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Abstract: The Belt and Road Initiative (BRI) has significantly transformed the traditional energy
market and reshaped international cooperation and conflict dynamics through its expanding trade
in renewable energy resources. This study focuses on examining the complex and evolving nature
of coopetition relationships in the renewable energy trade among BRI countries from 2013 to 2020.
Understanding the interplay between cooperation and competition in this sector is crucial for com-
prehending the dynamics and stability of these trade relationships. Using a signed network approach,
the findings of this study reveal that the countries predominantly exhibit a cooperative relationship.
However, as time progresses, a notable pattern emerges, characterized by the coexistence of “competi-
tive cooperation” and “cooperative competition”. In addition, coopetition group clustering is strongly
influenced by geographical location. China, as a key player in the BRI, demonstrates a coopetition
group characterized by a high inflow and low outflow pattern. Furthermore, the implementation of
the BRI has greatly improved the overall stability of trade along the route. However, the coexistence of
competition and cooperation among nations has increased the uncertainty of trade relations, thereby
exerting a certain level of influence on their stability. Based on these findings, this study proposes
policy recommendations to strength renewable energy trade relationships along the BRI route.

Keywords: the belt and road initiative; renewable energy trade; coopetition; signed network modeling;
stability

1. Introduction

Recognized as a paramount aspect of the Belt and Road Initiative (BRI), energy co-
operation holds significant importance. In April 2019, China and 29 nations initiated the
establishment of an energy partnership along the BRI. By 2021, a collaborative energy
network was unveiled with a primary focus on enhancing bilateral and multilateral co-
operation through network expansion. Given the ongoing construction projects and the
pursuit of “dual carbon” targets, renewable energy has emerged as a crucial sector to drive
sustainable growth in the countries along the BRI [1]. The most tangible expression of
renewable energy collaboration is through foreign direct investment (FDI). This is crucial
for addressing the significant capital and technology gaps faced by many BRI countries,
particularly those that are still in the process of development. The International Institute of
Green Finance at the Central University of Finance and Economics has noted a declining
trend in the share of fossil energy in China’s investment and construction projects within
the BRI energy sector since 2016, reaching its lowest point in 2020. In contrast, investments
in renewable energy such as hydro, photovoltaic, wind, and biomass surpassed investments
in fossil energy in 2020, accounting for 58% of the total investments. International trade
serves as another avenue for the cross-border movement of renewable energy commodi-
ties [2]. Energy resource trade among the countries along the BRI has experienced steady
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growth, with its value increasing from USD 1.04 trillion to USD 2.07 trillion between 2013
and 2020 [3]. The integration of resource endowments and the evolving dynamics of energy
systems have led to the growing complexity of renewable energy trade relations. This
complexity has resulted in changes in trading partners, reconfiguration of cooperation and
competition dynamics, and the emergence of cooperative rivalries [4–7].

Coopetition, a combination of cooperation and competition, refers to the interplay of
competitiveness in certain areas and collaboration in others. It enables innovation, resource
allocation, cost reduction, market expansion, and so on. Unfortunately, the current research
on renewable energy systems primarily focuses on analyzing trade and assessing product
potential [8,9]. For instance, Fu et al. (2017) examined the geographical characteristics
and evolution of China’s solar and hydropower products trade from 1988 to 2013 using
network analysis methods [10]. Shuai et al. (2020) empirically tested the trade potential of
renewable energy products in BRI countries using a gravity model [5]. There is relatively
limited analysis of competitive or cooperative trade relations among countries [11–13], and
there is a significant lack of focus on trade relations between countries along the BRI, as
well as a unified analytical framework that simultaneously encompasses both competition
and cooperation aspects.

The existing studies on renewable energy have primarily focused on cooperation,
specifically examining the renewable energy industry within the framework of the BRI.
These studies have aimed to summarize China’s energy landscape and its international
cooperation in relation to the BRI [7,14,15]. However, research on competition has mainly
centered around traditional fossil fuels, particularly oil [16,17], with relatively limited atten-
tion given to renewable energy [11–13]. Recently, Gao et al. (2023) conducted discussions
on the coexistence of competition and cooperation in renewable energy trade along the
BRI [7]. Regarding the methods employed in these studies, it has been found that complex
network theory (CNT) is prevalent in analyzing energy or renewable energy trade [18–20].
The advantages of using CNT in this context primarily revolve around revealing the trade
structure [10,21].

However, there remains a limited level of in-depth analysis concerning the dynamics
of coopetition in this context. To the best of our knowledge, no analysis has been conducted
regarding the stability of the renewable energy trade system. The BRI region plays a
crucial role as a global energy supply hub, bringing economic prosperity and regional
cooperation to countries along its route. However, there are significant uncertainties, such
as international disputes, conflicts, and terrorism, which pose threats to the stability of
renewable energy trade relations among BRI countries [22,23]. Given these challenges, it
is essential to analyze the systemic stability and its evolution. Fortunately, research on
systemic stability has been supported by the signed network model, primarily guided
by the structural balance theory. Signed networks are networks that include positive or
negative sign attributes. The utilization of sign attributes allows for a comprehensive
analysis of both positive and negative information in understanding the alignment and
recognition of complex systems and their applications. Negative edges, in particular, have
a significant impact on the formation, structural evolution, and dynamics of networks [24].
This influence is particularly relevant in trade networks, given the interplay of competition
and cooperation among different countries.

Therefore, this study aims to delve into the intricate dynamics of coopetition rela-
tionships in renewable energy trade among BRI countries using signed network theory.
As the integration of resource endowments and dynamic changes in energy systems con-
tinues, the complexity of renewable energy trade relations is increasing. However, the
current research lacks a comprehensive framework that simultaneously considers both the
competitive and cooperative aspects of trade relations among BRI countries. Furthermore,
given the potential impact of international disputes and conflicts on trade relations, it is
imperative to uncover the dynamic characteristics of renewable energy trade among BRI
countries, understand the evolution of competition and cooperation among these nations,
and evaluate the stability of the coopetition relationship system in renewable energy trade
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under the BRI. Based on the considerations mentioned above, this study makes several
contributions: (1) A novel signed network model is constructed. This model contributes
to a better understanding of the inherent mechanisms and operational patterns of trade
relations. It provides valuable insights and suggestions for ensuring the stability of these
trade relationships. (2) An in-depth analysis is conducted by integrating the evolution of
competitive and cooperative relationships within a unified framework. This approach en-
ables a comprehensive examination of the dynamics of coopetition, leading to the discovery
of novel insights and findings. (3) The study employs a threefold analysis encompassing the
single node, local community, and global stability levels. This analysis approach provides a
holistic understanding of the characteristics of renewable energy trade relations along the
BRI. By considering these diverse scales, the study offers a comprehensive examination of
trade dynamics and their implications.

The remainder of the paper is organized as follows: Section 2 introduces the con-
struction of the coopetition signed network and elaborates on the topological structure
indicators. Section 3 provides an overview of the data selection process. Section 4 presents
the empirical analysis conducted in this study. Section 5 discusses the results. Finally,
Section 6 concludes the study.

2. Materials and Methods
2.1. Coopetition Signed Network

Originally, research on signed networks was predominantly concentrated in the field
of sociology. As early as the 1940s, Heider explored the interaction patterns of positive
and negative relationships in triangular relationships involving individuals as cognitive
subjects [25]. Subsequently, scholars such as Cartwright and Harary [26] described and
expanded upon these patterns using graph theory. Since then, the focus has primarily
been on studying the structure and evolution of signed networks, with dedicated efforts to
understand and uncover factional structures and patterns of development within social
groups. Signed networks encompass networks that incorporate positive or negative signed
attributes. Positive and negative edges represent positive and negative relationships,
respectively. These opposing relationships are observed in numerous complex systems
across multiple sectors, including information, biological, and social networks [27].

In this study, cooperative and competitive relationships are utilized to depict positive
and negative edges among countries, enabling the construction of a signed network with
countries as nodes. Figure 1 illustrates a signed network with six nodes, displaying four
distinct edge behavior patterns: positive, negative, mixed positive vs. negative, and
disconnection. Let G = (V, E) denote a signed network, where V represents the set of
nodes and E = E+ ∪ E− represents the set of edges between nodes. The edge relation
between node i and j is denoted as eij, where eij ∈ E. Therefore, the value of eij can have
four possible relationships, defined as follows:

eij =


1, Pure cooperation

0, No relationship
−1, Pure competition

x, Coopetition

(1)

If eij = 1, the sign of the link between node i and node j is referred to as positive. If
eij = −1, the sign of the link between node i and node j is referred to as negative. In cases
where there is both cooperation and competition between two nodes, this type of edge is
defined as a contradictory edge, denoted by x. The matrix representing the coopetition
signed network is illustrated in Figure 1c.
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In this study, the measurement of competition and cooperation primarily relies on
the Export Similarity Index (ESI) and Trade Complementarity Index (TCI), as outlined in
reference [6]. The ESI assesses the trade competency of a product by analyzing the level of
similarity in the composition of exported products. It takes into consideration factors such
as export diversification, trade structure, and trade scale, which are widely adopted in the
field of international trade [28–30]. On the other hand, the TCI quantifies the compatibility
between a country’s imports and the exports of another nation [31,32]. It considers various
factors, including trade structure, trade scale, and revealed comparative advantage (RCA),
in its evaluation. These indices provide valuable insights into the level of competition and
cooperation between countries in terms of their trade relationships.

2.2. Indicators

When conducting a topological analysis of networks, it is common to approach it
from three levels: node, local, and global scales [33–35]. This pattern also applies to signed
networks. At the node scale, the main focus is on measuring the characteristics of individual
nodes or edges. This involves examining properties such as node centrality and connectivity.
In terms of the local scale, research efforts primarily revolve around identifying community
structures. On the global scale, the emphasis is primarily on determining whether the
network is balanced or unbalanced and quantifying the degree of network imbalance. This
entails evaluating the overall distribution of positive and negative relationships within
the network and assessing whether there is a prevailing tendency towards cooperation or
competition. Therefore, in this study, the following indicators will be utilized to identify
the features and evolution of the constructed network, considering these different levels
of analysis.

2.2.1. Node Degree Features

The characteristics of the nodes in the signed network include the positive degree ratio(
DR+

i
)
, negative degree ratio

(
DR−

i
)

and contradictory degree ratio
(

DRc
i
)
. DR+

i and
DR−

i represent the proportion of the number of pure cooperative and competitive links of
node i to all its neighbors, respectively. Similarly, DRc

i is the proportion of the number of
contradictory edges of node i to all its neighbors. These three ratios satisfy the equation
DR+

i + DR−
i + DRc

i = 1. The formulas for calculating these ratios are as follows:

DR+
i =

d+i
d+i + d−i + dc

i
(2)

DR−
i =

d−i
d+i + d−i + dc

i
(3)

DRc
i =

dc
i

d+i + d−i + dc
i

(4)

where d+i , d−i , and dc
i represent the number of pure cooperative relations, pure competitive

relations, and contradictory relations connected to node i, respectively. They are also known
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as the positive degree, negative degree, and contradictory degree. When DRc
i is fixed, a

higher DR+
i value indicates a smaller DR−

i value for a node and vice versa.

2.2.2. Density, Clustering Coefficient, and Community

(1) Network density. Density is a measure of the tightness of relationships among the
nodes in a network [36]. A higher density indicates closer connections between all nodes in
the network. The network density is defined as follows:

Density =
2n

m(m − 1)
(5)

where m represents the number of nodes in the network, and n represents the number of
edges. By calculating the ratio of twice the number of edges to the maximum possible
number of edges, we obtain the network density.

(2) Clustering coefficient. The clustering coefficient is used to describe the connec-
tivity and transitivity between nodes in the network, reflecting the local connectivity
efficiency [37]. The clustering coefficient is the ratio of the true number of edges incident
to a node to the number of edges that may exist in the ideal case. The average clustering
coefficient of the entire network is defined as follows:

C =
1
m∑m

i=1
2ei

ki(ki − 1)
(6)

where ei is the real number of edges between the neighbor nodes of node i. ki represents
the total relationships for node i.

(3) Community structure. Community structure refers to the observation that certain
groups of nodes in empirical networks are densely interconnected, forming distinct clusters
or communities. Identifying and analyzing these communities is a crucial aspect of network
analysis. One commonly used measure for community detection is modularity (Q), which
assesses the quality of the partitioning [38,39]. A higher modularity value indicates a
stronger degree of community structure in the network, while a lower value implies less
evident differentiation among communities. Typically, a modularity value greater than 0.3
is considered to indicate a significant community structure in the network. For undirected
weighted networks, modularity is calculated using the following formula:

Q =
1

2w∑i ∑j

(
wij −

wiwj

2w

)
δ
(
Ci, Cj

)
(7)

where wij represents the weight of the edge between node i and node j. In this paper, the
edge weight wij is set to 1. wi and wj denote the node strength of node i and j, respectively,
and they satisfy wi = ∑j wij, wj = ∑i wij, and 2w = ∑i ∑j wij. Ci represents the community
to which node i belongs. When Ci equals Cj, the Kronecker delta function δ

(
Ci, Cj

)
= 1;

otherwise, δ
(
Ci, Cj

)
= 0.

2.2.3. Local and Global Balance

The structural balance theory revolves around the analysis of balance within triangles
in a network. In a signed network, the relationships within symbolic triangles can be
classified into four patterns, as illustrated in Figure 2. The first two triangles (Figure 2a,b) are
considered structurally balanced, while the last two triangles (Figure 2c,d) are considered
structurally unbalanced. To quantify the global balance of a signed network, this study
utilizes the ratio of balanced triangles [24,40] as a measure of the overall balance within the
renewable energy trade coopetition system among countries along the route. This ratio is
denoted as T and is calculated as follows:

T =
∆+

∆
(8)
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where ∆+ represents the number of balanced triangles in the network, and ∆ represents the
total number of triangles in the network.
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3. Data

This study focuses on four key renewable energy sectors: solar (HS: 841919, 854140,
and 850239); wind (HS: 841290, 850231, 850164, 850300, and 730820); hydro (HS: 841011,
841012, 841013, and 841090); and biomass (HS: 220710, 220720, 440110, 440130, and 440200).
The analysis covers the period from 2013 to 2020. The selected subproducts and their
respective HS codes are based on the research conducted by Gao et al. (2023) [7]. The
data used in the study are obtained from the United Nations Commodity Trade Statistics
Database (UN COMTRADE). Palestine was not included in the analysis, as it does not
participate in renewable energy trade. As a result, a total of 65 BRI countries were included
in the analysis. It is important to note that the dataset concludes in the year 2020 due to the
impact of the COVID-19 pandemic.

4. Results
4.1. The Dynamic of Competition–Cooperation Relations

Figure 3 illustrates the number and proportion of links representing pure competition,
pure cooperation, and coopetition relations in the renewable energy trade system among
the BRI countries from 2013 to 2020. The predominant trend observed is pure cooperation,
accounting for over 78% of the relations. Coopetition follows, representing more than 8%,
while pure competition makes up less than 8%. In the initial years of the BRI, pure coopera-
tive relations dominated, constituting 85% of the total relations, significantly surpassing
the proportions of coopetition relations (8%) and pure competition relations (6%). This
indicates a cooperation-oriented system. One year after the initiative was launched, there
was a notable decline in pure competition relations, particularly in Southeast Asian. This
decline was accompanied by a 40% increase in the count of pure cooperation relations and
a 3% increase in their proportion. These changes suggest the emergence of new cooperation
ties facilitated by the BRI initiative.

The BRI is seen to promote and enhance renewable energy trade cooperation among
participating countries. However, it also introduces concurrent competition, leading to a
continuous rise in the proportion of coopetition relationships. Notably, since 2018, there
has been a decrease in cooperative relations, resulting in an increase in the proportion of
coopetition relations from 11% to 15% in 2020. This change suggests that a significant por-
tion (almost 10%) of previous cooperative relationships has transformed into competitive
or coopetition status.
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In summary, the BRI fosters cooperation in renewable energy trade among countries
along the route. However, as the initiative progresses, new trade dynamics are emerging,
characterized by a growing prevalence of coopetition, where competition and cooperation
coexist, among the BRI countries. This significant increase in coopetition relationships has
drawn attention.

4.2. Country Analysis

Figure 4 illustrates the distribution of DR+
i , DR−

i , and DRc
i for each country. The

dashed lines represent the mean values and divide the figure into four quadrants: quad-
rants I–IV. From Figure 4, it is evident that the symbols with darker colors are primarily
concentrated in quadrant II and quadrant III, with quadrant II showing a particularly
significant presence. This indicates that these countries exhibit less pure cooperation and
more complex coopetition. Notably, China, Singapore, and Malaysia have consistently
maintained a high level of coopetition relationship throughout the entire study period.
This suggests a complex dynamic of competition and cooperation between these three
countries and other countries along the BRI. Similarly, by 2020, Cambodia, Vietnam, and
Thailand demonstrated similar multifaceted coopetition dynamics. Indeed, renewable
energy competition is prevalent among the BRI countries due to shared objectives and
interests. The global focus on environmental conservation and sustainable development
drives the development and utilization of renewable energy, with countries seeking mar-
ket dominance and technological superiority. However, the BRI also provides a valuable
platform to enhance cooperation in renewable energy through technical exchanges, project
collaborations, and more. Such collaboration promotes advancements in renewable energy
technologies and industries. Taking China, India, and Sri Lanka as examples, each country
possesses unique strengths. Sri Lanka boasts abundant natural resources, particularly in
solar and wind energy, while China and India demonstrate robust technical and industrial
capabilities in these fields. Through collaboration with countries like China and India, Sri
Lanka can fully leverage its resource advantages to develop and utilize renewable energy.
Such cooperation contributes to enhancing Sri Lanka’s energy supply stability, reducing
energy costs, fostering economic development, and decreasing reliance on traditional
energy sources.
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From China’s perspective, renewable energy trade with BRI countries exhibits charac-
teristics of pure cooperation or coopetition, indicating that China and other BRI countries
have maintained a mutually beneficial cooperative relationship. This can be largely at-
tributed to China’s dominant position in global clean energy technology and production.
As a leading developer of solar panels, wind turbines, and other renewable energy products,
China engages in extensive collaboration with over a hundred countries. This drives inter-
national exchange and cooperation in clean energy technology, providing strong support
for China’s renewable energy trade with countries along the route. For instance, Chinese
enterprises are actively engaged in solar and wind energy projects in India, providing
technical expertise and financial support to strengthen India’s renewable energy initiatives.
At the same time, collaborative efforts between China and Kazakhstan are driving the
development of various solar and wind energy projects. This partnership aims to utilize
Kazakhstan’s abundant resources to meet China’s growing energy demands. These ven-
tures not only promote energy collaboration but also contribute to local economic growth
by creating employment opportunities and facilitating technology transfer.

4.3. Local and Cluster Analyses

Table 1 illustrates the topological structure of the coopetition signed network. In this
network, only contradictory edges are considered, excluding pure competitive and pure
cooperative relations. The table reveals several noteworthy trends. Firstly, the number
of edges and the network density show an upward trend, while the number of nodes
remains relatively stable. Simultaneously, the consistent annual rise in network density
suggests a growing level of interconnectedness between nations, driving the transformation
from decentralized coopetition entities to more centralized ones. Secondly, the clustering
coefficient exhibits a continuous upward trend over the years, indicating the gradual
development of the coopetition network into a hierarchically structured network. Thirdly,
the BRI countries have formed distinct communities characterized by stable and frequent
competition and cooperation among their members. Notably, the modularity reached its
peak at 0.701 in 2013, suggesting that the communalization aspect of the BRI was most
prominent during that year. This can be attributed to the initial phase of the initiative when
nations along the route prioritized trade with their traditional partners, resulting in a more
centralized pattern of commerce.

Table 1. Indicators of the coopetition signed network.

Year Nodes Edges Density Modularity Clustering Coefficient

2013 48 76 0.067 0.701 0.514
2014 49 80 0.068 0.591 0.463
2015 48 101 0.090 0.549 0.414
2016 48 97 0.086 0.591 0.524
2017 49 105 0.089 0.591 0.522
2018 45 97 0.098 0.644 0.521
2019 54 172 0.120 0.591 0.658
2020 50 160 0.131 0.591 0.585

Figure 5 depicts the coopetition networks and their communities. The size of each node
represents the average degree of the country, with larger nodes indicating a higher number
of coopetition relations with the node’s neighbors. The links between nodes indicate the
presence of a coopetition relationship between two countries. Based on Figure 5, it is
evident that the formation of clusters is significantly influenced by regional geographical
proximity, with limited coopetition connections across different groups. The figure also
shows a decrease in the number of coopetition groups from six in 2013 to five in 2020, with
countries within these groups demonstrating relative stability. Notably, from 2013 to 2015,
several countries functioned as “explorers” and displayed group mobility. For example,
Poland moved from a Lithuanian-led coopetition group to establish its own group with
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Slovenia in 2015. Thailand and Slovakia underwent a similar transition. In contrast, the
years 2018 and 2020 witnessed a higher degree of stability in these groups, with limited
movement observed. Analyzing China’s coopetition interaction, it formed a group with
Malaysia, Singapore, and Cyprus in 2013, maintaining a consistent and stable competition
and cooperation relationship over the years. The membership of this group expanded from
four countries in 2013 to ten in 2020, exhibiting low mobility and fostering steady and
frequent interactions. Only two countries, the Philippines and the United Arab Emirates,
exited the group in 2018 and 2020.
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4.4. Global Stability Analysis

In this study, the constructed signed networks revealed ten types of subgraphs, as
presented in Table 2. Within each subgraph, different types of relationships between
countries are represented by different colored edges: black for cooperation, green for
competition, and red for coopetition. Cooperation is considered a positive relationship,
competition is viewed as a negative relationship, and coopetition encompasses both positive
and negative aspects. Let us consider the ID3 subgraph as an example. If the red edges
are interpreted as a positive relationship, then the ID3 subgraph is regarded as being in a
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state of structural balance. Conversely, if the red edges are seen as a negative relationship,
then the ID3 subgraph is considered to be in an unbalanced state. Hence, the ID3 subgraph
may be either balanced or unbalanced, ultimately being classified as an unbalanced state.
Applying the theory of structural balance, the study classified ID1, ID4, ID8, and ID9 as
balanced subgraphs, indicating a high level of stability in the relationships between these
countries. Conversely, ID2, ID3, ID5, ID6, ID7, and ID10 were classified as unbalanced
subgraphs, suggesting that the relationships in these subgraphs were more prone to change.

Table 2. The identified ten subgraphs of the coopetition signed networks.

ID Subgraph Description State

1

Energies 2024, 17, x FOR PEER REVIEW 11 of 16 
 

 

Table 2. The identified ten subgraphs of the coopetition signed networks. 

ID Subgraph Description State 

1 
 

The trade relationship among the three countries is characterized by pure 
cooperation, forming a trilateral cooperative trade framework. Balanced 

2 
 

One country engages in a purely cooperative trade relationship with two 
others, while those two countries themselves are in a state of pure compe-
tition. 

Unbalanced 

3 
 

One country maintains a pure cooperative trade relationship with two oth-
ers, while those two countries engage in a coopetition dynamic, signifying 
a coexisting relationship of competition and cooperation. 

Unbalanced 

4 
 

One country is in a state of pure competition with two others, while those 
two countries are in a state of pure cooperation between themselves. Balanced 

5 
 

The three countries are in a state of mutual competitive trade, forming a 
tripartite competitive trade pattern. Unbalanced 

6 
 

One country enjoys a purely cooperative relationship with one nation and 
engages in a competitive–cooperative coexistence with another, while 
these two countries are in a state of pure competition between themselves. 

Unbalanced 

7 
 

One country is in a competitive relationship with two others, while these 
two countries have a coexisting competitive–cooperative dynamic. 

Unbalanced 

8 
 

One country engages in a cooperative–competitive coexistence with two 
others, while those two countries themselves have a relationship character-
ized by pure competitive trade. 

Balanced 

9 
 

The trade relationship among the three countries is marked by a coexist-
ence of competition and cooperation, forming a tripartite pattern of 
coopetition. 

Balanced 

10 
 

One country engages in a state of coopetition relationship with two others, 
while these two countries themselves share a relationship characterized by 
pure cooperative trade. 

Unbalanced 
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exception of 2018, the proportions of the subgraphs exhibit an increasing trend, indicating 
the significant impact of the BRI. Specifically, the proportions of ID1 and ID3 experienced 
substantial growth, from 18.65% and 7.53% in 2013 to 27.52% and 10.17% in 2017, respec-
tively, highlighting the importance of these two subgraphs. However, in 2018, the propor-
tions of these two subgraphs decreased, leading to an overall decline in the proportions 
of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth noting that, de-
spite the declining trend of ID1 after reaching its peak in 2017, its proportion remained 
high at 20.45% in 2020, making it the most common subgraph among them all. This indi-
cates that ID1 and ID3 represent the most prevalent patterns of renewable energy trade 
relations among the BRI countries. 

The trade relationship among the three countries is characterized by pure
cooperation, forming a trilateral cooperative trade framework. Balanced

2
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tively, highlighting the importance of these two subgraphs. However, in 2018, the propor-
tions of these two subgraphs decreased, leading to an overall decline in the proportions 
of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth noting that, de-
spite the declining trend of ID1 after reaching its peak in 2017, its proportion remained 
high at 20.45% in 2020, making it the most common subgraph among them all. This indi-
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One country engages in a purely cooperative trade relationship with two others,
while those two countries themselves are in a state of pure competition. Unbalanced
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of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
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those two countries engage in a coopetition dynamic, signifying a coexisting
relationship of competition and cooperation.

Unbalanced
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the significant impact of the BRI. Specifically, the proportions of ID1 and ID3 experienced 
substantial growth, from 18.65% and 7.53% in 2013 to 27.52% and 10.17% in 2017, respec-
tively, highlighting the importance of these two subgraphs. However, in 2018, the propor-
tions of these two subgraphs decreased, leading to an overall decline in the proportions 
of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth noting that, de-
spite the declining trend of ID1 after reaching its peak in 2017, its proportion remained 
high at 20.45% in 2020, making it the most common subgraph among them all. This indi-
cates that ID1 and ID3 represent the most prevalent patterns of renewable energy trade 
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The three countries are in a state of mutual competitive trade, forming a tripartite
competitive trade pattern. Unbalanced
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exception of 2018, the proportions of the subgraphs exhibit an increasing trend, indicating 
the significant impact of the BRI. Specifically, the proportions of ID1 and ID3 experienced 
substantial growth, from 18.65% and 7.53% in 2013 to 27.52% and 10.17% in 2017, respec-
tively, highlighting the importance of these two subgraphs. However, in 2018, the propor-
tions of these two subgraphs decreased, leading to an overall decline in the proportions 
of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth noting that, de-
spite the declining trend of ID1 after reaching its peak in 2017, its proportion remained 
high at 20.45% in 2020, making it the most common subgraph among them all. This indi-
cates that ID1 and ID3 represent the most prevalent patterns of renewable energy trade 
relations among the BRI countries. 

One country enjoys a purely cooperative relationship with one nation and engages
in a competitive–cooperative coexistence with another, while these two countries are
in a state of pure competition between themselves.

Unbalanced
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Figure 6 illustrates the changing proportions of the ten subgraphs. Overall, with the 
exception of 2018, the proportions of the subgraphs exhibit an increasing trend, indicating 
the significant impact of the BRI. Specifically, the proportions of ID1 and ID3 experienced 
substantial growth, from 18.65% and 7.53% in 2013 to 27.52% and 10.17% in 2017, respec-
tively, highlighting the importance of these two subgraphs. However, in 2018, the propor-
tions of these two subgraphs decreased, leading to an overall decline in the proportions 
of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly increased again, 
reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth noting that, de-
spite the declining trend of ID1 after reaching its peak in 2017, its proportion remained 
high at 20.45% in 2020, making it the most common subgraph among them all. This indi-
cates that ID1 and ID3 represent the most prevalent patterns of renewable energy trade 
relations among the BRI countries. 

One country is in a competitive relationship with two others, while these two
countries have a coexisting competitive–cooperative dynamic. Unbalanced
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Figure 6 illustrates the changing proportions of the ten subgraphs. Overall, with
the exception of 2018, the proportions of the subgraphs exhibit an increasing trend, in-
dicating the significant impact of the BRI. Specifically, the proportions of ID1 and ID3
experienced substantial growth, from 18.65% and 7.53% in 2013 to 27.52% and 10.17%
in 2017, respectively, highlighting the importance of these two subgraphs. However, in
2018, the proportions of these two subgraphs decreased, leading to an overall decline in
the proportions of the subgraphs. In 2019 and 2020, the proportion of ID3 significantly
increased again, reaching 15.11%, while ID2 also fluctuated upwards to 5.35%. It is worth
noting that, despite the declining trend of ID1 after reaching its peak in 2017, its proportion
remained high at 20.45% in 2020, making it the most common subgraph among them all.
This indicates that ID1 and ID3 represent the most prevalent patterns of renewable energy
trade relations among the BRI countries.
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Figure 7 illustrates the upward trend in the global balanced rate since the inception
of the BRI. The ratio peaked at 27.84% in 2017 and then gradually declined but remained
at 22.17% in 2020, surpassing the level of the initiative’s proposal year. This suggests that
the implementation of the BRI has fostered stability in trade relations among countries
along the routes. However, starting from 2018, the balanced rate began to decrease, while
the unbalanced rate saw an annual increase. This indicates that the stability of relations
between countries has been somewhat affected. Furthermore, Figure 6 provides additional
insights into the evolution of the balanced and unbalanced subgraphs. The study reveals
that the decline in the global balance rate is primarily due to the reduction in balanced
subgraph ID1, coupled with an increase in unbalanced subgraphs ID2 and ID3, particularly
ID3. This underscores the presence of contradictory edges between nodes, suggesting
that the blend of cooperation and competition has increased uncertainty in trade relations
between countries, thereby impacting their stability to some extent.
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5. Discussion

To evaluate the trade dynamics in the renewable energy sector among BRI countries, a
trade relationship-based symbol network was constructed. The research findings indicate
that the BRI has effectively spurred cooperation among participating countries in renewable
energy trade, which aligns with the conclusions drawn by scholars such as Liu et al.
(2018) [41] and Gao et al. (2023) [7]. By taking Indonesia and Vietnam as examples, it
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can be observed that Indonesia, a major energy producer in Southeast Asia, and Vietnam,
with vast potential in renewable energy development, have witnessed a growing closeness
in their energy cooperation as the BRI progresses. This cooperation primarily revolves
around technology transfer, project investments, and energy product trading. Along a
similar vein, China has collaborated with countries like Pakistan, Egypt, and Bangladesh
to develop projects such as the Karachi solar project, photovoltaic power initiatives, and
hydroelectric plants.

However, as the BRI advances, new trade relationships are emerging that are char-
acterized by a blend of competition and cooperation, forming patterns of “competitive
cooperation” and “cooperative competition”. The concept of competitive cooperation refers
to a situation where countries engage in a cooperative relationship while simultaneously
competing with each other. On the other hand, cooperative competition refers to a situation
where countries compete with each other while also maintaining a cooperative relationship.
This perspective was also supported by Gao et al. (2023) [7], who observed a rapid increase
in the overall trade competitiveness of renewable energy products among the BRI coun-
tries over the past decade, alongside significant disparities between nations. Essentially,
the inception of the BRI has witnessed a transition in renewable energy trade relations,
shifting from primarily cooperative in its early stages to a combination of cooperation
and competition.

It is noteworthy that the BRI has significantly bolstered the overall stability of trade
among participating nations. However, the burgeoning coexistence of competition and
cooperation also introduces uncertainty into intercountry trade dynamics. For instance, in
Central Asia, countries like Kazakhstan and Kyrgyzstan possess abundant wind energy
resources. While some collaborate on wind energy industry development, such as jointly
initiating cross-border wind power projects and sharing technological and resource exper-
tise, competition arises as nations strive to attract investments and capture market shares
in the renewable energy sector. A similar dynamic is observed in the clean energy coop-
eration between China and Southeast Asian nations as part of the BRI. China’s expertise
in renewable energy technology and investment aligns with Southeast Asia’s imperative
to address increasing energy demands and tackle climate change. Amidst collaboration,
both sides navigate market competition and geopolitical factors. In essence, while the
BRI propels a surge in trade volume and interconnectedness among participating coun-
tries, the emergence of cooperative competition dynamics introduces new challenges to
trade stability.

In summary, the BRI has successfully fostered cooperation and stability in renewable
energy trade among participating countries. However, the emergence of coopetition
dynamics presents new complexities and uncertainties. To ensure the continued stability
and mutual benefits in trade relations along the BRI route, it is crucial to have a thorough
understanding of these dynamic factors and navigate them adeptly.

6. Conclusions

Driven by the BRI, the trade of renewable energy products between countries along the
route has witnessed consistent growth. However, the escalating trade disputes, referring to
conflicts or disagreements between countries or regions regarding trade practices, policies,
tariffs, or other trade-related issues, have had a profound impact on the competitive and
collaborative dynamics in the region. This study aimed to examine the evolving pattern of
trade relations between these nations by constructing a coopetition signed network model
using trade data from 2013 to 2020 for four types of renewable energy products. This study
draws the following conclusions:

First, BRI countries predominantly exhibit a cooperative relationship in renewable
energy trade. However, there has been a noticeable trend towards coopetition, as reflected
by a significant increase in contradictory edges within the coopetition network. This
demonstrates a continuous intensification of coopetition among these countries. Simultane-
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ously, the network structure has become more intricate and resilient, forming a frequent
coexistence of “competitive cooperation” and “cooperative competition”.

Second, the formation of coopetition groups is closely linked to geographical location.
Coopetition relationships tend to be relatively small between different groups and primarily
concentrated within each group. Further analysis reveals that certain countries, such as
China, Singapore, and Malaysia, exhibit complex patterns of competition and cooperation.
They have formed diverse coopetition situations with other countries along the route.
China initially formed a coopetition group with Malaysia, Singapore, and Cyprus during
the early stages of the initiative. This group has expanded in scale and is characterized by
high inflow and low outflow.

Third, the implementation of the BRI has significantly enhanced the overall stability
of trade between countries along the route. However, there is a correlation between the
decrease in global balance and the emergence of contradictory edges. The increase in
contradictory edges between nodes introduces uncertainty to coopetition relationships
between countries, thereby impacting the stability of trade relations to some extent.

Based on the aforementioned findings, trade policies aimed at promoting renewables
along the BRI should take into account the coopetition relationships among countries.

(1) Countries with diverse coopetition dynamics should enhance their competitiveness
and strengthen their cooperation. They should prioritize technology innovation and opti-
mize their industrial structure to improve their competitive link in renewable energy trade.
For instance, China and Malaysia have successfully collaborated on various renewable
energy projects, such as the Malacca photovoltaic power station and the Senmeilan solar
power plant. These initiatives not only enhance the efficiency of renewable energy utiliza-
tion and reduce reliance on traditional energy but also yield economic and environmental
benefits for countries along the route.

(2) As the initiator and advocate of the BRI, China should actively engage in commu-
nication and negotiation with other nations along the route to address concerns related
to renewable energy trade. This entails fostering mutual trust, deepening understanding,
and collaboratively managing potential trade conflicts and disputes. Additionally, China
should increase investments in advanced technology research and development to enhance
its technical competitiveness in the field of renewable energy.

(3) Given that coopetition dynamics can impact the stability and balance of renewable
energy trade relations among BRI countries, it is crucial to closely monitor the real-time
dynamics of coopetition relationships during the trade development process. It is recom-
mended to establish a systematic monitoring and evaluation mechanism for coopetition
relationships. This mechanism should involve a periodic in-depth analysis of contradictory
edges between nodes and the timely identification of risk factors that may introduce un-
certainty. Through flexible policy adjustments and the optimization of network structures,
the stability of trade relations can be consolidated and enhanced, ensuring a healthy and
sustainable development of renewable energy trade along the BRI.
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