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Abstract: Photovoltaic industry trade has become a global trade activity, and a wide range of
photovoltaic trade relations have been formed between countries. In order to further strengthen and
balance trade relations, this paper analyzes global photovoltaic (PV) trade from the perspective of
complex networks. We employ network indicators and the cascading process of risk propagation to
analyze the evolution features and the vulnerability of the PV trade network. Firstly, we establish
the global PV trade networks from 2000 to 2021 based on the PV trade flow between countries. We
then explore evolution features and analyze the influencing factors of the trade network structure.
Finally, we simulate the cascading process of risk propagation on the trade network based on an
improved bootstrap percolation model. The evolution features reveal the following three results:
(1) the scale of global PV trade continues to grow, and the participation of some countries has
increased significantly; (2) the global PV trade network has small-world characteristics, and the
related products have high circulation efficiency; and (3) the global PV trade network has a core-
periphery structure, while a few countries drive most of the trade. China, Germany, and the U.S. are
the top PV traders. Some Asian countries, such as Vietnam, are gradually increasing their share of the
market. The QAP regression analysis shows that the gaps in GDP and electricity access rate are the
biggest facilitating and hindering factors in the global PV trade, respectively. The simulation results
show that the global PV trade network is vulnerable to targeted risk and is robust to randomness risk.

Keywords: global photovoltaic trade network; evolution features; QAP regression analysis; bootstrap
percolation model

1. Introduction

In 2015, 196 countries adopted a new climate treaty:the Paris Agreement. This treaty
provides guidelines for global efforts in addressing climate change [1]. Since then, more
and more countries have paid increasing attention to reducing carbon emissions, and
some countries have introduced policies to promote the use of zero-carbon or low-carbon
energy [2–4]. Thus, there have been some changes in the global energy mix in recent years.
In 2019, the share of natural gas and renewable energy increased significantly, and their
growth accounts for three quarters of the growth in global energy consumption [5]. In
the share of electricity generation, renewables also provided the largest increment, and
its shares rose to record levels. Among them, the share of solar energy in renewable
energy generation has also been increasing, from 14% five years ago to 26% now. Photo-
voltaic (PV) energy is a type of solar energy, which is widely used due to its low cost and
ease of installation.

Under economic globalization, the PV industry has formed a globalized industrial
chain. In order to balance supply and demand, PV trade activities are carried out between
countries. This forms a complex global trading system. However, many factors in recent
years, such as international disputes [6], have led to a complex international trade envi-
ronment, which, together with the continued impact of the epidemic, has made the global
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PV industry more challenging. To strengthen cooperation between countries and promote
the healthy and orderly development of the global PV industry, it is necessary to make an
effective measurement of the current global PV trade pattern and its evolution features, as
well as to explore the potential influencing factors. At the same time, many uncertainties
can affect the trade of some countries (e.g., epidemics), which may have an impact on the
global PV industry chain. To prevent the spread of local risks to the global level through
international trade, it is necessary to identify the key countries and measure the cascade
process of risk propagation in the PV trade system, to improve the response capacity of
countries to the risks.

Accordingly, this paper studies the global PV trade from a complex network perspec-
tive. Firstly, we establish the global PV trade networks from 2000 to 2021. Secondly, we
analyze the evolutionary features of the global PV trade network structure from several
aspects. We then use the QAP method to explore the impact factors on the global PV trade
network structure. Finally, we simulate the cascading process of risk propagation on the
PV trade network based on the improved bootstrap percolation model.

2. Literature Review

For the study of global PV trade, some scholars have analyzed international dis-
putes [6], product competitive advantage [7], and related policies [8] from the perspective
of traditional international trade study. However, international trade is a complex sys-
tem with more countries involved. In the context of economic globalization, countries
are trading more and more closely, and it is difficult to explain the overall pattern and
evolution features of the trading system by analyzing the individual countries one by one.
The complex network is an analytical method used to determine the interrelationships
between individuals, which can provide different perspectives of the complex phenomenon
of the trading system. Serrano et al. applied the complex network approach to the study of
international trade and determined that the trade network has characteristics including
small-world property and high-clustering coefficients [9]. Geng et al. used the minimum
spanning tree model to analyze the degree of integration in the international natural gas
market [10]. Duan et al. used the quadratic assignment procedure model to explore the
driving factors of the global grain network [11]. Yu et al. used the temporal exponential
random graph model (TERGM) to analyze the influencing factors and evolution of the
global rare earth trade [12]. Liu et al. used complex networks and link prediction methods
to predict the trends of trade structure and the global pattern of waste plastic by 2030 [13].
Hao et al. constructed the steel international trade multiplex network and studied the
supply risk transmission mechanism [14].

Many scholars have also applied the complex network approach to the study of global
PV trade. Guan et al. built the corresponding PV trade network and measured the role
of each country in the network [15]. They also compared the preferences of different
energy commodities in their selection of trade partners [16] and analyzed the impact of
the local market on global PV trade under different patterns [17]. Furthermore, they have
introduced link prediction methods to identify countries with trade preferences [16,17]. Fu
et al. compared the spatial and community structures of various renewable energy trade
networks including PV [18]. Wang et al. analyzed trade characteristics and competitive
patterns from a static perspective and explored risk propagation on PV trade networks from
a dynamic perspective based on the epidemic diseases model [19]. In summary, previous
research has touched on the topological characteristics of the global PV trade network, and
this paper performs further analysis of the evolutionary features of the overall structure,
individual importance, and community structure of the network using innovative methods.
In addition, as global PV trade is a complex system with multiple actors involved, it may
be influenced by many factors. While previous studies mainly focus on the influence of
the network’s motifs on the overall trade network structure [17], in this paper, the QAP
method is applied to explore the potential impact factors of the PV trade network structure.
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It considers that the global PV trade network structure may be influenced by a country’s
attributes, such as economic size and geographical location.

Furthermore, because of the current severe global epidemic impact, some countries
may suspend or reduce their trade activities, which may lead to a chain of negative conse-
quences worldwide, especially for PV trade—as a mature worldwide industry, the impact
may be worse. Therefore, the cascade process of risk propagation in the PV trade system
needs to be analyzed. For risk propagation, the epidemic diseases models (e.g., SIS, SIR, etc.)
are commonly used analysis methods, and previous scholars have made some analyses on
risk propagation on global PV trade networks based on this type of model [19]. However,
risk propagation between countries is not determined by probability, but by the risk when
it exceeds certain conditions; this can be simulated by the bootstrap percolation model [20].
Several scholars have applied this model to the study of international trade [20–22] and
proved the validity of the model. In this paper, we improve the bootstrap percolation
model for the characteristics of the PV industry and simulate the cascading process of risk
propagation on the global PV trade network from two perspectives: supply interruption
and demand interruption.

3. Data Sources and Network Establishment

The PV trade data used in this paper are from the United Nations Commodity Trade
Database (UN Comtrade) which contains all annual data for 215 countries and areas
(hereinafter collectively referred to as countries) for the years 2000 to 2021, and the HS
code for PV products is 854,140. For the trade flow from country i to country j, reported
by i as an export to j (Exportij), and by j as an import from i (Importji). For some objective
reasons they are not equal, and this paper used the larger one as the trade flow which is
represented by t fij.

The classical method is applied to establish the global PV trade networks (PVTN) from
2000 to 2021. The nodes of the network are the individual countries, and the edges are the
PV trade flows between countries. The network can be represented as:

PVTN =

t f11 · · · t f1n
...

. . .
...

t fn1 · · · t fnn


where

t fij =

{
max

(
Exportij, Importji

)
, i f Exportij or Importji 6= 0

0, else

4. The Evolution Features of the Global PV Trade Network Structure

This section analyzes the evolutionary features of the global PV trade network struc-
ture, which includes the overall network structure, node importance, and network commu-
nity structure.

4.1. Methodology for Network Feature Analysis
4.1.1. Overall Network Structure

(a) Density
The density reflects the degree of development of the PV trade. The higher the

numerical value, the more developed the trade. The equation is as follows [23]:

D =
M

n(n− 1)
(1)

where D is the density of the network, M is the number of edges in network, which
represents the number of actual trade relations, and n is the number of nodes in the network.
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(b) Reciprocity
Reciprocity indicates the ratio of two-way trade to all trade. The equation is as

follows [24]:

ϕ =
Md
M

(2)

where ϕ is the reciprocity of the network and Md is the number of edges that have oppo-
site edges.

(c) Average clustering coefficient
The clustering coefficient indicates the ratio of a country’s trading partners that have

trade relations with each other. For the directed network, the equation is as follows [23]:

CCi =
T(i)

dtot
i
(
dtot

i − 1
)
− 2d↔i

(3)

where CCi is the clustering coefficient of node i, T(i) is the number of directed triangles
which go through i, dtot

i is the number of all the edges of i, and d↔i is the number of two-way
edges of i. The average clustering coefficient is the average of this indicator of all nodes,
which indicates the degree of trades clustering. The higher the numerical value, the higher
the degree of clustering.

(d) Average distance
The average distance represents the average of the distances between any two nodes

in the network [23] and represents the efficiency of commodity transfer in international
trade networks. The smaller the numerical value, the higher the transfer efficiency.

4.1.2. Nodes Importance

(a) Degree centrality
The degree centrality reflects the number of trade relations in a country. In this paper,

we analyze the export and import aspects, respectively. The out-degree centrality reflects
the size of the country’s export market; the larger the value, the wider the export market.
In-degree centrality reflects the degree of import diversification of the country; the larger
the value, the more sources of imports. The equations are as follows [23]:

Cout
D (i) =

dout
i

n− 1
(4)

Cin
D (i) =

din
i

n− 1
(5)

Where Cout
D (i) and Cin

D (i) denote the out-degree centrality and in-degree centrality of
node i, respectively, and dout

i and din
i denote the number of outgoing edges and incoming

edges of node i, respectively.
(b) Strength
The strength reflects the trade values of a country. In this paper, we analyze the export

and import aspects, respectively. The out-strength reflects a country’s export trade values.
In-strength reflects a country’s import trade values. The equations are as follows [23]:

Sout(i) =
n

∑
j

t fij (6)

Sin(i) =
n

∑
j

t f ji (7)

where Sout(i) and Sin(i) denote the out-strength and in-strength of node i, respectively,
which is calculated by the sum of the weight of outgoing edges and incoming edges of
node i, respectively.
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(c) Betweenness centrality
The betweenness centrality reflects the importance of a country as a bridge for trade.

The equation is as follows [23]:

CB(i) =
n

∑
j

n

∑
k

gjk(i)
gjk

, j 6= k 6= i (8)

where CB(i) denotes the betweenness centrality of node i, gjk denotes the number of the
shortest path between nodes j and k, and gjk(i) denotes the number of times that i lies in
their shortest path.

4.1.3. The Community Structure of Network

Since the focus of this paper is a global PV trade system with many countries involved,
it is difficult to analyze the evolutionary pattern of trade relations between countries one
by one. Therefore, we use the community structure as a simplified representation of the
global PV trade network, to identify the trade subgroups in the global PV trade system and
analyze the role each one plays.

The block-model is one of the ways to explore the community structure of the net-
work [24], and the main methods of division are the hierarchical cluster method [25–27]
and the CONCOR method (convergence of iterated correlation) [28,29]. In this paper,
we use the CONCOR method which iteratively computes the correlation coefficients of
the network’s adjacency matrix to divide the network. Based on the division results, we
construct the density matrix which represents the density of blocks. We then transform
the density matrix to an image matrix by comparing the elements of the density matrix to
the density of the network; those greater than the network density are defined as one and
the others as zero. The image matrix represents the main trade relations between block
members. By analyzing the changes of the image matrix over the years, we can understand
the evolutionary features of the mid-level structure in the global PV trade network.

4.2. The Result of Network Feature Analysis
4.2.1. Overall Network Structure Analysis

The results of the overall network structure analysis (see Figure 1) show that the
density has increased significantly, with a cumulative increase of 90%. This means that
the scale of global PV trade is expanding, and the participation of countries continues to
increase. However, it is still at a relatively low level as the maximum value is 0.138. Current
trade relations are limited and there are huge development prospects. The reciprocity is
relatively stable and half of the trade relations are two-way trade. The average clustering
coefficient grows steadily and is currently at a high level, which indicates that the trade
activities also exist between most of the cooperating countries involved in PV trade, and
that PV trading activity tends to be clustered. The average distance is slowly decreasing,
and the efficiency of commodity circulation is improving year by year. Remarkably, the
average clustering coefficient is high, the average distance is small, and the global PV trade
network presents obvious small-world characteristics.

4.2.2. Nodes Importance Analysis

The results of the nodes importance analysis are shown in Figures 2–4. For out-degree
centrality, the values for many countries have been increasing since 2000. In 2021, China,
Germany, and the U.S. all had an out-degree centrality greater than 0.7 and have relatively
larger export markets, meaning their products have a strong competitive advantage. In
Vietnam, due to lower production costs and the support of relevant policies, the out-degree
centrality also shows a relatively significant rise, and its export markets continue to expand.
For in-degree centrality, the values for many countries have also been increasing since
2000, indicating that countries continue to broaden their PV product import channels
and safeguard PV product import diversification. Among them, countries such as Russia,
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Poland, and South Africa had a more significant rise. For out-strength, the top-ranking
countries in 2021 were mostly Asian countries, occupying a larger share of the global PV
export market. China’s out-strength has been increasing since 2007, and now occupies
a relatively large share of exports, as its products have a greater competitive advantage.
For in-strength, the values of many countries have increased year by year since 2000,
indicating that the demand for PV products in each country has been increasing. Among
them, Vietnam, Spain, Australia, and other countries have seen a more significant rise in
recent years. For betweenness centrality, China and the U.S. ranked relatively high in 2021,
which means they are relatively important intermediary countries. However, the values
for intermediary centrality were low overall, and the network does not have significant
intermediary nodes.
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4.2.3. The Community Structure of Networks

The analysis results of the community structure of networks obtained by UCINET
software (the maximum segmentation depth setting at two and other parameters using
default values), and all countries were divided into four blocks. We selected the results
with significant changes for the presentation. The density and image matrices for the
corresponding years are shown in Table 1, and the visualization of each block member and
image matrix are shown in Figure 5.

Table 1. The density matrices and image matrices in 2000, 2006, 2012, and 2019.

The Density Matrix in 2000 The Image Matrix in 2000

Blocks 1 2 3 4 Blocks 1 2 3 4

1 0 0 0 0.005 1 0 0 0 0
2 0.001 0.003 0 0.009 2 0 0 0 0
3 0 0 0 0 3 0 0 0 0
4 0.014 0.065 0 0.287 4 0 0 0 1

The Density Matrix in 2006 The Image Matrix in 2006

Blocks 1 2 3 4 Blocks 1 2 3 4

1 0.001 0 0.001 0.01 1 0 0 0 0
2 0 0 0.001 0.005 2 0 0 0 0
3 0.003 0.003 0.007 0.018 3 0 0 0 0
4 0.043 0.001 0.127 0.402 4 0 0 1 1

The Density Matrix in 2012 The Image Matrix in 2012

Blocks 1 2 3 4 Blocks 1 2 3 4

1 0.004 0.001 0.003 0.008 1 0 0 0 0
2 0.003 0.012 0.011 0.036 2 0 0 0 0
3 0.014 0.03 0.088 0.259 3 0 0 0 1
4 0.067 0.285 0.567 0.75 4 0 1 1 1

The Density Matrix in 2019 The Image Matrix in 2019

Blocks 1 2 3 4 Blocks 1 2 3 4

1 0.005 0.002 0.003 0.014 1 0 0 0 0
2 0.004 0.013 0.008 0.027 2 0 0 0 0
3 0.002 0.026 0.043 0.159 3 0 0 0 1
4 0.083 0.256 0.495 0.763 4 0 1 1 1
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As the results show, in 2000, the global PV trade network did not form a clear com-
munity structure, and most of the countries involved in PV trade were divided into block
four. Other countries were rarely involved in PV trade. As the PV industry was still in its
early stages in 2000, countries attached less importance to PV production, and therefore
trade relations were limited. After 2000, the number of countries involved in the PV trade
gradually increased. In 2006, the global PV trade network formed a relatively simple
community structure. Most African and Central Asian countries, as well as Malaysia and
Laos, were classified into block three, and their main trade relations were imports from
block four.
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After 2006, the scale of global PV trade further expanded. From 2012 to the present,
the global PV trade networks all show a clear core-periphery structure. Except for slight
changes in the members of each block, the community structure of the network has generally
remained stable. Taking 2019 as an example, Block 1 is the isolator as its members hardly
participate in the PV trade. Block 2 is the receiver; most of its members are African countries
that only have PV product demand, and their PV trade relations are relatively simple as
the source of importing is largely Block 4. Block 3 is the broker; its members have both
import demand and export capacity for PV products. They do not trade with each other
and prime trading partners come from Block 4. Block 4 is the primary; in addition to trade
relations with other blocks above, its members also have many trade relations with each
other. Although it has the smallest number of members, it is involved in majority of trading
activities. Most of its members are from North America, Asia, and Europe, where the best
part of developed countries in the PV industry are located.

5. The Impact Factors of the Global PV Trade Network Structure

Considering that some factors, such as differences in economic size and geographical
location of countries, may impact on international trade, we analyze the potential impact
factors on the global PV trade network structure in this section.

This paper uses the unweighted PVTN and the weighted PVTN as dependent variables,
respectively (i.e., exploring the effects of other independent variables on global PV trade
relations and trade values between countries). Since the network data are not independent
and the results of ordinary regression methods may be affected by multicollinearity, we use
the QAP method (quadratic assignment procedure to randomize the rows or columns of
the matrix in order for the regression results to be unbiased [30]) for the purpose of analysis
to calculate the regression relationship between the dependent variable matrix and the
independent variable matrix and to evaluate the r-squared of significance.

5.1. Variable Selection and Model Construction

For the potential impact factors of the global PV trade network structure, we mainly
consider the following aspects:

(a) Whether the countries belong to the same international economic organization
International economic organizations may have some influence on the trade pref-

erences of their members [31]. Considering that Europe is the region with the highest
share of renewable energy generation [5], and most of the countries are members of the
European Union, we constructed the independent variable EU to determine whether there
would be an impact on the global PV trade network structure if both countries belonged to
the European Union. At the same time, considering that the establishment of the World
Trade Organization has greatly impacted global trade, we constructed the corresponding
independent variable WTO to determine whether there would be an impact on the global
PV trade network structure if the two countries belonged the World Trade Organization.

(b) Difference in geographic location
The differences in the geographical location of countries may impact trade flows, trade

costs, etc. We use the distance between two countries, and whether they are bordering
each other, to measure the difference between geographical locations. Furthermore, we
constructed the corresponding independent variables DIS and BOU to measure the impact
of geographical location factors on the global PV trade network structure.

(c) Difference in economic development
This shows that in bilateral trade, the economic size of each country is positively

correlated with the trade demand [32]. We use each country’s Gross Domestic Product
(GDP) as a measure of its economic size and construct the corresponding independent
variable GDP to measure the impact of the economic size gap between countries on global
PV trade network structure.
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(d) Difference in basic electricity development
The main usage of PV products is for electricity generation, and therefore a country’s

basic electricity development level may impact its PV trade. We use the electricity access
rate to represent a country’s basic electricity development level and we construct the
corresponding independent variable ELC to measure the impact of the gap in electricity
access rate between countries on global PV trade network structure.

For the independent variables constructed in this paper, their data sources and process-
ing are shown in Table 2. Considering the availability of data, we only selected 189 countries
from 2012–2018 for the analysis. The QAP regression model is shown as follows:

TR = f (EU, W T O, BOU, DIS, GDP, ELC).

Table 2. The data source and processing of independent variables.

Independent
Variable
Matrix

Meanings Data Source Elements of Matrix

EU Members of
the EU or not CEPII

1, if the two countries belong to
the European Union;

0, else

WTO Members of
the WTO or not CEPII

1, if the two countries belong to
the World Trade Organization;

0, else

DIS Distance between
countries CEPII the normalized distance

between two countries

BOU Bordering or not CEPII 1, if two countries bordering;
0, else

GDP Economic
development gap World bank

the absolute value of
the normalized gap in GDP

between two countries

ELC The basic power
development gap World bank

the absolute value of
the normalized gap

in the electricity access rate
between two countries

5.2. The Results of QAP Regression

In this paper, the simulation was performed using UCINET software (parameters
using default values). The regression results of the unweighted and weighted networks are
shown in Tables 3 and 4, respectively, with the p-values corresponding to the regression
coefficients in parentheses. In the overall view, all independent variables are significant
at the p = 0.01 level in the regression analysis of the unweighted network, which implies
that they all have some effect on the trade relations between countries. However, the
significance of some independent variables changes in the weighted network analysis. The
detailed analysis is as follows.

For the international economic organization factor, the regression coefficients of both
EU and WTO in the unweighted network analysis are positive and significant at the
p = 0.01 level, indicating that the members of the European Union or the World Trade
Organization are more likely to establish PV trade relations with each other. In particular,
the regression coefficient of the EU is larger than that of the WTO, which means that PV
trade is more frequent between European Union member states. In the analysis of the
weighted network, the regression coefficients of the WTO are positive and significant
at the p = 0.1 level, which means that PV trade values are more likely to grow between
World Trade Organization member countries. However, the regression coefficient of the
EU is significant only before 2014. This could be because European countries paid more
attention to renewable energy and therefore their PV industry developed earlier, which
promoted the growth of PV trade values between them. However, since 2014, more and
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more countries have grown concerned about the PV industry and have become involved in
the related trade. A noticeable phenomenon is that the share of Asian countries in PV trade
is increasing year by year. Therefore, the effects of the EU variable are no longer significant
after 2014.

Table 3. QAP regression result for unweighted PVT.

2012 2014 2016 2018
Intercept 0.131 0.134 0.143 0.143

EU

0.551 0.545 0.536 0.550

*** *** *** ***

(0) (0) (0) (0)

WTO

0.131 0.138 0.144 0.144

*** *** *** ***

(0) (0) (0) (0)

DIS

−0.149 −0.161 −0.174 −0.174

*** *** *** ***

(0) (0) (0) (0)

BOU

0.176 0.205 0.196 0.219

*** *** *** ***

(0) (0) (0) (0)

GDP

0.850 0.832 0.820 0.775

*** *** *** ***

(0) (0) (0) (0)

ELC

−0.207 −0.202 −0.204 −0.210

*** *** *** ***

(0) (0) (0) (0)
Note: *** represent the significant levels of 0.1, 0.5, and 0.01, respectively.

Table 4. QAP regression result for weighted PVT.

2012 2014 2016 2018

Intercept 0.399 0.648 −0.017 0.123

EU
7.826

**
(0.019)

1.787
*

(0.099)

0.040
(0.365)

0.418
(0.279)

WTO
1.536

*
(0.072)

1.460
*

(0.055)

1.469
**

(0.036)

1.458
*

(0.065)

DIS −1.850
(0.172)

−2.607
*

(0.077)

−1.570
(0.188)

−1.961
(0.116)

BOU
13.845

***
(0.003)

16.932
***
(0)

20.713
***
(0)

20.481
***
(0)

GDP
37.212

***
(0.005)

36.138
***

(0.007)

45.177
***

(0.007)

42.305
***

(0.005)

ELC
−3.216

***
(0.002)

−2.931
***

(0.003)

−2.794
***

(0.005)

−2.739
***

(0.009)
Note: *, **, and *** represent the significant levels of 0.1, 0.5, and 0.01, respectively.
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For the geographical location factor, the regression coefficients of the BOU are positive
in both the unweighted and weighted networks. They are significant at the p = 0.01 level,
implying that countries which border each other are more likely to establish PV trade
relations and promote the growth of trade values. For the DIS, the regression coefficients
are negative and significant at the p = 0.01 level in the unweighted network analysis,
implying that if two countries are too far away, it will be detrimental to establish trade
relations. However, in the weighted network analysis, only the regression coefficient for
2014 is significant at the p = 0.1 level, and its effect on PV trade values between countries is
small, which may be due to the advantage of easy transportation of PV products.

For the economic development factor, the regression coefficients of the GDP are
positive and significant at the p = 0.01 level in both the unweighted and weighted network
analyses, indicating that if there is a gap in GDP between the two countries, it is easier
to establish PV trade relations between them and more favorable to the growth of trade
value. Furthermore, because the GDP variable has the largest regression coefficients, it is
the largest promoter for global PV trade.

For the basic electricity development factor, the regression coefficient of ELC is negative
and significant at the p = 0.01 level in the analysis of both unweighted and weighted
networks. The relevant data show that most of the countries actively developing a PV
industry have an electricity access rate of 100%; therefore, if there is a gap in the level of
basic electricity development between the two countries, it will be detrimental for them to
trade PV, i.e., PV trade is more likely to occur between countries with a high level of basic
electricity development. This may be because PV trade treats the equipment as a commodity
rather than directly available energy, and countries with a higher level of basic electricity
development are more likely to optimize their energy consumption structure through the
use and development of renewable energy, and thus participate in the corresponding trade.

6. The Cascading Process of Risk Propagation on a Global PV Trade Network

This section simulates the cascading process of risk propagation on the global PV
network based on an improved bootstrap percolation model. It explores the impact of
targeted and random risk on the global PV trade network.

6.1. The Bootstrap Percolation Model
6.1.1. The Basic Model

This paper extends the basic hypothesis [20] proposed by previous scholars that
countries have only two states: N-state (normal) and A-state (abnormal). When a country
is in N-state, its trade activities are normal; otherwise, its relevant trade activities will be
affected. All countries are initially in N-state. If a country is in N-state and affected by risk,
it will change to A-state at the next moment. Each country will not change from A-state
back to N-state. It is also assumed that the risk propagation is so fast that countries cannot
make a response during the risk propagation process to immunize themselves from the
risk. The process of risk propagation is as follows.

(1) At the initial moment (t = 0), the state of country i is changed from N-state to
A-state, indicating it as the source of risk propagation.

(2) At moment t, for each N-state country, compare the risk it received Wj with its risk
tolerance Cj, if

Wj ≥ ΩCj (9)

then the state of the country changes to A-state at the next moment, where Ω is the
given threshold.

(3) Repeat process (2) until no more countries in A-state appear, i.e., the risk stops
propagating on the network. At this moment, the ratio of the number of countries in A-state
to the number of all countries is noted as Sa.
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6.1.2. The Improved Model

In the context of economic globalization, PV has formed a globalized industry chain. If
a country changes its supply or demand for any reason, and thus suspends the related trade
activities, then the corresponding global industry chain may also be affected. Therefore,
this paper simulates the cascading process of risk propagation from two aspects: supply
interruption and demand interruption. Due to the characteristics of international trade, this
paper assumes that countries are heterogeneous when facing risks, i.e., each country has a
different risk tolerance. Therefore, this paper quantifies the risk tolerance of each country
through its import or export trade value of PV products. Meanwhile, this paper assumes
that if a country is in A-state, its trade of related goods will be completely suspended,
i.e., the country will no longer import or export related products. The improved model is
as follows.

For the supply interruption, Equation (9) can be expressed as:

∑A
i Mij

Mj
≥ Ω (10)

where A denotes the abnormal trading partners of country j, Mij denotes the PV imports
of j from its abnormal trading partners (i.e., the risk from supply interruption it received),
and Mj denotes the PV imports of j from all its trading partners (i.e., its risk tolerance for
supply interruption). Ω is a given threshold, and indicates that j becomes A-state if the risk
it received from supply interruption to its risk tolerance exceeds Ω.

For demand interruption, Equation (9) can be expressed as:

∑A
i Eji

Ej
≥ Ω (11)

where A denotes the abnormal trading partners of country j, Eji denotes the PV exports
of j to its abnormal trading partners (i.e., the risk from demand interruption it received),
Ej denotes the PV exports of j to all its trading partners (i.e., its risk tolerance for demand
interruption), and Ω is a given threshold, which indicates that j becomes A-state if the risk
it received from demand interruption to its risk tolerance exceeds Ω.

Finally, to avoid the interference of noisy data in the experiment, this paper averages
the PV trade values between countries from 2015–2019 to construct a new trade network and
simulate the cascading process of risk propagation on the current global PV trade network.

6.2. The Influence of Each Country in the Global PV Trade Network

This section analyzes the influence of each country on the global PV trade network
by using each country in turn as a risk source. The range of Ω is set from 0.7 to 0.002
decreasing, and the interval is 0.002. Each country is tested as a risk source in turn, and the
value of Sa when it is no longer increasing is recorded as Samax(i), that is, the maximum
impact range when country i is the source of risk. The Ω at this point is noted as Ωmax(i),
which reflects the influence of the country in the global PV trade network; the larger the
value, the greater the influence. The top 15 countries in the Ωmax ranking are shown in
Tables 5 and 6.

The results show that the number of countries that can cause a widespread impact
(i.e., Samax ≥ 0.95) in the case of supply interruptions is 71, and for demand interruption
the number is 192. This significant gap is due to the relatively concentrated supply and
the more widespread demand for global PV products. Therefore, in the case of supply
interruption, only one-third of the countries stand alone as a source of risk that can cause
a widespread impact on the global PV trade network in a given situation. For demand
interruption, most countries can cause a widespread impact on the global PV trade network
in a given situation.
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Table 5. Ranking of influence by country in case of supply interruption (top 15).

Serial Number Country Ωmax Samax

1 CHN 0.59 0.986
2 JPN 0.344 0.986
3 HKG(China) 0.286 0.986
4 SGP 0.28 0.986
5 MYS 0.242 0.986
6 KOR 0.228 0.986
7 USA 0.168 0.986
8 VNM 0.168 0.986
9 DEU 0.144 0.986
10 NLD 0.144 0.986
11 PHL 0.114 0.986
12 THA 0.082 0.986
13 FRA 0.08 0.986
14 MEX 0.066 0.986
15 AUT 0.06 0.986

Table 6. Ranking of influence by country in case of demand interruption (top 15).

Serial Number Country Ωmax Samax

1 DEU 0.252 0.963
2 CHN 0.252 0.963
3 USA 0.252 0.963
4 MEX 0.222 0.963
5 NLD 0.208 0.963
6 HKG (China) 0.194 0.963
7 AUS 0.188 0.963
8 ZAF 0.182 0.963
9 FIN 0.182 0.963
10 SDN 0.182 0.963
11 SAU 0.182 0.963
12 KOR 0.182 0.963
13 YEM 0.182 0.963
14 MLI 0.182 0.963
15 ARE 0.182 0.963

Specifically, in the case of supply interruption, China’s Ωmax is higher than other
countries, indicating that China occupies a relatively important position in the supply of
global PV trade. Japan, Hong Kong (China), Singapore, Malaysia, and South Korea are next.
There is a large gap in the value of Ωmax, which also indicates that there are large gaps in
the supply capacity of PV products and the size of the export market in each country. The
top 15 countries are mainly Asian countries, indicating that Asian countries have taken
a larger share of the supply of PV products in the last five years. In the case of demand
interruption, the Ωmax of Germany, China, and the U.S. are relatively large, indicating that
they have a large demand for PV products. The difference between the values of Ωmax
is relatively small, which indicates that the demand for PV products in each country is
relatively close. The top-ranked countries are mainly located in North America, Europe,
and Asia.

6.3. Global PV Trade Network Robustness Analysis

In this part, we simulate the impact of different types of risks on the global PV trade
network and analyze the robustness. Firstly, the countries with the top k influence ranking
are selected as risk sources to simulate the impact of targeted risks. Secondly, k countries
are randomly selected as risk sources to simulate the impact of the randomness risk. k
ranges from 1 to 21 with an interval of 1. Ω ranges from 0.05 to 0.95 with an interval of 0.05.
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The experiments are repeated 2000 times under each parameter, and the average value of
Sa is taken as the result.

The results in the supply interruption case (see Figure 6) show that Sa under each
parameter in Figure 6b is much smaller than that in Figure 6a, indicating that the global
PV trade network has some resistance to randomness supply interruption risks and shows
robustness, while it has weak resistance to targeted supply interruption risks and shows
vulnerability. The results for the demand interruption case (see Figure 7) show that Sa in
Figure 7b is larger when Ω ≤ 0.15 and k ≥ 7, and when Ω ≥ 0.2, Sa under each parameter
in Figure 7b is much smaller than that in Figure 7a. This is because most countries can
have a large-scale impact on the global PV trade network in case of demand interruption
and their Ωmax are small (the mean value is 0.087). Therefore, as shown in Figure 7b, when
Ω is small and k is large, the Sa is large, and there is a significant decrease in Sa as Ω
increases. In general, the global PV trade network has some resistance to randomness
demand interruption risk and shows robustness, and weak resistance to targeted demand
interruption risk and shows vulnerability.
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In summary, reducing k or increasing Ω will reduce the value of Sa to a certain extent,
which indicates that countries can improve their resistance to risk by controlling the number
of countries that could be the risk source, or by improving their defense. In particular, for
supply interruptions, since a few countries have greater influence, controlling the sources
of risk is a more effective solution to stop the spread of supply interruption risks, and
countries can pay more attention to countries with greater influence to respond at the initial
stage of risk propagation. For demand interruptions, since most countries can cause a
large-scale impact and their influence is low, improving defense is a more effective solution
to stop the spread of demand interruption risks, and countries can expand their export
markets to improve their resistance to demand interruption risks.
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7. Conclusions and Discussion

In the context of the increasingly complex global trade environment and the continuing
impact of COVID-19, global cooperation in renewable energy is facing great challenges.
This paper focuses on global PV trade, and addresses the following questions: (1) what
is the evolutionary trend of global PV trade? (2) what is the current pattern of global
PV trade? (3) which factors will impact global PV trade? and (4) will the suspension of
PV trade in some countries cause worldwide impacts? To address these questions, this
paper establishes the global PV trade networks from 2000–2021, analyzes the evolutionary
features and impact factors of the network structure, and explores the cascading process of
risk propagation on the network. The main conclusions are as follows:

In terms of the current pattern of global PV trade, the scale of global PV trade continues
to expand, and the participation of countries continues to increase. The evolution features
of the overall structure of the network show that the density of the global PV trade network
is increasing year by year, global PV trade relations continue to increase, and more and
more countries are actively participating in PV trade. At the same time, the analysis of the
importance of nodes shows that the number of import and export trade relations and trade
values of many countries has increased year by year, especially in some Asian countries
(such as Vietnam, etc.) which have grown more significantly in recent years. This may be
related to lower production costs and the support of relevant policies.

In terms of the future of the global PV industry, there are considerable development
prospects. On the one hand, the emphasis of many countries on reducing carbon emissions
increases their demand for clean energy. Photovoltaic energy is a clean energy source
with good development prospects and value, due to its advantages of easy installation
and low cost. On the other hand, current PV products have a better environment in
commodity circulation. The analysis of the overall structure of the network shows that
the average clustering coefficient of the global PV trade network is high, and the average
distance is small, indicating that the network presents obvious small-world characteristics
and that the related industries have high circulation efficiency. Meanwhile, the analysis
results of betweenness centrality and community structure show that there are no obvious
intermediary countries in the network, and the relevant goods arrive at their destinations
without multiple transshipments, thus the trade costs are low. All these advantages lay a
good foundation for further cooperation in the global PV industry.

In terms of the evolution features of the community structure of the global PV trade
network, the network gradually presents a core-periphery structure and the global PV
industry is more concentrated. With more and more countries actively involved in global
PV trade, the global PV trade network has formed a more obvious community structure
since 2012. Countries are divided into four different blocks, which play four roles: primary,
broker, receiver, and isolator. The primary is the core of the global PV trade; it has limited
members, but it dominates most of the PV trade. These countries are at the forefront
of the PV industry and lead overall development. The broker only has two-way trade
relations with the primary, which means that its members may have an advantage in one
part of the PV industry chain and the primary to some degree has a dependence on them.
These countries can further develop relevant products and improve their competitiveness
in the international market. The receiver only has a demand for the PV products of
the primary. Its members are the largest in number and are mainly located in Africa.
With advantages in vast land and abundant sunshine, Africa has an extremely favorable
geographical environment for PV electricity generation. Therefore, the receiver is a very
promising market.

In terms of the influencing factors of the global PV trade network structure, the gaps
of economic size and basic electricity development level have the largest facilitating and
hindering effects on the establishment of global PV trade relations and related commodity
movement, respectively. The results of the impact factor analysis on the global PV trade
network structure show that the GDP variable has the largest positive regression coefficient
for both unweighted and weighted global PV trade networks. This indicates that the
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gap in economic size is the main factor which facilitates the establishment of PV trade
relations and the related commodity movement between countries. The ELC variable has
the largest negative regression coefficient for both the unweighted and weighted networks
and is the biggest impediment to the establishment of PV trade relations and the related
commodity movement. In addition, countries belonging to the same international economic
organization or those in close geographic proximity will facilitate the establishment of
PV trade relations and the related commodity movement. Among these countries, those
with joint borders make a greater contribution to the relevant commodity movement, since
the BOU variable has the second-largest positive regression coefficient for the weighted
network. Therefore, to better participate in global PV trade, countries can accelerate their
economic construction, improve the level of basic electricity facilities, and strengthen trade
cooperation with neighboring countries.

In terms of the robustness of the global PV trade network, the network is vulnerable
to targeted risk and is robust to randomness risk. In the analysis of the risk propagation
cascade process on the global PV trade network, we found that trade interruptions due to
targeted risks (e.g., war, trade policies, etc.) could cause widespread impacts on the global
PV trade network, and the network exhibits vulnerability. Countries such as China, Japan,
and Singapore are the main suppliers of global PV products, and are especially vulnerable
to supply interruption as they have a large export market and occupy a larger share of
exports. As such, it is extremely easy for their own local risk to spread to global markets.
However, the global PV trade network is resilient to trade interruptions due to randomness
risk (e.g., natural disasters, etc.). The impact on the network from randomness attacks in
most cases is less than in the case of targeted attacks, and the network shows robustness.
Furthermore, we also identified some ways to control the spread of risk. Controlling the
number of risk sources or improving defense mechanisms are both effective ways to reduce
the scope of risk impact. That is, countries should pay attention to those with significant
influence in risk defense at the early stages of risk propagation. At the same time, countries
should ensure the decentralization of their trading partners to diversify trade risks.

Finally, further study may consider the following aspects. (1) Explore more potential
impact factors in the structure of the global PV trade network. Limited by the data, we only
chose selected impact factors in the analysis, and other potential impact factors could be
explored in future research. (2) Improve the risk propagation model. The analysis of risk
propagation in this paper is a theoretical simulation, and the parameters of the model can
be determined in the future based on actual COVID-19 data.
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