then, countries
are chosen that want to enhance cooperation according to different preference strategies.
Formula (5) shows the process of selecting the initial node of the evolution model.

Sv.

VeV, | o <01 (5)

Yq Sv

Sy, is the node strength of V;,which equals the sum of the edge weights of all its

connected edges. In this paper, it denotes the total amount of embodied energy flow
between country i and other countries.

3.2.1. Evolution Process under the Group Strategy

1.  Selection of partners
Under the group strategy, the developing countries tend to cooperate with the same
type of countries to gain power of discourse in cooperation with other countries.
Therefore, in each evolution time step, nodes are more likely to cooperate with nodes
with the same or even smaller strength. The priority probability that partner j would
be chosen is as follows: 5

Ej:1 5 i Si

21 S)

[1G—1= ©)

2. Increase the weight of edges
When in time step ¢, node chooses to cooperate with j, which is also a node with small
node strength. The strengthening of cooperation will inevitably lead to increased
trade exchanges and cooperation between the two countries, leading to an increase
in the amount of embodied energy flow, supposing the growth is Aw;;. In addition,
the increase of edge strength will affect the cooperation with their “neighbors”; that
is to say, the edge weight between the node and its neighbors will also be affected.
Suppose that the change is v. When the selected nodes strengthen their cooperation,

the new edge weight w;;, is:
Wij, = Wij,_, + Awjj +y @)

Many factors would affect the growth of embodied energy flows due to the strength-
ening of cooperation, for example, the country’s resource endowment, areas of co-
operation between two countries, and geographical distance. However, no matter
how it changes, it will not digress from their original basis of cooperation. In order to
simplify the calculation, in the evolution model:

AZUZ']' = &% Wij, 4 (8)

¢ is the growth coefficient, based on the real node strength data in 2011, 2013, and
2015, the growth rate is mostly between 0 and 0.6, so this paper sets it to be a random
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number between 0 and 0.6 in simulation experiments and a specific value is chosen in
the final simulation in the same range.

Y = 0 x Awi]‘ (9)

0 is the extension effect coefficient, which represents the extent of the impact on the
edge weight between selected nodes and their neighbors. To simplify the calculation,
the value of 0 is between —1 and 1 because the extension effect could positively
influence other neighbors and also may be negative for other nodes.

3. The edge weight change between grouping nodes and their neighbors (excluding
members of the group):
Because of the extension effect, it will be affected by the original cooperative relation-

ship. "
Wix, = —g 7 + Wi, (10)
1
w;
— Y-
Wiy, = St. Sy Wiye (11)

]

Formula (10) represents the node strength change between the initially selected
node and its neighbor nodes except the selected nodes in the group in a time step.
Formula (11) represents the edge weight change between the selected nodes and
their neighbor nodes outside the group. Based on BBV’s idea of preference for edge
weights, this paper argues that the extension effect will also be affected by the original
cooperative relationship, that is, a closer previous relationship would be affected
more significantly.

3.2.2. Evolution Process under the Strategy of “Ride One’s Coattails”

Compared with the “grouping” strategy, the only difference of “ride one’s coattails” is
that when the initial node is selecting partners to strengthen cooperation, it is preferred
to strengthen cooperation with superior nodes in the network. Therefore, the difference
in the evolution process is mainly reflected in the choice of partners. The other evolution
steps and mechanisms are the same.

1.  Selection of partners
Under the “ride one’s coattails” strategy, selection preference is the same as the
traditional BBV model. The country with a more considerable node strength is easier
to be selected. We assume that each time step selects one crucial node in the network
to strengthen cooperation. Formula (8) shows the priority probability:

[1G—i)=

S

]
= (12)
2]9'21 5j
2. Increase the weight of edges

Similar to the “grouping” strategy, when a partner is selected, the edge weight
between them and their neighbors would change. The calculation formula is shown
in Formulas (7)-(11).

3.2.3. Evolution Process under the Strategy of “Random Mixed”

In the real world, the choice of national cooperation strategies is often more compli-
cated. It is not simply chosen to “group” or “ride one’s coattails” but is more a combination
of the two strategies, just as the reality of the embodied energy flow network is a fully con-
nected network. However, specific to each decision, it can still be attributed to cooperating
with countries of similar development levels (“grouping”), cooperating with key countries
in the network (ROC), or both. Therefore, to better compare whether a single strategy or a
mixed strategy, such as in the real world, has different effects on national development, we
design a random group to simulate reality. Specifically, after selecting the initial node, a
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random mixed strategy is used to select several cooperation target nodes within a single
time step that is to be strengthened. The other evolution steps and mechanisms are the
same.

Under the randomly mixed strategy, the node has no particular preference, so we use
the following steps to achieve the node selection:

1. Randomly choose a ratio ¢ and ¢ € (0,1)
2. Randomly choose n counties as partners

n=99x¢ (13)

The subsequent changes in the edges’ strength are the same as the previous two
strategies.

3.3. Analysis of Empirical Results

In order to better compare the evolution and development of small weight nodes in
the cooperation network of countries along the Belt and Road under different strategies,
this paper designs two sets of evolutionary experiments. First, we compared the evolution
of the node strength of the initial randomly selected nodes under different strategies. Then,
we compared the point weight evolution state of a specific node under different strategies.
In addition, to further analyze the possible application scenarios of the two strategies
and explore better strategies in a specific context. This article adjusts the parameters and
observes the experimental results under different parameters to achieve deeper insights.

3.3.1. Simulation Experiment Based on Random Selection of Initial Nodes

In the experiment, we mainly adopted five sets of data simulations and compared
their results. In group 1, eis 0.3 and 6 is 0.2; in group 2, €is 0.1 and 8 is —0.1; in group 3, ¢
is 0.1 and 6 is 0.2; in group 4, e is 0.3 and 6 is 0.5; in group 5, £ is 0.6 and 0 is 0.2. Figure 6
presents the nodes’ strength distribution of the simulation experiments when the time
step is 20. In order to ensure that the evolution model we proposed can better simulate
reality, before the simulation, we added a comparison and fitting experiment with the
realistic embodied energy flow network in 2015 to ensure that our simulation experiment
has practical reference significance. Figure 7 shows the node strength distribution under
different parameters and strategies, and Figure 8 shows the results of the fitting experiment.

We can see that the nodes’ strength distributions are approximately subject to the
power rate distribution. This evolutionary result is consistent with the nodes” strength
distribution of the existing network in 2013 and 2015 (Figure 4), verifying the correctness
of our model in this article. At the same time, to further make the simulation results match
the actual network, we compared the node strength results of each strategy under different
parameters with the existing network in 2015 and carried out a K-S test. Figure 7 compares
the cumulative distribution curve of simulated data (time step equal to 30) and actual data
in the KS test.

From Figure 7, we can see how the model simulation results fit the actual data. Except
when the parameters are 0.3 and 0.5 under the “grouping” strategy, the simulation results
do not match reality, but all other p values are greater than 0.85. That means that our
simulation results and actual network data conform to the same distribution. Looking
further at the D value, when the time step is 30 times, the difference between the two sets
of data is also tiny, proving the effectiveness of our model.



Energies 2021, 14, 3498

15 of 22

Frenquency Frenquency Frenquency Frenquency

Frenquency

Or—
w

x107

x107

x107

%107

Group 1:Groupi Group 1:ROC G 1:Random
% p ping i p % roup
25 25 25
20 > 20 > 20
5 5
15 3 15 & 15
5 5
10 = 10 = 10
5 5 5
0 x107 o x107 o
0 1 2 3 0 1 2 3 0 1 2 3
Node Strength Node Strength Node Strength
Group 2:Groupil Group 2:ROC Group 2:Random
s P ping » P - P
20 & 20 & 20
o o
5 Z
5 5
10 = 10 = 10
o x107 ¢ x107 ¢
0 1 2 0 1 2 0 1 2
Node Strength Node Strength Node Strength
Group 3:Grouping Group 3:ROC Group 3:Random
30 30 30
25 25 25
20 B 2 E 20
o o
= =
15 e 15 2 15
2 B
10 ™ 10 = 10
5 5 5
0 x107 o x107 o
0 1 2 0 1 2 0 1 2
Node Strength Node Strength Node Strength
Group 4:Groupi Group 4:.ROC Group 4:Random
- P ping ” p - p
" 5 ¥
= =
=2 o
10 ™ 10 ™ 10
0 x107 ¢ x107
0 1 2 3 0 1 2 3 0 1 2 3
Node Strength Node Strength Node Strength
Group 5:Grouping Group 5:ROC Group 5:Random

25

15

10

1 2
Node Strength

Frenquency

x
-
o
~
o o 8
oi

w

25

15

10

Frenquency

) 8

1 2
Node Strength

x107

1 2
Node Strength

Figure 7. Node strength distribution.

x107

w



Energies 2021, 14, 3498

16 of 22

Random

Grouping
p=0959,¢=030=02 p=0992,¢=203,0=02

08 os

06 o 08
& &
o o

04 04

= ——reaiity "2 — reality

——simulation — simulation
0 ° .
w0t 10° 0 10’ 10 10° 0* 10’
Node Strength Node Strength
Grouping Random

p=0.789,¢=0.1,0%-0.1 p=0.890,¢=0.1,6=-01

1 1
08 08
06 06
& &
o o
04 04
02 — reality 02 ~—reality
——simulation ~—simulation
) 0
0t 10° 10* 10" w0t w0* 10 10’
Node Strength Node Strength
Grouping Random

p=0999.=0160=02 p=0890¢=016=02

08

06

04

02 — reaiity

~—simulation

COF
= -
COF

10* 10° 10
Node Strength

Random

Grouping

p=0.096 203 0=05 p=1000.¢=03,0=05

1
08 08
06 06
:
o 04 04
" ~——reality - —reality
~—— simulation ——simulation
0 ]
10* 10° 10° 10’ 10* 10° 10* 10’
Node Strength Node Strength
Grouping Random

p=0670.«=06,0=02 p=0999,¢=06,0=02

1 1
08 08
06 06
'S w
(=] o
o (5]
04 04
02 — reality 02 ——reality
~—— simulation ——simulation
[ ]
10t 10* 10° 107 10* 10° 10° 10’
Node Strength Node Strength

CDF

\\

CDF

os

06

04

02

os

06

04

02

0

08

COF

CDF

COF

0

-

02

°

o8
os
04

02

o8
06
04

02
0

ROC
p=0890.¢=03,6=02

= reality

—— simulation
0* 10° 10’
Node Strength

ROC
p=0890,¢=016=-01

= reality
— simulation
w0 0* 10* 10’
Node Strength
ROC

p=0890,¢=016=02

— reality
~—simulation

N

10* 10° w0’

Node Strength

ROC
p=0959, =03, 0=05

~—reality
~—=simulation

7

3
>

10°*
Node Strength

"0

ROC
p=0890,c=06,0=02

Node Strength

Time steps = 30, CDF: Cumulative distribution frequency

Figure 8. Cumulative distribution curve of simulated data and actual data in K-S test.

In this paper, the simulation results under the third set of parameters with the ideal
fitting results are selected to compare the simulation results. That is, the growth coefficient
is 0.1, and the extension influence parameter is 0.2. In those parameters, when the time
step is 10, 89% of the node strength under the “grouping” strategy is bigger than their
node strength under the “ride one’s coattail” strategy. When the time step is 20, the
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ratio increased to 93%, and 95% when the time step is 30. Therefore, compared with the
“ride one’s coattail” strategy, “grouping” generally has better results for those developing
countries, although this advantage is not apparent in absolute terms. It means that for
those developing countries in the Belt and Road, seeking to construct cooperation alliances
with countries similar to their development levels positively influences their development.
However, what is interesting is that the performance of a single strategy and the results
of the mixed strategy adopted in the simulated reality are different in the short term and
mid-to-long term. In the short term, when the time step is 10, “grouping” is still a relatively
optimal strategy; 56.6% of the node strength is greater than the results under the “random
mixed” strategy test. However, when the step size is greater than or equal to 20, the
“random mixed” strategy gradually shows its advantages. About 52 to 64% of the node
strength is greater than the results under the “grouping” strategy. In a word, regardless of
a short-term or long-term perspective, “ride one’s coattails” seems to be the last choice for
developing countries along the Belt and Road to enhance their influence in the network.

3.3.2. Simulation Experiment Based on the Specified Initial Node

In order to further verify the development status of developing countries under
different strategies, in this paper, we specify the initial nodes based on random experiments
and randomly select three countries for the specified experiments, but the other parameters
of the designated node experiment and the random experiment are the same. These three
countries are the Angola (AGO), The Republic of Lithuania (LTU), and Senegal (SEN).
Figure 9 compares the node strength evolution results of three countries under different
time steps and strategies.

As shown in Figure 8, under the “grouping” strategy, the relative speed and absolute
amount of node strength growth of these four countries are better than those under the
“ride one’s coattail” strategy. The results further prove the superiority of the group strategy
over the direct “ride one’s coattail” strategy.

In addition, it is worth noting that although the “grouping” strategy is more conducive
to the development of small nodes than the “ride one’s coattail” strategy, it will affect
the development of large nodes, that is, the developed countries in the network. From
the simulation results, the node strength development of 90% of the nodes under the
“grouping” strategy is better than the “ride one’s coattail” strategy.
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Figure 9. Node strength evolution results.
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3.3.3. Parameter Sensitivity Analysis

The comparative test conducted in this article mainly involves the growth parameters
and the extension influence parameters. In order to verify the effective boundary of
the superiority of the strategy, we have done many experiments, and the simulation
results prove that the growth parameters do not affect the comparative advantage of
the strategy. It will only affect the amount of the embodied energy flow under the two
strategies. The comparative relationship between the advantages of the two strategies has
not been changed. However, when the extended influence parameter is negative, strategic
comparative advantages have been reversed. The “ride one’s coattail” strategy is more
conducive than the “grouping” strategy. Table 3 shows the ratio of the node strength in
different parameters under the “grouping” and “random mixed” strategy over the node
strength under “ride one’s coattail” (the time step is 30). It can be seen that when the
extended influence parameter is a positive value, more than 90% of the node strengths
under the “grouping” and “random mixed” strategy are better than the result of another
strategy. However, when the extended influence parameter becomes —0.1, this ratio drops
to 10% and 28%, respectively.

Table 3. The proportion of node strength under “grouping” greater than under “ride one’s coattail”
and “random mixed”.

The Groupa parameirs Coopoion it Horenion W
group 1: £=0.3,0=0.2 91% 99%

group 2: £=0.1,0 = —0.1 10% 28%
group3:e=0.1,0=0.2 95% 97%
group4:e=0.3,0=05 94% 100%
group 5: £ =0.6,60 =0.2 90% 98%

Time steps = 30.

As mentioned in the introduction to the simulation experiment, the extended influence
coefficient represents that when a country chooses to strengthen cooperation with another
country, it will inevitably affect its other neighbors. This effect may be the tilt of resource
allocation (recover the resources initially allocated to other neighbors and allocate them to
countries that plan to strengthen cooperation). It may also be a new opportunity (enhanced
cooperation has led to the need for countries to import more external resources to achieve
better results of cooperation). For example, suppose it is energy cooperation between the
two countries. In that case, a country is ready to export more energy to a country that will
strengthen cooperation. If it does not increase the mining volume, this would inevitably
lead to a reduction in energy obtained by other countries. Moreover, if it is a production or
a cooperative construction project, that may require purchasing much more raw materials
from neighbors. Therefore, through the sensitivity analysis, we found that if enhancing
cooperation between underdeveloped countries is based on resource transfer from other
existing cooperation, it is better to cooperate with essential nodes in the network, which
will be more conducive to their development.

4. Conclusions

This paper proposes a model for the evolution of embodied energy flows in countries
along the Belt and Road based on the actual network of embodied energy flows data in the
Belt and Road. Then, based on this, the impact of different strategies adopted by developing
countries on their development is observed. The results show that: (1) The simulation
model under different strategies can simulate the actual development path and fit the
accurate network. It has practical significance. (2) For developing countries, in the long
term, the “mixed random” strategy has a more positive influence on their development than
the other two strategies, which is also in line with the reality that countries always adopt
both strategies at the same time, and “ride one’s coattail” seems the last choice for their
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development. (3) In contrast, if developing countries cannot allocate enough resources to
support the strengthening of cooperation and need to transfer resources from other partners
to support new cooperation, the “ride one’s coattail” strategy will be the optimal choice.
Hence, developing countries along the Belt and Road need to comprehensively consider
the demand and content of foreign cooperation projects and their resource endowments.
Supposing they do not have sufficient resources to support more new foreign cooperation,
they can consider focusing resources on cooperation projects in countries similar to their
development status.

The research conclusions of this article provide a valuable reference for the develop-
ment path of the countries along the Belt and Road and provide a more comprehensive
perspective to examine the development of these countries. It can reference future studies
on these developing countries” energy consumption demand and sustainable development.
However, it should be noted that we need to be cautious about the conclusions of this
article because embodied energy represents all the energy contained in goods and services
in the international cooperation network. The increase in a country’s embodied energy flow
may, on the one hand, represent the strengthening of its cooperation with other countries
and its better development, and its importance in the entire network will be increased.
However, at the same time, it is also necessary to consider the new problems like depen-
dence state change caused by the increase in embodied energy flow. On the other hand, it
also represents an increase in its energy consumption. If the energy input is non-renewable
resources, it may hurt the global environment.

In the future, some limitations can be addressed in further research. For example,
we can further consider the influence of more restrictive conditions such as geographical
factors and project factors on the development of countries along the Belt and Road to
make it play a more decisive practical guiding significance. Energy flow direction can be
integrated into future research to address energy dependence related issues. Moreover,
research can be extended to the industry level.
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Appendix A
Table A1l. Nations mentioned in this article.
No. Nations Abbr. No. Nations Abbr. No. Nations Abbr.
1 Afghanistan AFG 34 Guinea GRC 67 Papua New Guinea PNG
2 Albania ALB 35 Indonesia HUN 68 Peru PER
3 Algeria DZA 36 Iran IDN 69 Philippines PHL
4 Angola AGO 37 Iraq IRN 70 Poland POL
5 Armenia ARM 38 Italy ISR 71 Portugal PRT
6 Austria AUT 39 Jamaica ITA 72 Qatar QAT
7 Azerbaijan AZE 40 Kazakhstan JOR 73 Romania ROU
8 Bahrain BHR 41 Kenya KAZ 74 Russia RUS
9 Barbados BRB 42 Kuwait KEN 75 Saudi Arabia SAU
10 Belarus BLR 43 Kyrgyzstan KWT 76 Senegal SEN
11 Benin BEN 44 Laos KGz 77 Serbia SRB
12 Bolivia BOL 45 Latvia LAO 78 Singapore SGP
13 Brunei BRN 46 Lebanon LVA 79 Slovakia SVK
14 Bulgaria BGR 47 Lesotho LBN 80 Slovenia SVN
15 Cambodia KHM 48 Lithuania LBY 81 South Africa ZAF
16 Cameroon CMR 49 Luxembourg LTU 82 South Korea KOR
17 Chile CHL 50 Madagascar LUX 83 Sri Lanka LKA
18 China CHN 51 Malaysia MDG 84 Tajikistan TIK
19 Costa Rica COL 52 Maldives MYS 85 Tanzania TZA
20 Croatia CRI 53 Mauritania MLT 86 Thailand THA
21 Cuba HRV 54 Mongolia MNG 87 Togo TGO
22 Cyprus CUB 55 Montenegro MNE 88 Trinidad and Tobago TTO
23 Czech Republic CYP 56 Morocco MAR 89 Tunisia TUN
24 Djibouti CZE 57 Mozambique MOZ 90 Turkey TUR
25 Egypt COD 58 Myanmar MMR 91 UAE ARE
26 El Salvador ECU 59 Namibia NAM 92 Ukraine UKR
27 Estonia SLV 60 Nepal NPL 93 Uruguay URY
28 Ethiopia EST 61 New Zealand NZL 94 Uzbekistan UZB
29 Fiji ETH 62 Niger NER 95 Venezuela VEN
30 Gabon FJI 63 Nigeria NGA 96 Viet Nam VNM
31 Gambia GAB 64 Oman OMN 97 Yemen YEM
32 Ghana GEO 65 Pakistan PAK 98 Zambia ZMB
33 Greece GHA 66 Panama PAN 99 Zimbabwe ZWE
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