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Abstract: China’s waste plastic ban has sparked a discussion about how the global plastic waste trade
(GPWT) will develop in the future. To answer this question, this article uses the link forecasting and
QAP method to predict and analyze the possible development trend of the GPWT in the future. The
research results show that GPWT has certain stability and sustainability; although plastic waste trade
has narrowed under the ban, it still has the potential trend of reconnecting the same type of links.
Specifically, from a regional perspective, the future trade of new plastic waste trade will be dominated
by cross-regional trade. Plastic waste may continue to flow to countries in the Asian–Pacific, Middle
East, and African regions, while European countries will strengthen the internal recycling and
processing of plastic waste. From the perspective of the national income level, the establishment of
the new relationship will show an evolutionary trend in which high-income countries are dominated
and the scale of trade between non-high-income countries expands. In addition, the differences in the
level of economic development, liner transport connectivity, and the proportion of mismanagement
of plastic waste among countries has a positive effect on the establishment of a new relationship in
the GPWT, while tariff rates have an inhibitory effect. In general, the GPWT will still exist in the
future, which requires the international community to guide the GPWT to promote the recycling and
reuse of plastic waste in a real sense and adjust the unreasonable trade model.

Keywords: link prediction; global plastic waste trade; QAP model; China’s waste import ban;
potential trade relations

1. Introduction

From 1992 to 2016, 45% of the world’s plastic waste was exported to China, with
such a large volume of plastic waste imports resulting in the “displacement” of huge
amounts of plastic waste after China’s ban, which is estimated to reach 111 million metric
tons in 2030 [1]. This triggered the transfer of the global plastic recycling system, and
global plastic recycling fell into a panic [2]. While many countries have recognized the
recycling and utilization of domestic plastic waste streams, they do not yet have sufficient
industrial infrastructure and capacity [1]. After the ban, a large number of plastic waste
exports were transferred to other Asian countries such as Indonesia, Vietnam, Malaysia
and Philippines [3], and Turkey has also become a new plastic waste recycling market
in some European countries [4]. This prompted such countries to adopt import control
measures to reduce the import of plastic waste. Although some scholars have pointed out
that the import ban in developing countries would force developed countries to establish
new plastic treatment facilities [5], but until now the plastic waste trade is still profitable for
traders [6]. On the one hand, local enterprises in some countries are more inclined to import
low-cost plastic waste than to invest in domestic waste recycling systems [7]. On the other
hand, compared with domestic processing, developed countries have found that exporting
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plastics is a more cost-effective approach [5]. In particular, some scholars have recently
pointed out that after China’s ban, the rapid inflow of plastic waste has overwhelmed
Turkey’s waste management, and waste pollution in Turkey and its Mediterranean coast
has continued to increase [8]. Malaysia [9], Thailand [10] and other countries are also in
the same predicament. Under the goal of public governance policy, the pursuit of profit by
capital has prompted the continuation of the plastic waste trade. These “displaced” plastic
wastes pose a challenge to global plastic waste governance, because most countries in the
world lack the ability to sustainably manage excessive imports of plastic waste [11], and the
risk of plastic waste being illegally dumped into the ocean and freshwater is increasing [2].

Affected by the ban, the “displaced” plastic waste has triggered discussions on the
global issue of how the GPWT will develop in the future. What are the potential links
to the plastic waste trade? What is the distribution law of these potential links? What
are the influencing factors behind the generation of potential links? The exploration of
such issues has both an important theoretical and practical significance. Link prediction
is a method to predict possible new links in the future based on the current network
snapshot [12]. Due to its ability to dig out the potential information and evolution trends
of complex networks [13,14], it has been widely used in many fields [15–17]. Therefore,
this article attempts to use the link prediction method to forecast the potential links of the
GPWT, and deconstruct the distribution law of potential links from multiple angles and the
generation influencing factors, to conduct in-depth exploration and discussion on the trend
of establishing new plastic waste trade relations. This will not only answer the important
question of how the GPWT will develop in the future, but also help to understand the
nature of the relationship building in the GPWTN and the underlying laws of its operation,
and provide new ideas for potential solutions to the GPWT, promote the smooth progress
of the global plastic waste management task.

Compared with previous studies, the main contributions of this article are: (1) Using
the local naïve Bayes - Resource Allocation (LNB-RA) algorithm to predict the potential
trade relations of GPWT. By comparing six prediction algorithms, it is found that the
LNB-RA algorithm fits well with the topological characteristics and structure of the global
plastic waste trade network (GPWTN), and can more accurately predict the potential links
of this network. (2) Deconstructing the potential links of plastic waste trade from multiple
perspectives from the perspective of geographic region and income level. Previous studies
have confirmed that link prediction methods help to mine network information [18], but
the discussion of hidden rules of network potential links are relatively simple, this article
will provide new ideas for the empirical research of future link prediction. In addition, the
GPWT has strong regional and economic differences; multi-perspective analysis helps to
deepen the understanding of the potential links of plastic waste trade. (3) Using Quadratic
Assignment Problem (QAP) technology to explain the factors affecting the formation of
potential links in the plastic waste trade. Since the link prediction model mainly predicts
possible links in the future based on the physical topology of nodes in the network, the
prediction result is affected by a mixture of many factors, which makes it difficult to
identify the inherent driving force for the formation of potential links. This article uses
QAP technology for the first time to analyze the influencing factors of the potential link
generation of the plastic waste trade. (4) Finally, this research enriches the related research
on link prediction, and provides a new perspective for global cooperation on plastic waste
management.

This article is organized as follows: Section 2 reviews and summarizes previous related
research. Section 3 presents the data source and processing method, the specific implemen-
tation steps of link prediction, and the analysis method of potential links. Section 4 selects
the optimal algorithm of this article, tests the ability of this algorithm to predict future
links, then analyzes the distribution of potential links, and uses the QAP model to analyze
the influencing factors of potential link generation. Section 5 includes conclusions, policy
recommendations, and research limitations and future research prospects.
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2. Literature Review
2.1. Global Plastic Waste Trade

The current research on GPWT is mainly concentrated on the structure and evolution
of the GPWTN [5,19–21], the impact of the plastic waste trade on the environment [8,22,23],
and the driving factors of the plastic waste trade [24,25]. Especially after China promulgated
the ban on plastics, related research on the plastic waste trade has increased rapidly.

In terms of research on the structure and evolution trend of the plastic waste trade
network, Wang et al. (2020) analyzed the temporal and spatial evolution of the GPWTN.
The results show that Asia has now become the world’s largest import region, while North
America and Europe are the main sources of plastic waste [5]. Pacini et al. (2021) conducted
a network survey on GPWT and found that the European Union and North American
countries play a key role in the GPWTN and have close ties with some Asian countries [19].
Li et al. (2021) used a cascading failure model to quantify the process of plastic waste
trade collapse due to the Chinese ban and found that the GPWT would collapse after
the ban starting from China’s trading partners, and lead to a global overload of plastic
waste [26]. In terms of research on the impact of plastic waste trade on the environment, Liu
et al. (2021) explored whether the reuse and recycling of the GPWT has a positive impact
on environmental benefits. The results show that the GPWT may help reduce potential
greenhouse gas emissions and other environmental benefits, but at this stage, the GPWT
distribution is flawed and its structure should be adjusted [22]. Wen et al. (2021) used
the Life Cycle Assessment method to quantify the environmental impact of changes in
plastic waste flow patterns and treatment methods after the implementation of the Chinese
ban. The results show that the ban has significantly improved environmental indicators in
the short term, but at the same time, it has caused global warming [23]. Ren et al. (2020)
evaluated the environmental impact of China’s ban through scenario simulation and life
cycle methods, and the results showed that the ban may impose adverse environmental
impacts on plastic waste, which would be contrary to the original intention of the ban to
protect the ecological environment and human health [27]. In terms of research on the
drivers of the plastic waste trade, Barnes (2019) applied an explanatory type of theory
in terms of the plastic waste trade, and believed that “out of sight, out of mind” is the
main reason why developed countries export huge amounts of plastic waste to developing
countries, and the supervision or control of plastic waste in developed economies should be
strengthened [24]. Kellenberg (2015) reviewed the waste trade and identified differences in
national environmental policies, taxes, disposal fees, and transportation costs as important
determinants of the development of the trade [25].

The evolution of the GPWTN is complicated, and most of the existing studies on the
plastic waste trade network have analyzed the past evolutionary trends of the network by
calculating several indicators, but the nature of the construction of trade relations between
countries and the trend of possible new trade relations to be established in the future need
to be further explored. Especially after China and other Asian countries passed bans to
restrict imports, the market has begun to fall into chaos and is in an extremely unstable
state [28]. The surge in imports of plastic waste faced by some countries has brought
huge challenges to the waste management of these countries. The question of the trend of
establishing new plastic waste trade relations needs to be answered urgently.

2.2. Link Prediction

Link prediction is a research method based on data mining; the research ideas and
methods have mainly evolved from the Markov chain and machine learning [29]. Since
social networks usually present a complex and dynamic evolution state, as time goes by,
the nodes in the network will change their association mode under the influence of certain
driving forces, which promotes the birth of link prediction. In 2007, when Liben-Nowell
and Kleinberg studied the problem of establishing new relationships between members
over time in social networks, they first generalized it as a link prediction problem [12],
and link prediction has gradually become one of the main research methods in social
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networks. Among them, the application of link prediction in the network mainly includes
the prediction of unknown links and future links [30]. The prediction of future links is
specifically shown in Figure 1, that is, through a snapshot of the network structure at
time t, it can predict which new links will be added to the network at time t’ in the future
compared with the network at time t [12].
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As an emerging research method, the previous link prediction research mainly focused
on the improvement of current algorithms and the innovation of new algorithms, that
is, which algorithm can better predict the potential links of real relationships. With the
development of link prediction research, some scholars gradually apply link prediction
to real networks, such as social networks [31], scientist coauthor networks [15], protein
networks [32], transportation networks [17], and criminal networks [16]. The structure,
scale, and characteristics of the above networks are different, but through continuous
attempts, scholars have found that applying the link prediction method to the above net-
works not only obtains relatively ideal prediction results, but also helps to dig out the
potential information of the network. For example, researchers proposed a link prediction
algorithm suitable for the yeast protein–protein interaction (PPI) network, and found that
the biological relevance of links in the yeast PPI network reconstructed by this algorithm is
significantly higher than that of the original network [32]. Through the successful appli-
cation of the algorithm, it was discovered that yeast proteins with high-order topological
similarity are more likely to interact, which is an important potential information.

With the expansion of link prediction practice, the current relatively novel research
tends to apply this method to the global trade network, mainly based on the relationship
between countries in the trade network, to predict the potential trade relations that may
develop into actual trade relations in the future. This groundbreaking research began when
Guan et al. (2016) predicted the potential global crude oil trade relationship based on the
common neighbor (CN) algorithm. In addition to predicting potential links, it was also
discovered that the number of mutual trading partners is one of the motivations for the
establishment of new global crude oil trade relations [18]. Later, some scholars gradu-
ally applied link prediction to bauxite trade [33], cobalt ore trade [34], lithium carbonate
trade [35]. Among them, Liu and Dong (2019) found 17 pairs of potential bauxite trade
links using the link prediction method from the perspective of the topological relationship
of the trade network of countries and provided suggestions for ensuring national bauxite
safety [33]. Liu et al. (2020) cited this method in the cobalt ore trade and predicted 13
possible future cobalt ore trade relationships, which have helped relevant countries find
more new trading partners [34]. Zhang et al. (2021) applied the link prediction method
to the prediction of potential trade links of lithium carbonate trade and found three trade
rules for lithium carbonate trade, which are of great importance to strengthen the supply
security of lithium carbonate resources in international trade significance [35].

The above scholars have used different trade networks to verify the accuracy and
effectiveness of link prediction methods applied to the prediction and mining of potential
trade relations. Relying on its powerful ability to analyze the evolution of the network, the
link prediction method has attracted much attention from academia [36]. Although some
scholars have applied the link prediction model to the prediction of potential trade relations,
the discussion on the prediction results is relatively simple, and no further research has been
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conducted on the distribution law of predicted potential trade relations and the influencing
factors.

3. Data Description, Link Prediction and Potential Link Analysis Methods
3.1. Data Source and Processing

This article uses the “Waste, parings and scrap, of plastics” trade data in the UN
Comtrade database as an indicator to measure the plastic waste trade between countries
(regions). The HS code is 3915, and the data selection period is: 2010–2019.

For the difference value problem in mirroring statistics, this article draws on the data
processing method of Liu and Dong (2019) [33], and the larger number is used as the basis
for link prediction, to reduce the result error caused by the missing data as much as possible.
In mirror statistics, there are often discrepancies in trade data reports between importing
and exporting countries. There are many reasons for this situation, such as differences
in national statistical methods, time differences between imports and exports, and so on.
In addition, due to the sensitivity of the plastic waste trade, the possibility of corruption,
tax evasion, fear of criticism of importers and exporters, and moral trials all increase the
possibility of statistical discrepancies [25,37,38]. For example, in 2019, when China was
set as the reporting country and other countries were partner countries, China imported
plastic waste from five countries. However, when China is set as a partner country, the
database shows that a total of 57 countries have exported plastic waste to China.

3.2. Link Prediction Algorithm Selection

At this stage, similarity algorithms based on common neighbors have been used by
some scholars in the prediction of relationships in real networks. The algorithm assumes
that the more common neighbors there are between nodes in the network, the greater
the probability of being connected to each other, and it has been proven effective in
previous empirical studies [12,18]. Commonly used algorithms include: Common neighbor
algorithms (CN), Adamic–Adar algorithms (AA), resource allocation algorithms (RA). In
addition, with the development of link prediction, scholars have introduced role functions
into link prediction and derived a link prediction model integrating the naïve Bayes method.
Compared with previous methods, this method highlights the different roles of different
common neighbor nodes in the prediction. Its algorithms include: LNB-CN, LNB-AA,
LNB-RA (LNB is short for local naïve Bayes). Therefore, we choose the above six algorithms
as the basic algorithm of this article, and select the best algorithm that conforms to the
potential link law of the GPWT. The variables used to deal with each data unit are shown
in Table 1.

Table 1. Variables involved in the six algorithms.

Variable Description

x Country Node x.
y Country Node y.

Γ(i) The node connected to node i.

Kz
Number of countries with which country z has direct trade relations, i.e., the

degree value of z
s ‘s’ is a constant and represents the ratio of nonexistent edges to existing edges.

Rz Role function for node z.

The principles of the six algorithms are as follows:

3.2.1. Similarity Algorithm Based on Common Neighbor

(1) Common neighbor algorithm (CN) [39]. The algorithm considers that the similarity
between nodes is proportional to the number of common neighbors of two nodes. The
possibility of the existence of a potential relationship between two nodes increases as the
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similarity between nodes increases. The similarity between nodes can be calculated by
equation (1):

SCN
xy = |Γ(x) ∩ Γ(y)| (1)

(2) Adamic–Adar algorithm (AA) [40]. In addition to the CN algorithm, AA takes into
account the impact of the difference in the degree of common neighbor on the similarity
between nodes, and the common neighbor with a small degree value contributes more to
the similarity of two nodes. The specific formula is shown in (2):

SAA
xy = ∑

z∈Γ(x)∩ Γ(y)

1
log kz

(2)

(3) Resource allocation algorithm (RA) [41]. The principle of the algorithm is basically
the same as the AA algorithm. It assumes that each medium has a unit of resources
and distributes it evenly to its neighbors, that is, the common neighbor is regarded as a
communication medium between two trading countries, but the degree of punishment for
the scattered resources of the common neighbor is higher than that of the AA algorithm.

SRA
xy = ∑

z∈Γ(x)∩ Γ(y)

1
kz

(3)

3.2.2. Local Naïve Bayes Models

The algorithm believes that due to the different importance of the node itself in the
network, the effect on the link is also different. Based on this idea, Liu et al. (2011) [42]
introduced a role function in the LNB model, which highlights the difference in the effect
of different common neighbors on the similarity between nodes in the prediction. LNB-CN,
LNB-AA, and LNB-RA are LNB Models based on CN, AA, and RA, respectively. The for-
mulas are as follows (Due to space limitations, the specific symbolic explanation of the local
naïve Bayes model are as follows: Liu Z, Zhang QM, Lü L, et al. Link prediction in complex
networks: A local naïve Bayes model [J]. EPL (Europhysics Letters), 2011, 96(4): 48007):

∼
r

LNB−CN
xy = ∑

z∈Γ(x)∩ Γ(y)
[log s + log Rz] (4)

∼
r

LNB−AA
xy = ∑

z∈Γ(x)∩ Γ(y)

1
log kz

[log s + log Rz] (5)

∼
r

LNB−RA
xy = ∑

z∈Γ(x)∩ Γ(y)

1
kz
[log s + log Rz] (6)

Obviously, when the role difference of common neighbor nodes is not considered,
LNB-CN, LNB-AA, and LNB-RA will all return to the original CN, AA, and RA.

3.3. Link Prediction Steps of the GPWTN

The plastic waste trade network link prediction used in this article is mainly divided
into three parts, including the best algorithm selection for link prediction, the prediction
accuracy test, and the global plastic waste trade potential link prediction. The specific
method is as follows:

3.3.1. Selection of the Best Algorithm for Link Prediction

Different algorithms have different predictive capabilities for potential trade relation-
ships in the GPWTN. It is necessary to compare the accuracy of different algorithms to find
an algorithm that can better predict the potential trade relationships of the GPWTN. The
specific steps are as follows:
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(1) The current link (E) of GPWTN is randomly divided into two parts, including
training set (ET) and test set (EP), as shown in formulas (7) and (8); (2) Calculate the
link relationship set that does not exist in the current network, which can be obtained
by subtracting the existing relationship set (E) from the total relationship set (U). Among
them, U can be obtained by formula (9), and the set of non-existent link relations (EI) can
be calculated by (10); (3) The six selected algorithms are used to calculate all the links in
EP and EI to obtain the score of each transaction relationship; (4) The area under an ROC
(receiver operating characteristics) curve (AUC) evaluation method is used to evaluate the
prediction accuracy of the 6 algorithms in 10 years, and the closer the AUC score of the
algorithm is to 1, the stronger the ability of the algorithm to predict the potential links of
the GPWTN (Due to the randomness of each evaluation, it will lead to errors in the final
calculated AUC calculation value. Therefore, we independently calculate the AUC score of
the algorithm 10 times, and finally take the average value as the AUC score of the algorithm
in the current year to reduce the occurrence of such errors), and selected as the optimal
algorithm in this paper.

The specific methods of the AUC evaluation method are as follows: (a) Randomly
extract an edge from EP and EI, respectively; (b) Compare the scores of the two edges. If
the edge scores drawn from EP are higher, add 1 point; If the two sides selected from EP

and EI have the same scores, add 0.5 points; If the edges drawn from EI have higher scores,
no points are added; (c) Repeat the above steps (1) and (2), and do it independently n
times, and use n’ to indicate the number of times the EP edge score is higher than EI, and
n” means that the scores of the two have an equal number of times. In fact, AUC can be
understood as the probability that randomly selecting an edge in EP has a higher number
of scores than randomly selecting an edge in EI. Obviously, if the scores of all edges in EP

and EI are randomly generated, then AUC ≈ 0.5 when n is large enough, so the degree to
which AUC is greater than 0.5 measures how accurate the algorithm is than the randomly
selected method. The AUC calculation formula is shown in (11) [43].

EP = 10%E, ET = 90%E (7)

E = EP ∪ ET , ET ∩ EP = ∅ (8)

U =
n ∗ (n− 1)

2
(9)

EI = U − E (10)

AUC =
n′ + 0.5n′′

n
(11)

3.3.2. Link Prediction Accuracy Test

The best algorithm of this article can be selected through Section 3.3.1, but the predic-
tive ability of this algorithm on the potential links in the real network of plastic waste trade
remains to be tested. Arrange the potential link (EI) integrals calculated by the optimal
algorithm in descending order, among which potential links with higher rankings are more
likely to establish trade relations in the future. Then, select the top 10 potential trade links
each year, and compare these links with actual trade data to test whether the predicted
potential links will actually occur in the future. The prediction accuracy test is carried out
on the potential links of the GPWT from 2010 to 2019, and a total of 100 tests are carried out.

3.3.3. Prediction of Potential Links to Global Plastic Waste Trade

Through the above analysis, we can determine which algorithm can better discover
possible new trade links in the future. Using the selected optimal algorithm, based on the
GPWT data in 2019 (a total of 3155 trade links), predict the potential links of the GPWT, and
select the links with the top 316 points (10%) as the most likely potential links in the future.

UNCTAD uses a new database to track the life cycle of plastics, including plastic waste,
and the results show that the actual plastic trade was nearly 40% higher than previous



Sustainability 2022, 14, 4692 8 of 22

estimates [44]. In addition, despite the violent impact of the ban, from 2018 to 2019, the
GPWT still established 937 new trade relations (accounting for 25.74% of the number of
trade links in 2018) (obtained by collating the database of the UNCTAD). At the same time,
in order to ensure the accuracy of the forecast, this article believes that it is reasonable to
assume that the new GPWT link will increase by 10% based on 2019.

Data processing and GPWT link prediction in simple steps are shown in Figure 2.
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3.4. Analysis of Potential Links and Influencing Factors of GPWT
3.4.1. The Law of Potential Links in the GPWT

Although the link prediction model provides new analysis methods and perspectives
for exploring the formation of new relationships in GPWT, the actual trade relationship
is affected by geographic area, income, and development level [5,45]. To explore the laws
of GPWT relations, this article further analyzes the potential link laws from the following
two aspects: (a) The regional distribution of potential links of plastic waste trade (The
country regional classification comes from the International Telecommunication Union);
(b) Level distribution of potential link income from plastic waste trade (The income level
classification standard comes from the World Bank). Based on the above classification, this
article forecasts and discusses the future development trend of the GPWT.

3.4.2. Analysis of Influencing Factors of Potential Links of GPWT

After analyzing the distribution rules of potential links in GPWT, although there is a
certain understanding of the rules of potential link generation, it is still necessary to conduct
a more in-depth discussion on the influencing factors of potential link generation. The
QAP model is based on the replacement of the element values in the matrix. It measures
the regression or correlation between the two matrix data by comparing the corresponding
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grid values in two (or more) square matrices, and performs non-parametric tests on the
results at the same time [46,47].

The traditional gravity model of trade believes that the flow of trade between countries
mainly depends on the geographic distance and economic scale of the two countries [48].
Secondly, the plastic waste trade mainly relies on sea transportation, and the connectivity
of liner transportation will affect the cost and transportation convenience of the plastic
waste trade. Tariff rate is the main manifestation of a country’s trade openness and also
an important factor affecting the establishment of trade relations [49,50]. In addition, from
the perspective of the characteristics of the GPWT, scholars have found that developed
countries usually transfer plastic waste to areas where plastic waste is poorly managed [24].
From the perspective of supply and demand, plastic waste as a production resource will
be exported by countries that produce large amounts of plastic waste, and imported by
countries that are relatively scarce in this resource, because the cost of importing plastic
waste is lower than the cost of raw plastic. Therefore, this article takes the share of plastic
inadequately managed and the annual output of plastic waste as the explained variables.

In summary, this article chooses the economic development level difference matrix,
the national capital geographic distance difference matrix, the liner shipping connectivity
index difference matrix, the tariff rate difference matrix, the share of plastic inadequately
managed difference matrix, and the plastic waste generation difference matrix as the six
factors to explain the potential link matrix of plastic waste trade. The specific model is
shown in Formula (12):

Q̃(i, j) = f (gdp− ppp(i, j), distcap(i, j).lsci(i, j), tari f f (i, j), spim(i, j), pwg(i, j)) (12)

The specific variables and their explanations are shown in Table 2.

Table 2. Explanatory variables and descriptions.

Variable Name Variable Meaning Calculation Method and
Description Data Sources

gdp− ppp(i, j) Gross domestic product (purchasing
power parity)

Matrix of economic development
level difference between i and j

countries/USD
CEPII

distcap(i, j) Geographical distance
between countries

Geographic distance difference
matrix between i and j national

capitals/km
CEPII

lsci(i, j) Liner Shipping Connectivity Index
Difference matrix of liner

transportation connectivity index
between i and j countries

The World Bank

tari f f (i, j) Tariff Rate Matrix of difference in tariff rates
between countries i and j The World Bank

spim(i, j) Share of plastic
inadequately managed

The difference matrix of the level
of poor waste management in

countries i and j
Jambeck et al., 2015 [51]

pwg(i, j) Plastic waste generation
Difference matrix of annual

plastic waste generation between
countries i and j

Jambeck et al., 2015 [51]

4. Results
4.1. Comparison of Algorithm Results

The AUC calculation results of the six algorithms are shown in Figure 3:
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Figure 3. Evaluation of six algorithms from 2010 to 2019.

Analyzing the data in Figure 3 (see Appendix A for specific data), we can get: Among
the six algorithms, the LNB-RA algorithm performed the best in the 10-year prediction test,
and the AUC value of the algorithm is the closest to 1. It is the optimal algorithm relations
between the two countries. However, the higher the degree value of a common partner, the
weaker the influence of this common partner on the establishment of a new relationship.
In the LNB-RA algorithm rules, the more partners of nodes, the more serious the loss of
resources in the transfer of node resources. In addition, different node characteristics have
different effects on the formation of new links in the network. For example, compared with
“silent” nodes, “active” nodes will have more influence on the establishment of new links.

4.2. Compare Predicted Potential Trade Relations with Actual Trade Relations

To further evaluate the prediction of potential trade relationships by the LNB-RA
algorithm in the actual plastic waste trade, this article selects the top 10 potential trade
country pairs in the algorithm’s score for each year from 2010 to 2019, and observes whether
the potential trade country pairs have established trade relationships after being predicted.
The result is shown in Figure 4:

As shown in Figure 4, taking the No.1 potential links Trinidad and Tobago Republic-
Canada as an example, the LNB-RA algorithm predicted in 2010 that the two countries
might have trade relations in the future, and the two countries successfully established
trade relations in 2012, and the prediction is effective. On the contrary, as shown in No.14
in Figure 4, the two countries were predicted in 2011 and 2016 that there may be trade
relations in the future. However, in the following period, the pair did not trade in plastic
waste, so the forecast is defined as invalid.

Analyzing the data in Figure 4, we can see that 80 out of 100 predictions (80%) are
successful, and 66 (80.72%) of the 83 pairs of countries predicted have trade links after the
prediction. Among the 80 successful predictions of country pairs, 45 (56.25%) predictions
have established plastic waste trade relations within 1 year, and 29 (36.25%) have traded in
the second and third years, with only 6 (7.5%) predicting that trade relations would take
longer than 3 years to establish. Among the links that failed to predict, only the No.14
potential link of Iran–Russia did not establish a trade relationship for several years after the
prediction, while the other links predicted to be unsuccessful are located after 2017, and
these links still have a high probability of establishing a real trade relationship in the near
future. Combined with the above data, the prediction success rate of the top 10 potential
links is higher than 80% every year, which verifies that the LNB-RA algorithm is effective
and accurate in predicting the potential relationship of the GPWT.
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4.3. Explore Link Distribution Rules for Potential Transactions
4.3.1. Regional Distribution of Potential Links to Plastic Waste Trade

From the perspective of regional distribution (Figure 5), potential trade relations
mainly include the following categories: Europe–Asia–Pacific (30.38%), Europe–Europe
(18.99%), South America and Latin America–Europe (9.49), South America and Latin
America-Asia–Pacific (9.49%), Europe–Africa (5.7%) and Europe–Middle East (5.38%), the
remaining types of potential trade relations are less. Among them, the potential trade
relations related to Europe are the most (74.68%), the Asia–Pacific region (30.38%) ranks
second, and the other regions are South/Latin America (23.73%), Africa (11.8%), the Middle
East (9.17%), Arab States (4.75%), and South America (3.8%) regions.
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The reasons for the above potential links are as follows: (1) Europe is one of the leading
sources of global plastic waste exports [5]. After China’s ban, EU countries quickly shifted
the export of plastic waste to other Asian countries [52,53]. At the same time, the number
of reports about illegal transactions in the EU also increased sharply; countries such as
Vietnam, Malaysia, and Laos have become destinations for legal and illegal waste from
Europe [54]. The above reasons promote the possibility of establishing new trade relations
in Europe, and there are more potential trade relations with countries in the Asia–Pacific
region. (2) In 2020, the European Commission passed new rules, which completely prohibit
the EU from exporting plastic waste to non-OECD countries, the rules will take effect
on 1 January 2021 [55], which will greatly promote EU countries to treat plastic waste
internally. The regional trade community formed within Europe has eased the impact
of China’s import ban to a certain extent. In the future, plastic transactions in European
countries will gradually deepen. (3) European and Asia–Pacific countries have always
been important trading partners of South American and Latin American countries. The
GPWT has a certain inertia, we predict that some new plastic waste trade relationships
will be established in European, Asia–Pacific, and South and Latin American countries in
the future. In addition, some scholars pointed out that after Asian countries have closed
their borders to import plastic waste, these wastes may be transferred to Africa [56], and
our prediction results show the same, there are a considerable number of potential trade
relations between European and Asia–Pacific countries and African countries.

In summary, from the perspective of regional distribution, the future of the plastic
waste trade will be dominated by European countries, among which European countries
will strengthen the internal recycling and processing of plastic waste. In addition, the
establishment of new relationships will focus on cross-regional trade. At the same time,
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plastic waste will continue to flow to countries in the Asia–Pacific region, Africa, the Middle
East, and other regions.

4.3.2. Income Level Distribution of Potential Links to Plastic Waste Trade

In addition, this research applies the countries’ income levels to analyze the potential
links of the plastic waste trade. The results are shown in Figure 6 and the following results
are obtained: (1) HICs are more motivated to establish new trade links, and trade links
between HICs will increase in the future, but trade links with NHICs will expand at a
faster rate (HICs stands for High-Income Economies, NHICs stands for countries other
than High-Income Economies, including Upper–Middle-Income Economies, Low–Middle-
Income Economies, and Low-Income Economies); (2) In the future, plastic waste links
between NHICs will maintain a slow growth trend. The reasons for the above results are:
(1) Affected by the implementation of the Basel Convention Plastic Waste Amendments
and plastic waste bans in Asian countries, it is increasingly difficult for HICs to export
waste to previous destinations (China, Indonesia, Malaysia, etc.). This will promote the
establishment of recycling facilities in the country and improve its waste processing and
recycling capabilities. However, due to the reliance of some developed countries on waste
exports, the recovery capacity cannot be greatly improved in a short period, prompting
some HICs to export plastic waste to HICs (such as the United States, etc.) with strong waste
disposal capabilities and find new low-value plastic waste recipient countries (NHICs),
while NHICs with low levels of environmental supervision tend to be its first choice. In
addition, the existence of the form of re-export trade allows HICs with tariff advantages
to use this form of trade to have plastic waste trade with other HICs. Take Latvia as an
example, although the country produces almost no plastic waste, and its imported plastic
waste imports far exceed its processing capacity, Latvia is still a transit port for other
economies to export plastic waste to China and other Asian countries [2]. (2) With the
economic growth of NHICs, the scale of urban middle-class consumers in these countries
is also expanding, and plastic waste generated by consumption has become an important
part of the resource recycling chain. Some middle- and high-income countries (such as
Malaysia, Turkey, etc.) and low- and middle-income countries (such as India, Vietnam, etc.)
regard some waste as resources, which promotes the growth of plastic waste trade among
NHICs, for example, most large e-waste comes from non-OECD countries [57], and the
scale of plastic waste trade among NHICs will expand in the future.
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In general, from the perspective of the distribution of national income levels, the
potential links of plastic waste trade are dominated by HICs, and plastic waste trade
between NHICs is slowly expanding. In the future, there will still be ecologically unequal
exchange relations between HICs and NHICs. The HICs environment benefits from trade
with NHICs, and some NHICs have to bear the burden of environmental degradation. In
addition, with the continuous improvement of waste supply chains among NHICs, it will
promote NHICs to trade plastic waste with each other.

4.4. QAP Results Analysis
4.4.1. QAP Correlation Analysis

QAP correlation analysis is based on the permutation of element values in the matrix.
By comparing the corresponding lattice values in two (or more) squares, the correlation
coefficient between two (or more) matrices is obtained, and the correlation coefficient is
tested by parameter. Table 3 shows the correlation coefficients between various influencing
factors and the potential link network of plastic waste trade. Prop ≥ 0 and Prop ≤ 0
indicate the probability that the correlation coefficient obtained by random replacement is
greater than or less, respectively, than the actual value. It can be observed from Table 3 that
the correlation coefficients of gdp − ppp(i, j), lsci(i, j), tari f f (i, j) and spim(i, j) all pass
the significance level test, indicating that these four variables are significantly affect the
establishment of new relationships in the plastic waste trade. Among them, the correlation
of gdp − ppp(i, j), lsci(i, j), and spim(i, j) is positive, indicating that they are positively
correlated with the establishment of the new plastic waste trade relationship, and these
factors are conducive to the new trade relationship establishment. The correlation coeffi-
cient of tari f f (i, j) is negative, indicating that the difference in tariff rates may inhibit the
establishment of new relationships in the plastic trade network. The correlation coefficient
of discap(i, j) and pwg(i, j) is positive but not significant, indicating that the distance be-
tween countries and the plastic waste annual output difference matrix is not prominent.
There may be two reasons for this, on the one hand, Asia is the main importing country,
Europe and North America are the largest source countries of plastic waste [5], and the
geographical distance is relatively long. Therefore, the trans-regional nature of the plastic
waste trade causes the geographical distance to not have a significant impact on potential
links to plastic waste trade. On the other hand, geographical proximity is becoming less
and less important for the plastic waste trade at this stage [58]. In addition, it does not
mean that countries such as India and Turkey, who produce huge amounts of plastic waste
every year, will export to countries that produce less plastic waste. This may be the main

reason why the correlation between pwg(i, j) and Q̃(i, j) is not significant.

Table 3. QAP correlation analysis between potential link matrix Q̃(i, j) of plastic waste trade and six
influencing factors; notes: *, **, and *** represent the significance levels of 10%, 5%, and 1%, respectively.

Variable Correlation Coefficient Prpo≥0 Prop≤0

gdp− ppp(i, j) 0.097 * 0.091 0.909
discap(i, j) 0.005 0.412 0.588

lsci(i, j) 0.061 *** 0.001 0.999
tari f f (i, j) −0.041 ** 0.967 0.033
spim(i, j) 0.030 * 0.071 0.929
pwg(i, j) 0.031 0.129 0.871

Further QAP correlation analysis was performed on the four variables that are sig-
nificantly related to the potential link matrix of plastic waste trade. From Table 4, it can
be seen that except gdp− ppp(i, j) and tari f f (i, j), lsci(i, j), and spim(i, j) are irrelevant,
while the other variables are all significantly correlated. It shows that these four factors

may have overlapping effects on Q̃(i, j), and the QAP method can better deal with the
“multicollinearity” problem between these influencing factors.
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Table 4. QAP correlation analysis results of explanatory variables; notes: * and *** represent the
significance levels of 10% and 1%, respectively.

gdp−ppp(i,j) lsci(i,j) tariff(i,j) spim(i,j)

gdp− ppp(i, j) 1.000 ***
lsci(i, j) 0.472 *** 1.000 ***

tari f f (i, j) 0.035 −0.070 * 1.000 ***
spim(i, j) 0.078 * 0.002 0.234 *** 1.000 ***

4.4.2. QAP Regression Analysis

Using UCINET software to perform QAP regression analysis on four variables signif-
icantly related to the potential link relationship matrix of plastic waste, and the number
of random replacements was set to 5000. The specific regression results are shown in
Table 5. The regression coefficient of gdp− ppp(i, j) is significantly positive, indicating
that the expansion of the difference in the level of economic development will increase the
possibility of establishing a new plastic waste trade relationship. lsci(i, j) is significantly
positive at the 1% level, indicating that differences in shipping levels contribute to the
production of potential links in the plastic waste trade. tari f f (i, j) is negatively correlated

with Q̃(i, j), and passed the 5% statistical significance test. It shows that the greater the
difference in tariff rates between the two countries, the less conducive to the establishment
of new plastic waste trade relations, that is, the level of tariffs inhibits the creation of new
links in the plastic waste trade. The final factor is significantly positive at the 10% level,
indicating that the widening gap in the level of plastic inadequately managed has a positive
impact on the establishment of a new relationship in the plastic waste trade.

Table 5. QAP regression results of potential link matrix of plastic waste trade; notes: *, **, and ***
represent the significance levels of 10%, 5%, and 1%, respectively.

Variable Standardized Regression Coefficient Prop≥0 Prop≤0

gdp− ppp(i, j) 0.036778 * 0.091 0.909
lsci(i, j) 0.060861 *** 0.002 0.998

tari f f (i, j) −0.04095 ** 0.966 0.034
spim(i, j) 0.029900 * 0.074 0.927

5. Discussion

(1) Plastic waste trade has a certain degree of stability and sustainability
Although the trade relations between some countries will disappear due to the bans

of various countries, there is still a potential trend of generating new links of the same
type (by comparing Figures 5 and 6 with Figures A1 and A2 in Appendix B, we can
see that the distribution of potential links in the plastic waste trade is roughly the same
as the real distribution of plastic waste trade in 2019. Affected by the ban, some trade
relations will disappear, but there is a potential trend of generating links of the same type
as the original network, which also makes the plastic waste trade have a certain degree of
stability and continuity). Compared with 2018, in 2019, 102 export trades from Europe to
the Asia–Pacific region no longer exist, but 81 new export links have also emerged. Take
the United Kingdom as an example. In 2018, the United Kingdom exported a total of
USD1.52 million of plastic waste to Cambodia, Bangladesh, and Turkmenistan. Although
the United Kingdom no longer exports plastic waste to these countries in 2019, it has
established new trade relations with other regions or countries in the Asia–Pacific region
(including Taiwan–China, Brunei, Laos, and six other regions), and exported a total of
USD7.85 million of plastic waste to them (Obtained by collating data in the database of
the UNCTAD).

The same is true for the impact of international conventions, even if the Basel Conven-
tion Plastic Waste Amendment incorporates plastic waste into a legally binding framework
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to make plastic waste trade more transparent and easier to supervise. The conventions
also try to reduce the plastic waste trade from HICs to NHICs. However, they will still
allow HICs to transport plastic waste that is difficult to recycle to NHICs [59]. After the
amendment was formally implemented, the European Union, the United Kingdom, Japan,
and Canada initially reduced their plastic waste exports to non-OECD countries in January
2021, but subsequent exports have been steadily increasing [60]. The prediction results and
practice show that international or national conventions or bans can only show a certain
degree of restraint, and it is difficult to truly eliminate the plastic waste trade, and the
plastic waste trade will still exist, driven by a variety of factors.

(2) New plastic waste trade relations will be established in the future
Of the 316 plastic waste trade relationships that are most likely to occur in the future

(Figures 5 and 6), we found that from a regional perspective, the potential trade relations of
plastic waste are mainly cross-regional, and plastic waste may continue to be exported to
Asia–Pacific, Middle East, Africa, and other regions with weaker plastic waste supervision,
which has been predicted many times. Among them, India, Indonesia, Pakistan, Vietnam
in the Asia–Pacific, the United Arab Emirates in the Middle East, and South Africa and
Nigeria in Africa have been predicted more often. In addition, European countries will
also increase the plastic waste trade and waste treatment in the region. However, one
thing that should be paid attention to is that the share of plastic inadequately managed in
Ukraine is as high as 49% [51]. Due to the ban, Ukraine’s imports of plastic waste in 2019
increased by 12.9% year-on-year, and 78% of plastic waste imports came from countries
in other European regions. According to our forecast, Ukraine will establish new trade
relations with eight European countries including France (NO.13), Portugal (NO.40), and
Switzerland (NO.66) in the future. Although Ukraine’s imports of plastic waste will drop
sharply in 2020, it is still necessary to be vigilant to avoid excessive imports of plastic waste
from imposing a burden on domestic waste management.

From an economic perspective, the potential links of plastic waste trade are dominated
by HICs, and contain a large number of potential trade relations between HICs and NHICs.
This reflects that the unequal relationship at an economic level eventually leads to the un-
equal exchange relationship on an ecological level, and it will continue, which is consistent
with the research conclusions of Barnes (2019) [24]. At the same time, the plastic waste
trade between NHICs will also expand in the future. For example, from the forecast, Brazil
may establish new plastic waste trade relations with nine NHICs, including Indonesia (NO.
1), India (NO. 5), and Peru (NO. 10) in the future.

(3) Factors influencing the establishment of new relationship of plastic waste trade
By testing six factors, we finally found the difference in economic level between

countries (gdp− ppp(i, j)), difference in liner shipping connectivity index (lsci(i, j)), and
difference in share of plastic inadequately managed (spim(i, j)) have a positive impact on
the establishment of new plastic waste trade relations, while the difference in tariff levels
(tari f f (i, j)) has a negative impact on it.

The economic level difference and potential trade relationship have been discussed in
Section 4.3.2. This is mainly due to the market mechanism and the inequality of economic
development that drives low-income countries (LICs) to receive plastic waste from countries
with higher economic development levels. In the end, HICs increased the recycling rate of
plastic waste, and LICs received capital and production resources, but in practice they also
brought plastic waste pollution.

The results of the difference matrix of liner transportation connectivity are contrary to
traditional beliefs. Scholars generally agree that liner transportation connectivity is a key
determinant of bilateral trade [61]. Lower liner transportation connectivity will increase
trade costs [62]. Obviously, this does not apply to the plastic waste trade. In the future, it is
still a favorable option for HICs to ship plastic waste to NHICs with low liner transportation
connectivity. Transportation convenience and transportation costs have weaker restrictions
on the establishment of new relationships in the plastic waste trade.
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In addition, from the results, the plastic waste trade has the potential to establish new
trade relations between two countries with large differences in share of plastic inadequately
managed. In reality, after China’s ban, a large amount of plastic waste flows to Malaysia,
Thailand, Indonesia, and other regions. After the strengthening of control in these countries,
plastic waste begins to flow to other areas with weak environmental regulations, such as
Africa, which is also the only region where imports have increased in 2019. It can be
seen that under the pressure of the cost of plastic waste treatment, there will still be
countries with high waste management levels in the future choosing to transport plastic
waste overseas in order to increase the recycling rate. Countries with low levels of waste
management often do not have sound domestic environmental regulations and become the
preferred destination. If the characteristics of the new relationship established by the plastic
waste trade continue and is not regulated, it will have a huge impact on the environment
and ecology of areas with high levels of poor waste management.

Finally, the current import tariffs on plastic waste in various countries are generally
very low (5–6% on average) [19]. Judging from the QAP inspection results, raising the tariff
level has a depressing effect on the establishment of a new relationship in the plastic waste
trade. On the one hand, countries can curb plastic waste imports by raising tariffs. On the
other hand, for countries that want to continue to import large amounts of plastic waste to
meet domestic production needs, they can also consider formulating reasonable import
taxes specifically for domestic solid waste infrastructure.

6. Results

The existing research seldom pays attention to the future trend of the GPWT. In order
to fill this gap, this article uses link prediction methods and QAP technology to predict the
new relationships that may be established in the future plastic waste trade, and deconstruct
the implicit information of the forecast results from multiple angles to answer the global
question of the future development trend of the plastic waste trade. This is conducive to the
governance of the global plastic waste problem, deepens the understanding of the plastic
waste trade, and enlightens the settlement of plastic waste trade disputes.

The main findings are as follows: First of all, the plastic waste trade has a certain
degree of stability and continuity. Although some links will disappear under the influence
of national plastic waste bans and international conventions, there is still a potential
trend of reconnection of the same type of links. Secondly, from the perspective of regional
distribution, in addition to more potential links between European countries, other potential
links are mainly cross-regional, and are mainly dominated by the European region. From
the perspective of economic level distribution, although HICs will increase trade in plastic
waste in the future, HICs and NHICs still have a high potential for establishing new trade
relations. At the same time, NHICs will also expand the scale of trade in the future. This
is mainly determined by the flow direction of the plastic supply value chain, the transfer
direction of the plastic industry chain, and the inherent laws of the geo-economy. Finally,
new plastic waste trade relationships are easier to establish between countries with wide
differences in economic development, liner shipping connectivity index, and share of
plastic inadequately managed. The greater the difference in tariff rates between the two
countries, the less likely it is to establish new trade relations.

Global plastic waste pollution is a global governance issue, it should not satisfy
the interests of some countries in the world while sacrificing the environmental needs
of other countries. The current trade model has prompted NHICs to receive a large
amount of low-quality plastic waste [22], and has had an incalculable impact on the
environment and health [24]—this is also the main reason for the controversy in the plastic
waste trade. However, the plastic waste trade should not be completely denied. The
GPWT not only contributes to the recycling of resources and reduces global carbon dioxide
emissions [22], it can also create new jobs for importing countries (recycling and restoration
industries) [63]. In the future, the plastic waste trade will still exist. This requires the
international community to guide the plastic waste trade in a true sense to promote the
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recycling and reuse of plastic waste on a global scale, adjust unreasonable trade patterns,
and seek reasonable and sustainable development.

Based on the above conclusions, we put forward the following suggestions from
three aspects:

First of all, the potential trade relationship of plastic waste has obvious cross-regional
characteristics, which puts forward higher requirements for the traceability and trans-
parency of future plastic waste trade. At present, the customs codes for plastic waste trade
are only divided into four categories. In order to better track and control, the customs codes
for plastic waste trade need to be classified in more detail, such as difficult-to-recycle and
easy-to-recycle plastics, and distinguish between primary plastics and secondary plastics.
By improving the classification of customs codes, countries can adjust their import and
export policies according to their needs. They can also prohibit the domestic export of
plastic waste categories that have been restricted abroad, strengthen customs supervision
of waste, and avoid dumping or causing plastic waste abroad.

Second, the new plastic waste trade is easier to establish among countries with large
differences in economic levels or share of plastic that is inadequately managed, this is
mainly driven by the interests of countries and waste management needs. In order to adjust
the unreasonable trade model and achieve source governance, the international community
can consider starting with the producer responsibility system, including enterprises in the
management of plastic waste, and encouraging enterprises to improve the durability and
repeatability of products, thereby increasing the recycling rate and quality of recycling,
and reducing the burden of waste management in various countries. Companies can
also choose to entrust the responsibility of product recycling to third-party companies
through payment, so as to promote the concentration of the plastic recycling industry
chain, and enhance the ability of the industry to bargain upstream and downstream, and
avoid inefficient competition. In addition, HICs can also provide NHICs with financial
support, technical support, and international investment in waste management through
international cooperation to improve the level of waste management in NHICs.

Finally, the regulatory role of tariffs can be brought into full play. By improving the
classification of customs codes, countries can adjust tariffs on different types of plastic
waste, such as lower tariffs on plastic waste with high recycling value, and higher tariffs
on plastic waste with low quality or low secondary market value. To achieve the goal of
reducing imports of low-value and mixed plastic waste, importing countries can also set
up special funds based on import taxes for the construction and improvement of domestic
waste management infrastructure.

Compared with other focuses on the impact of the ban on the plastic waste trade [5],
this article re-examines the plastic waste trade from the perspective of relationship estab-
lishment. Our research conclusions show that bans and conventions can only curb the
plastic waste trade to a certain extent—they have a certain degree of stability and continuity.
After the impact of the ban, they still have the potential to continue to develop on the
original trajectory. However, this research still has the following shortcomings:

On the one hand, the establishment of a new relationship in the GPWT is affected
by many factors. The QAP model only affects some of the key factors on the potential
link generation of the global plastic waste trade, and ignores the impact of factors such as
disposal costs, environmental regulatory differences, political systems, and other factors. In
particular, major sudden changes such as China’s waste ban, COVID-19, and the resultant
soaring shipping costs could have a major influence on the network.

Although, the applied LNB-RA link prediction algorithm can better identify the
contribution of different neighbors of the node through the role function, and mine the
potential information of the GPWTN to a certain extent based on the network topology.
However, there are still problems such as the limited prediction accuracy of the algorithm
and the inability to fully explore the network growth mechanism and laws. In the future, a
more accurate link prediction algorithm for the characteristics of the plastic waste trade
will be designed for further research.
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Appendix A

Table A1. Detailed data on AUC scores of the six algorithms from 2010 to 2019.

AA CN RA LNB-AA LNB-CN LNB-RA

2010 0.93464753 0.93024762 0.93952483 0.93689173 0.93373438 0.93962076 *
2011 0.91726725 0.90838786 0.92732450 0.92266061 0.9171163 0.92898721 *
2012 0.92310008 0.91764500 0.92817891 0.92674672 0.92320047 0.92859235 *
2013 0.93286064 0.92892028 0.93736615 0.93607227 0.93433373 0.93790823 *
2014 0.92328822 0.91779595 0.93024315 0.92528108 0.92203896 0.93100684 *
2015 0.92820568 0.92158313 0.93892326 0.93515318 0.93093173 0.94010856 *
2016 0.94807629 0.94362581 0.95258923 0.95028257 0.94691775 0.95298022 *
2017 0.93464307 0.92877974 0.94467950 0.93923408 0.93439098 0.94512418 *
2018 0.92851873 0.92174970 0.93544839 0.93203152 0.92877007 0.93773497 *
2019 0.94431142 0.93901621 0.95073616 0.94534354 0.94122917 0.95103435 *

Notes: * represent the significance levels of 10%.

https://comtrade.un.org/data
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=8
http://www.cepii.fr/CEPII/en/bdd_modele/presentation.asp?id=8
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