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ABSTRACT

Introduction: China’s import bans on solid wastes starting from 2017 have challenged the
global trade system of plastic wastes, which remains poorly characterized. This study chooses
polyethylene (PE) as a case and aims to map out the global trade networks of PE waste (GPETN)
from 1976 to 2017.

Outcomes: We find that the size and complexity of the GPETN had been growing until 2016. After
the mid-1990s, PE waste basically flowed from developed economies, mainly the EU and the US, to
developing economies such as China. Since 2001 when admitted into the WTO, China’s PE waste
import surged until 2014 when it absorbed over 60% of global export. Regulations on solid waste
import following the Green Fence campaign in 2013 resulted in substantial reductions in China’s
import as well as the global export of PE waste after 2014. Several other developing economies, such
as Malaysia, Turkey, and Vietnam, had transitioned to net importers, but their imports were insuffi-
cient to replace China as new recycling bases for PE waste.

Conclusion: The results highlight the urgent need of a joint effort for developed and devel-
oping countries to build a stronger global circular economy system with sufficient capacity to
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treat PE waste locally.

Introduction

Plastics are a group of versatile materials with various
forms and properties. The global production of plastics
has grown exponentially since the 1950s, from 1.5 million
tonnes (Mt) in 1950 to 348 Mt in 2017 (PlasticsEurope 2008,
2018). Accompanying the use of plastics is the generation
of plastic waste and their disposal and management. It was
estimated that 6.3 billion tonnes (Bt) of plastic waste has
been generated as of 2015, with around 79% landfilled or
discarded into the environment, 12% incinerated, and only
9% recycled (Geyer, Jambeck, and Law 2017).

Export is an important means of plastic waste treat-
ment for many countries. In 2016, 4.6 Mt of plastic waste
was traded globally (2019). Major exporters of plastic
waste are mainly high-income countries such as the US,
Japan, Germany, and UK (Brooks, Wang, and Jambeck
2018). The world’s largest importer of plastic waste is
China, receiving 45% of the global total cumulative trade
volumes by 2016 (Brooks, Wang, and Jambeck 2018). This
trend of developed countries exporting wastes to less-
developed countries has been studied in the case of
hazardous waste, and specifically e-waste (Schmidt 2006;
Hotta et al. 2008; Puckett et al. 2002). Several studies
applied the Pollution Haven Hypothesis (PHH) to investi-
gate the phenomenon of developed countries exporting
e-waste to informal dumping hubs in developing

countries in Asia and Africa (Davis, Akese, and Garb
2019). Lepawsky and McNabb (Lepawsky and McNabb
2010) find that most trade flows of e-waste were intrar-
egional rather than interregional. Later studies further
proposed the need for a revised and more nuanced inter-
pretation of the PHH: Lepawsky (Lepawsky 2015) revealed
the decrease of e-waste trade from Annex VIl countries to
non-Annex VIl countries and the growth of trade in the
opposite direction; Gregson and Crang (Gregson and
Crang 2015) stressed the economic significance of wastes
for developing countries as secondary resources.

The trade of recyclable non-hazardous solid waste,
especially plastic waste, has gained increasing interest
after China started a series of regulation efforts on plastic
waste import to alleviate their negative environmental
impacts. These regulations include, at least, a permanent
ban on the import of non-industrial plastic waste issued in
2017 and a further ban on both industrial and nonindus-
trial plastic waste issued in 2018 (Ministry of Ecology and
Environment of the People’s Republic of China 2017,
2018). Brooks, Wang, and Jambeck (Brooks, Wang, and
Jambeck 2018) drew a general picture of the global plastic
waste trade, illustrating the flow of most plastic waste
from high-income countries to low-income countries,
especially China. They projected that approximately 111
Mt of plastic waste will be displaced by China’s new plastic
waste ban by 2030.
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The global trade network of plastic waste is compli-
cated and dynamic, affected by various socioeconomic
factors. Despite the public concerns aroused by the
issue of plastic waste trade, there is still a gap in under-
standing the historical evolution of spatial and tem-
poral characteristics of the global trade network of
plastic waste. A recent study by Wang et al. (Wang
et al. 2020) explores the characteristics of the global
trade network of all plastic waste as a whole, revealing
China’s important role in the network and the redirec-
tion of plastic waste to Southeast Asia as a response to
China’s import ban. However, no study has yet investi-
gated the trade network of waste of individual poly-
mers such as polyethylene (PE) or polyethylene
terephthalate (PET).

PE is one of the most widely used plastics, account-
ing for 33% of global plastic waste export, and 30% of
European plastic converter demand in 2017
(PlasticsEurope 2018). It has good physicochemical
properties to be melted and molded into recycled
products. The main types of PE include High-Density
Polyethylene (HDPE), Low-Density Polyethylene
(LDPE), and Linear Low-Density Polyethylene (LLDPE),
and HDPE is the most easily recycled type of all plastics
(Plastics Insight 2019a). The recycling rate of PE has
considerable potential for growth. In the US, the recy-
cling rates of HDPE and LDPE/LLDPE were 10.3% and
6.2% in 2015, respectively, significantly lower than
other resins (22.6%) and PET (184%) (U.S.
Environmental Protection Agency OolLaEM, Office of
Resource Conservation and Recovery 2018). It is thus
very likely that the scale of PE waste trade continuously
increases in the near future as a result of growing
recycling practices.

Complex network analysis is a method commonly used
to investigate the characteristics of global trade networks
for various commaodities such as petroleum, rare earths, and
iron ore (Ji, Zhang, and Fan 2014; Wang et al. 2016; Hao et al.
2018). Many studies focused on the roles of countries or
areas in the network, using indicators for properties of
individual countries such as unweighted and weighted
degree, clustering coefficient (Hao et al. 2018), centrality
(Ge et al. 2016), and competitiveness (Chen et al. 2016).
Others described the overall structure of trade networks
with indicators characterizing the network as a whole,
such as density, diameter, average pathlength (Hao et al.
2016), and trade stability (Ji, Zhang, and Fan 2014). To
describe the internal structure of a network, trade commu-
nities were often detected using the indicator modularity (Ji,
Zhang, and Fan 2014; Zhong et al. 2014, 2017).

Therefore, by taking advantage of the complex net-
work method, this study aims to provide an in-depth
analysis of the global trade history of PE waste during
the period 1976-2017. We especially attempt to
address the following questions: (1) how did the
volume and system structure of PE waste trade evolve
from 1976 to 2017? (2) what roles did different

countries play in the global PE waste trade system
and what were the differences and relationships
between developed and developing economies? and
(3) how important was China in this system, and will its
import ban significantly influence the future of global
PE waste trade?

Materials and methods
System definition

We studied the PE waste trade data of all 195 countries
and areas (hereafter countries) that have PE waste trade
data present in the United Nations (UN) Comtrade
Database from 1976 to 2017. Due to the large number
of countries studied and the fact that trade volumes
vary dramatically among countries, there are difficulties
identifying evident regional distribution patterns of PE
waste trade by merely studying trade data of separate
countries. Thus, we grouped the studied countries into
11 regions using the United Nations’ Standard Country
or Area Codes for Statistical Use (M49) with slight mod-
ifications taking into account the relative significance of
PE waste trade of certain countries. For example, we
defined “Mainland China and Hong Kong” and “Japan”
as separate regions because their trade weights of PE
waste took up considerable portions of the world total
(see Appendix A. for the full list of countries and the
regions they were classified to).

We paid special attention to trade patterns on 10-
year intervals starting from 1976, when the trade data
of PE waste were first recorded. We also selected
the year 2017 because trade patterns changed rapidly
after China’s import ban. For 1976, 1986, 1996, 2006,
2016, and 2017, we built trade networks for PE waste,
identified major importers and exporters, and calcu-
lated the net import or export of these countries.

Data source

We extracted trade data in physical unit (kilograms) from
the UN Comtrade Database, using both the SITC
(Standard International Trade Classification) and HS
(Harmonized System) commodity codes. There have
been three commodity codes for PE waste: the SITC
codes 58,319 (Rev. 2) and 5791 (Rev. 3 and Rev. 4), and
the HS code 391,510 (see Appendix B. for the names of
commodity and years of data available for each code)
(United Nations Comtrade Database 2019). Because
each country switched to new codes in different years
(for example, the code for PE waste trade reported by
Japan changed from 58,319 to 391,510 in 1988, whereas
the same code switch for Mainland China happened in
1992), trade data in the same year could be under differ-
ent codes depending on the reporter. However, there is
no repetition because data from the same reporter in the
same year are based on only one code.



Data processing

The same trade record, when reported by the importer
and the exporter, can have slight discrepancies due to
factors such as inconsistent attribution of importers
and exporters in entrepot trade and difference in mea-
surement methods of trade values. When building the
trade networks of PE waste, we used data reported by
importers only, as possible loss of trade mass during
transportation was accounted for in these data. For
convenience, when analyzing the import and export
patterns of the world and different regions, countries,
and areas, we used import and export data reported by
the regions, countries, and areas that we study.

While the monetary data (trade value) are available
for every trade record, some data for mass are missing.
We estimated these missing data with the following
method: if the data for the same reporter in adjacent
years of the missing entry are available, we calculate
the average unit price for the year before and the year
after, and divide the known trade value by this average
unit price; if data for the same reporter are missing in
continuous years, we assume that the unit prices fol-
low a linear trend and calculate them by interpolation.

One likely error that we identified in the data
obtained is the abnormally high trade weight reported
by the US during 1985-1988. For these years, there is
a large gap between the US reported data and the
same record reported by its trade partners. For exam-
ple, the US reported import mass from Canada in 1988
was 100 times higher than that reported by Canada.
We fixed this error by replacing data reported by the
US from 1985 to 1988 with data for the same record
reported by its trade partners.

In the original data, the import and export of
Hong Kong, China (hereafter Hong Kong) accounted
for as high as 40% of that of the world. However,
most were repeated calculation, as the majority of its
export was reexport, that is, “exports of foreign goods
in the same state as previously imported,” to Mainland
China (UN International Trade Statistics Knowledgebase
2016). We thus modified Hong Kong’s trade data by
excluding the part of Hong Kong's reexport to China in
both of Hong Kong’s import and export. In years when
Hong Kong's reexport to China exceeded Hong Kong’s
total import, we assumed Hong Kong's “real” import to
be 0.

Methods for building trade networks, calculating
network indicators, and identifying major
importers and exporters

Building trade networks

For each of the years 1976, 1986, 1996, 2006, 2016, and
2017, we constructed a comprehensive network of all
trade records from country to country and a simplified
network of the net trade flow from region to region, as
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defined in the System Definition section. We used the
comprehensive network to study the basic features of
the global trade of PE waste and identify major impor-
ters and exporters at the country level, and we used
the simplified network to inspect patterns at the
regional level.

Nodes in the comprehensive network represent
countries. Each special reporter in the UN Comtrade
Database that does not represent a specific country or
area (for example, “areas, not elsewhere specified,”
“Europe, not elsewhere specified,” etc.) is also counted
as a node. Edges in the comprehensive network
denote trade records from one country to another,
and their directions are determined by the directions
of trade. In the simplified network, nodes represent the
11 regions, and edges denote the net trade flows. The
edges have the same direction as the net flows of
commodities. For example, if Territory A imported
more from Territory B than it exported to Territory B,
the edge between them represents Territory A’s net
import from Territory B and is directed from B to A, and
vice versa. The weights of edges in both types of net-
works are equal to the weights of commodities traded
in kilograms.

Calculating network indicators

We used the complex network visualization and ana-
lysis software Gephi to calculate the following network
indicators: average degree and average weighted
degree, which show the number and mass of trade
per country; modularity class, which groups countries
into communities; density, average clustering coeffi-
cient, diameter, and average path length, which
demonstrate how closely connected the nodes in the
networks are. Detailed methods adopted by Gephi for
calculating these indicators, if provided, are listed in
Appendix C.

Identifying major importers and exporters

In the PE waste trade networks in this study, a high
weighted in-degree or weighted out-degree of
a country indicates a relatively important role in the
import or export of PE waste. In the five trade networks
of PE waste in 1976, 1986, 1996, 2006, and 2016, coun-
tries with weighted in-degrees or weighted out-
degrees above the 90% percentile were identified as
major importers and exporters.

Results
Scale and structure of the trade network

A clear trend in the trade network of PE waste was that it
had substantially grown in size, trade partnerships, and
trade mass, as indicated by the number of nodes, edges,
and the average weighted degree, respectively. The
number of countries involved in the trade system grew



4 W. XU ET AL.

from only 22 in three continents in 1976 to 154 in all
continents except Antarctica in 2017. The number of
trade partners and the volume of trade per country
had also increased, as indicated by the average degree
and average weighted degree. The average degree
grew from 1.7 to 7.3 per year, and the average weighted
degree grew from 2.4 million to 31.6 million kilograms
(kg) per year from 1976 to 2017. A particularly rapid
increase in trade volume was observed during
1996-2006. In 2017, the number of trade flows dropped
rather sharply, which is mostly accounted for by
a change in data reporting strategies of some countries.
Taking this out of consideration, the number of global
trade flows only dropped slightly (Figure 1).

The two most dominant trade communities that per-
sisted throughout the timeline were the Europe com-
munity and the Asia-America community. European
countries have dense trade relationships among each
other, forming one to three distinct trade communities.
The main dynamic in the Asia—-America community, on
the other hand, is the US consistently exporting to Asia,

especially China (Figure 2(a)). While the trade commu-
nities have always been generally geographically
defined, the extent varies with time. Starting from
1996, the Asia—America community started to have
more and more members in Europe and Africa. During
10-year intervals before 2016, the Europe community
and Asia—America community did not experience the
exchange of members. In 2016, however, some major
members in Europe communities in 2006, such as
Germany and France, began to join communities of
American and Asian countries (Figure 2(b)).

The trend of network indicators observed in 1996 and
2016 suggests that the network became less connected
as a whole around 1996 and more so around 2016. The
decreased density and average clustering coefficient in
the 1996 network compared to 1986 suggest that the
portion of existing trade flows in all possible trade flows
decreased, and the increased diameter and average path
length suggest that the number of intermediate coun-
tries needed for any two countries to trade increased.
The opposite trend was observed in 2016 (Table 1).
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Figure 1. The global trade network of PE waste in 1976, 1986, 1996, 2006, 2016, and 2017; the number of nodes, the number of
edges, and the average weighted degree of nodes in the networks.
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Figure 2. (a) and (b): The evolution of PE waste trade communities with more than three members in 1976, 1986, 1996, 2006, 2016,
and 2017. One color represents one community. The colors of boxes in the flow chart correspond with the color nodes in the
network graph, the same color representing the same community. The size of nodes represents the trade mass of the country

relative to global trade mass.

Distribution and flows by region

Regional distribution of import and export

Based on the regional distribution of import and
export, the history of PE waste trade can be divided
into three periods.

Period 1 (1976-2000): the trade system was domi-
nated by the EU-28 and North America in both import
and export. Total trade weight increased steadily but
slowly.

Period 2 (2001-2014): Mainland China and
Hong Kong’s share in import grew rapidly to over
50%, and the export of every other region also
increased. Global trade weight skyrocketed, mostly

contributed by Mainland China and Hong Kong as
the biggest importer and EU-28 as the biggest
exporter.

Period 3 (2015-2017): An overall decline was
seen in both import and export after 2014. While
Mainland China and Hong Kong was the only con-
tributor to the drop of import, almost every region
showed a reduction in export. In 2017, the import
of Mainland China and Hong Kong continued to
decrease. This reduction was compensated by the
considerable growth in the import of EU-28 and
Southeast Asia that made the world’s total import
increase slightly (Figure 3).
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1976

Figure 2. (Continued).

Table 1. Diameters, densities, average degrees, average
weighted degrees, average clustering coefficients, and aver-
age path lengths of the comprehensive trade network of PE
waste in 1976, 1986, 1996, 2006, 2016, and 2017.

Avg.

weighted  Avg. clus-  Avg.

Avg. degree tering path
Diameter Density degree (million kg) coefficient length

1976 3 0.083 167 238 0.169 1.40
1986 6 0.051 4.00 6.40 0.278 2.52
1996 7 0.038 429 6.18 0.230 2.79
2006 7 0.038 5.94 23.09 0.261 2.81
2016 6 0053  7.98 31.12 0.422 2.52
2017 5 0.048 7.33 31.63 0.317 2.56

Interregional flows

The interregional flows of PE waste in 1976 were not
centered at any particular region. The three greatest
flows were 369 tonnes (44% of world total) from the
rest of Europe to EU-28, 266 tonnes (32%) from EU-28

~

to Africa, and 101 tonnes (12%) from Japan to
Southeast Asia. There were few connections among
different continents relatively distant to each other -
countries tend to trade mainly with their neighbors.
The destination of global PE waste had been concen-
trated to one region since 1986. In 1986, this destina-
tion was EU-28, its import from the rest of Europe, Asia,
and the Americas taking up 64% of the world total.
Starting from 1996, Mainland China and Hong Kong
replaced EU-28 as the biggest importer. The biggest
source of China’s PE waste import was North America
in 1996, accounting for 45% of total import, and then
the EU-28 in 2006 and 2016, accounting for 38% and
41% of total import, respectively.

Many regions experienced a transition in trade
balance, the timing of which reflecting their develop-
ment status. Most regions transitioned from net
importer to net exporter up to 2017, the more

= Mainland China and Hong Kong ® Mainland China and Hong Kong

6 =EU-28 6 mEU-28
g 2 Southeast Asia g 5 Southeast Asia
_-S, 4 | = North America E 4 | = North America
% 3 | mThe restof Asia % 3 | mThe restof Asia
< 2 | mOther areas = 2 | ®Other areas

1 1

0 World export 0 e

1976 1981 1986 1991 1996 2001 2006 2011 2017 1976 1981 1986 1991 1996 2001 2006 2011 2017

World import World export

Figure 3. World import (left) and export (right) of PE waste (1976-2017) (intraregional trade included).



developed ones making the transition earlier: EU-28
and Oceania started net exporting in as early as 1996,
followed by other less-developed regions. Shifts from
net exporter to net importer, on the other hand,
rarely happened. Despite China’s dramatic shift to
net importer between 1986 and 1996, the only sig-
nificant change from net exporter to net importer was
observed in Southeast Asia in 2017. This shift is
mostly due to increased PE waste flows diverged
from China because of its import ban, and thus it is
more of a response to external policy as opposed to
a natural pattern related to economic development.
Therefore, it can be concluded that regions tend to
transition to net importers as their economy develops
to a certain point.

Hong Kong's role as an entrepot became clear when
its trade flows were separated from that of China’s. In
1996, when China’s net import volume was still small,
Hong Kong was the biggest net importer for regions
across the world. The net import of both China and
Hong Kong surged during the following 10 years, and
China’s net import exceeded Hong Kong. In 2006,
Hong Kong's net export to China accounted for around
one-third of its net import from other regions in the
world. In 2016 and 2017, Hong Kong’s net import kept
shrinking and became nearly equal to its net export to
China. Meanwhile, Southeast Asia’s net import from
other regions was growing, while net-exporting to
China. Southeast Asia’s net export to China was com-
parable to its total net import from other regions in
2016, but as its net import continued to increase in
2017, a considerable portion of the net import was
consumed in the region (Figure 4).

Trade patterns of typical countries, areas, and
regions

Developed economies

Among the world’s 35 developed countries, the num-
ber of net exporters of PE waste increased from 1996 to
2016. However, the leading net exporters, namely
Germany, the UK, the US, Japan, and France, were
relatively stable. Among these five countries,
Germany, the US, and Japan exceeded 0.1 Mt of net
export in 2001, and the UK and France followed in
2006. The net export of the top net exporter in 1996,
2001, 2006, and 2011 increased by approximately 0.2
Mt every 5 years. The net export of other developed
countries was less than 0.1 Mt, except for South Korea
and Belgium that reached 0.1Mt in 2016 and 2017,
respectively. Net import was considerably lower than
net export: up to 2017, the Netherlands was the only
developed country with a net import of over 0.1 Mt.
Two important changes in the trade balance of devel-
oped economies from 2016 were observed. First, the
net export of the top net exporter Germany decreased
in 2016 compared to 2011, and all five dominant net
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exporters listed above further reduced their net export
in 2017. Second, the number of net exporters that had
been increasing since 1996 declined in 2017 as
Slovenia, Portugal, and Cyprus shifted to net importers
(Figure 5(a)).

We identified 29 countries that were, or used to be,
major importers and exporters of PE waste, and
observed their trade volumes from 1976 to 2017.
Twenty of them were developed countries, among
which nine had always been net exporters (including
all the top five net exporters mentioned earlier), six
(Australia, Greece, South Korea, Spain, Sweden, and
Switzerland) had turned from net importers to net
exporters, and only two (ltaly and Lithuania) had
always been net importers. A common turning point
for developed countries is the year 2001, when the
export of most of them began to significantly increase.
While there are countries such as Austria and Belgium
that increased import at a similar rate as well, 2001 is
the point after which import started to lag behind
export for most developed countries.

EU-28 had a balanced and stable trade pattern until
2000, when it began increasing export at a faster speed
than import. Its export accounted for 60% of the
world’s total export per year on average. From 2012
to 2016, EU-28’s export stagnated while its import
continued to rise. In only 3 years from 2014 to 2017,
the portion of EU-28's import in global total import
grew from 18.4% to 38.0% (Figure 6(a)).

Unlike EU-28, the US only experienced dramatic
growth in export in 2000, while its import always
stayed at the same level (almost zero) as in 1985
when its trade was first recorded. As a result, the US's
export was nearly 15 times larger than its import in
2014, before it began to decline. Nonetheless, the US’s
export had always been stably accounting for around
15% of the world’s total export since 2004 (Figure 6(b)).

Japan was one of the first countries to trade PE
waste, with barely any import compared to export,
and its absolute export volume accounted for 9% of
global total export ever since 2001. Unlike EU-28 and
the US that did not slow down export growth until the
2010s, Japan’s export began to level in as early as 2006
(Figure 6(c)).

Developing economies

Nine of the 29 major importers and exporters of
global PE waste trade are developing countries, and
they are all emerging market economies (MSCI 2019).
Five of them (Brazil, Malaysia, Mainland China, Turkey,
and Taiwan, China (hereafter Taiwan)) were net
importers in 2016, among which Mainland China
and Taiwan had been reducing import in recent
years. The other four were net exporters, importing
very small amounts of PE waste. Among them, the
Philippines had been reducing export since 2014,
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Figure 4. Interregional flows of PE waste in 1996, 2006, 2016, and 2017. The direction of the flows are from left to right.

whereas Mexico, Saudi Arabia, and Thailand had been
increasing their export since 2010.

Mainland China and Southeast Asia were the two
most important players among the developing econo-
mies. China had been an extremely large net importer.
Its net import had always been more than 10 times
higher than the second biggest net importer among
developing economies - in 2011, it was over 150 times
higher. The years 1999-2003 were the period of rapid
growth for China’s import; during these 4 years, the

proportion of China’s import in global total surged
from less than 10% to around 60%. This proportion
fluctuated in the next decade but kept growing. After
2013, both the net weight and proportion of China’s
import declined as a result of the 2013 Green Fence
campaign that enhanced inspections on the quality of
imported solid waste (Figure 6(d)) (Velis 2014).
Southeast Asia turned from a net importer to a net
exporter from around 2000, and became a net impor-
ter again from 2015, with its import growing and
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Figure 5. (a) The net export or net import weight of PE waste of developed economies in 1996, 2001, 2006, 2011, 2016, and 2017
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export declining at an ever-increasing rate. Its import
almost doubled in only 1 year from 2016 to 2017.
Nonetheless, the portion of its import in global
total import remains relatively low at around 10%
(Figure 6(e)).

Either as a whole or separately, developing econo-
mies other than China did not contribute to the global
trade volume as much as developed economies did.

The net trade weight per developing country was
much lower than that of the developed countries:
around 90% of all developing countries or areas
shown in Figure 5(b) had net trade weights lower
than 0.05 Mt per year. The growth in net trade weight
had been little until 2016, when Malaysia, Turkey, and
Taiwan first exceeded 0.05 Mt per year in net import,
while Mexico, Saudi Arabia, and Thailand first reached
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over 0.04 Mt per year in net export. In just 1 year from
2016 to 2017, Malaysia's net import grew a remarkable
0.05 Mt (Figure 5(b)).

Discussion

Our examination of the temporal evolution of global
trade network of PE waste on the aggregate level, the
regional level, and the level of individual countries
revealed patterns of PE waste trade based on time
and development status of regions. Two important
time points were identified: (1) 2001, when the import
of Mainland China and the export of most developed
countries dramatically increased, and (2) 2014, when
Mainland China’s import started decreasing, and the
import of Southeast Asia began to increase while
export of major exporters such as EU-28 and the US

began to drop as a response. These two time points
each corresponds to a major event in the history of
global PE waste trade. In 2001, China joined the World
Trade Organization (WTO), which accounts for its dra-
matic increase in import that stimulated growing
export in developed countries. In 2014, China began
to reduce its import as a result of the 2013 Green Fence
campaign that enhanced inspections on the quality of
imported solid waste, diverging PE waste trade flows
to Southeast Asia (Velis 2014). In the analysis of net-
work indicators, we identified the years 1996 and 2016
among the 6 examined years as when the network
became significantly less and more connected accord-
ing to network indicators, respectively. This pattern in
network properties is a reflection of the two major
events in 2001 and 2014 regarding China’s enhanced
and weakened role in the network explained above.

/\37

§2_ Net export . z >
oy £ == =) X
5 1] Net import O I ¥ 2 T w o
< zooZn.c%EEEo,
= mzzzon.oo&o

2112 0 53 W g © £ = <

£l T T > < 0 = m =

@ -3

z 1996

4=

§ o -
5 24 ‘
= X o = X
= “*§ 3 o090 o 9 uE
8—0 m O = o O O N £ =2 8=
£ » ZzZ o Z Z O > X K Q!

Sz 8 O 32 = B £ O 2O <

[} = » I E < O 4 F =

o i

-2

2001

184

517— ‘r:,.
© = S5 s z
g 1 & =220 Iz 28
£ 0 4 F O m O 0 o0 > £ 18
15} L B D 4 z2 L s o A

Q. T <

ENEFEEREIR2NE BB

T -2

< 2006

83

S 32-
5 1] z s 0 > o 2 B
e = T

o = G m @ z 218
g, 8 3 To3z:z35%8n%5

EVs Y a2 e R T o0

T -2

o= 2011

264

S 25+ —
o 4l <n:0§z_|z,rm§
= O X =z (@] S >
= 0 z:Z>QoE‘a§0
o} e T J = 2 @ O Z

a w T T T

ENE 5 F3 a bk d TR

® -2

= 2016

__ 20,

5 19+ —
2 ] = < ¥ o S Z z
2 " ogoxOZE‘%g:
£ 0 0O £ Z 2 L. s o
S BB T = = X = ° o ¥

<% w I <

E1% £ 228356 R8Q &

T -2

z 2017

Figure 5. (Continued).



ECOSYSTEM HEALTH AND SUSTAINABILITY

a b
0, 0,
° — EU-28 import/world import 108 » 1 1R0%
41/ T 80% 0.75 75%
3 A =imp 60% —U.S. import/world import
& i TP o = 05 50%
g2 A i 40% = = Import o
=y N —— HWM 20% =0.25 25%
= e k=] :; eseBlacssanannls
_%0 """""""" SRERRRRE] |i| 0%0 o 0 |—wi;===== u-u|"||i||||||||"| 0%
21 -20% 025 “|||| -25%
© -2 -40% 5} o
Z3 g0 = 0B = Export B0%
4 — 'Expolrt -80% 075 5. sxportwond sxgort] o0
E .S. export/world e
5 U-28 export/world export 100% P Xport/world expo -100%
197619811986 199119962001200620112017 1985 1993 2001 2009 2017
¢ 100% d
00%
:5) — : 100%
0.75 = 75% 4 ——EIC‘,nr]nn:dlmport/world import . [ : 80%
0.5 PO 509 3 . e “w TN P
ERERER 11
=5l £
g 0|/ I ui 0% = 0 |t il 0%
2.0.25 W 25 81 -20%
= s -2 -40%
g 48 m Export 50% $3 | " Export “80%
“ 075 - wortd oxoort] 727 4 -80%
4 apan export/world expo rrsten 5 -100%
1976 1984 1992 2000 2008 2017 1987 1992 1997 2002 2007 2012 2017
e 1 — - 100%
—— Southeast Asia import/world import
0.75 75%
m Import
g 05 50%
<025 25%
'%-, 0 R . 0%
% -0.25 -25%
Z .05 -50%
0.75 mExport| oo
-0. = (]
1 Southeast Asia export/world export 100%
-~ - 0
1976 1984 1992 2000 2008 2017
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The impact of the participation of China on the
network structure in 2001 can be interpreted as fol-
lows. Before 2001, the PE waste export of one country
was usually distributed to a number of countries since
each one’s import mass was relatively small, and these
importers were often of geographical proximity with
the exporter, because factors other than geographical
proximity were similar. This was reflected in the net-
work structure as denser trade relationships. After
China started to contribute import capacity, not only
many times more than the average of other importers
but also at lower prices, countries around the world
were incentivized to send PE waste there regardless of
geographical closeness. The export demand of one
country can consequently be satisfied by fewer impor-
ters. This pushed the network structure to an opposite
direction of having fewer trade relationships per
country.

Similar reasoning can explain the network’s return to
one that was more connected, as part of China’s import

was replaced by multiple other countries starting from
2014. One difference, however, was that trade commu-
nities did not return to the geographically defined pat-
tern before 1996, and countries were even having more
longer-distance trade than before. This suggests that
trading only with neighbors was no longer enough to
satisfy some countries’ need for PE waste export. One
observation worth noticing is that this reversal of the
network structure took place before China officially
banned plastic waste import in 2017. This suggests
that the impact of a thorough ban of all plastic wastes
after 2018 to the global PE trade network would only be
more significant than that observed in this article.
Major regions across the world shared the trend of
transitioning toward net-exporting PE waste, and more
developed regions generally make the shift earlier. In
the same vein, on the country level, developed coun-
tries are predominantly net exporters while developing
countries are predominantly net importers. The trade
volumes of developing countries, with the exception
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of Mainland China, were far lower than that of devel-
oped countries, and those that were identified as
major importers or exporters were all emerging market
economies, which polarized into either net importers
or net exporters since the last decade.

The predominance of net exporters and continuous
increase of net export volume among developed coun-
tries before 2016 reflect strong economic incentives to
export PE waste and lack of incentives to import PE
waste. On the one hand, domestic PE recycling has
a high cost, driving developed countries to ship PE
waste to less-developed countries for more inexpen-
sive disposal. On the other hand, developed countries’
demand for PE, primarily driven by end-user industries
such as packaging and construction, has become
stable and can be satisfied by domestic PE production
(Plastics Insight 2019a, 2019b, 2019c¢). Importing PE
waste as secondary materials does not generate sig-
nificant cost savings while requiring extra effort on
cleaning and sorting.

In contrast, emerging market economies have eco-
nomic incentives to import PE waste as secondary mate-
rials, in that their production capacity of virgin PE
cannot catch up with the soaring demand for plastic
products as a result of rapid economic development
and increasing living standards (Behrens et al. 2007).
Nonetheless, our results show that many of them still
turned into net exporters of PE waste over time. One
main explanation is their lack of infrastructure and cap-
ability to properly dispose imported PE waste, the qual-
ity of which is often inconsistent. Until December 2017,
Europe’s plastic waste was still predominantly disposed
of by incineration (~40%), landfill (~30%), and export
(~12%), because the plastic recycling schemes and facil-
ities are incapable of recycling low-quality waste
(European Commission 2018). In other words, only
a small portion of Europe’s plastic waste is clean, well
sorted, and suitable for recycling. Around 25% of all
waste collected by the US recycling company Waste
Management was contaminated and must be landfilled
(Albeck-Ripka 2018). The PE recycling rates in countries
less developed, and consequently less invested in such
technology, would then only be lower. In major devel-
oping countries importing PE waste, such as Malaysia
and Turkey, unrecycled waste is eventually disposed
through landfill or incineration, leading to contamina-
tion (Ananthalakshmi 2018; Gokce Saracoglu 2018). This
environmental consideration has driven more countries
to halt plastic waste import - typical examples are
China’'s Green Fence campaign in 2013 and
a permanent ban on the import of both industrial and
nonindustrial plastic waste in 2018 (Ministry of Ecology
and Environment of the People’s Republic of China
2017, 2018; Velis 2014). As plastic waste exports were
directed from China to Southeast Asia, Southeast Asian
countries such as Malaysia, Vietnam, and Thailand also
took action to prevent plastic waste from entering, by

issuing crackdowns and bans on the import of plastic
waste in late 2018 (DHL Resilience360 2018; Fullerton
2018; Reintjes 2018). The lack of ability to mitigate the
negative environmental impact of PE waste explains
why most developing economies turned into net expor-
ters despite their demand for secondary PE.

The discussion above provides insights to predict-
ing the world’s response to the challenge that our PE
waste management system is facing today. China’s
plastic waste ban will displace an estimated 111 Mt,
which is 47% of the global total imported plastic waste
since 1988, by 2030 (Brooks, Wang, and Jambeck
2018). In 2017, China imported 1.9 Mt of PE waste
from the world, a 24% decline from 2016. Because of
the imbalance in number and capacity of net exporters
(developed countries with large trade mass and
a rising number of emerging developing countries)
and net importers (developing countries with small
trade mass), this big and still enlarging gap in PE
waste import is unlikely to be filled by a single country.
If this gap in PE waste import is jointly filled by multiple
countries around the world, the structure of the global
trade network will move further toward the direction
that we observed from 2016. As China continues to
reduce import in the future, it is possible that the
global trade network of PE waste will become bigger
and denser, have more regional communities, but also
becoming more closely connected as a whole as geo-
graphical proximity is given less importance.

China is not the only country that banned plastic
waste import. As Southeast Asian countries, which
currently account for around one-fourth of world
total import of PE waste, adopt stricter import policies,
the structure of the trade network will experience
a further change, though at a smaller degree. Upon
then, another gap in import will appear, and it is most
likely that other emerging economies (e.g., Turkey,
Taiwan, India) will take the burden of filling it.
Eventually, the time when all importers exceed their
capacity of receiving waste will approach. Thus, while
striving to fill the gap in import, it is also crucial that
every country minimizes its exports by developing
a domestic recycling system for PE waste. More impor-
ters will only help relieve part of the problem: the
current five developed countries with the largest
trade volume of PE waste all had almost no history of
importing PE waste, and the PE waste disposal ability
of other countries combined, as shown by their pre-
vious import volumes, has a gap behind China’s and
will need time to catch up. Our results highlight the
urgent need of a joint effort for both developed and
developing countries to build a stronger global circular
economy system with sufficient capacity to treat PE
waste locally. To improve domestic recycling rates,
countries should aim to improve the quality of col-
lected PE waste to meet the standard for recycling
and develop or recover sound facilities, technologies,



and regulations on PE waste disposal and recycling.
This would also help reduce the emissions of waste
plastics into rivers, the ocean, and other ecosystems,
consequently promoting global sustainability by
enhancing the close-loop cycles of plastics.

One limitation of this study is that trade data after
2017 were not covered in the analyses, because data
for some countries in these years were not yet avail-
able. In the future, it is crucial to understand and
interpret data of future years, especially the few years
after China made the important move of banning all
plastic waste import in 2018, to verify the predictions
on how the global PE waste trade system will react.
Future research can also investigate global trade pat-
terns of wastes of other polymers (e.g., PVC and PS),
and of other types of solid waste such as wastes of
paper and metals. Trade flow data can be combined
with waste generation data of countries measured
using the material flow analysis method (Laner and
Rechberger 2016) to obtain a more complete picture
of the global flows of wastes.
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8. Appendices

Appendix A Countries and areas investigated

ISO ALPHA-3 Country/area ISO ALPHA-3 ISO ALPHA-3

Region Country/area name code name code Country/area name code

Africa Algeria DZA Gambia GMB Nigeria NGA
Angola AGO Ghana GHA Réunion REU
Botswana BWA Guinea GIN Rwanda RWA
Burkina Faso BFA Kenya KEN Sao Tome and Principe STP
Burundi BDI Lesotho LSO Senegal SEN
Cabo Verde CPV Libya LBY Seychelles SYC
Cambodia KHM Madagascar MDG Sierra Leone SLE
Cameroon CMR Malawi MWI South Africa ZAF
Central African Rep. CAF Mali MLI Sudan SDN
Comoros coM Mauritania MRT Swaziland Swz
Congo CoG Mauritius MUS Togo TGO
Cote d'lvoire v Mayotte MYT Tunisia TUN
Egypt EGY Morocco MAR Uganda UGA
Eritrea ERI Mozambique MOz United Rep. of Tanzania TZA
Ethiopia ETH Namibia NAM Zambia ZMB
Gabon GAB Niger NER Zimbabwe ZWE

EU-28 Austria AUT Germany GER Poland POL
Belgium BEL Greece GRC Portugal PRT
Bulgaria BGR Hungary HUN Romania ROU
Croatia HRV Ireland IRL Slovakia SVK
Cyprus CYP Italy ITA Slovenia SVN
Czechia CZE Latvia LVA Spain ESP
Denmark DNK Lithuania LTU Sweden SWE
Estonia EST Luxembourg LUX United Kingdom GBR
Finland FIN Malta MLT
France FRA Netherlands NLD

Latin America and the Antigua and ATG Ecuador ECU Neth. Antilles ANT

Caribbean Barbuda
Argentina ARG El Salvado SLV Paraguay PRY
Bahamas BHS French Guiana  GUF Peru PER
Barbados BRB Grenada GRD Saint Kitts and Nevis KNA
Belize BLZ Guadeloupe GLP Saint Lucia LCA
Bolivia BOL Guatemala GTM Saint Vincent and the VCT
Grenadines

Brazil BRA Guyana GUY Suriname SUR
Chile CHL Honduras HND Trinidad and Tobago 110
Colombia coL Jamaica JAM Turks and Caicos Isds TCA
Costa Rica CRI Martinique MTQ Uruguay URY
Cuba cuB Mexico MEX Venezuela VEN
Dominica DMA Nicaragua NIC
Dominican Rep. DOM Panama PAN

Mainland China and Hong  Mainland China CHN Hong Kong, HKG

Kong China

North America Bermuda BMU United States USA
Canada CAN Greenland GRL

Oceania Australia AUS New Caledonia  NCL Samoa WSM
Fiji FJI New Zealand NZL Solomon Isds SLB
French Polynesia PYF Palau PLW Tonga TON
FS Micronesia FSM Papua New PNG Wallis and Futuna Isds WLF

Guinea

Southeast Asia Brunei Darussalam  BRN Malaysia MYS Thailand THA
Cambodia KHM Myanmar MMR Timor-Leste TLS
Indonesia IDN Philippines PHL Viet Nam VNM
Lao People’'s Dem. LAO Singapore SGP Saudi Arabia SAU

Rep.

(Continued)
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(Continued).

ISO ALPHA-3 Country/area ISO ALPHA-3 ISO ALPHA-3
Region Country/area name code name code Country/area name code
The rest of Asia Armenia ARM Kazakhstan KAZ Sri Lanka LKA
Azerbaijan AZE Kuwait KWT State of Palestine PSE
Bahrain BHR Kyrgyzstan KGZ Syria SYR
Bangladesh BGD Lebanon LBN Taiwan, China TWN
Bhutan BTN Macao, China MAC Turkey TUR
Georgia GEO Mongolia MNG Turkmenistan TKM
India IND Nepal NPL United Arab Emirates ARE
Iran IRN Oman OMN Yemen YEM
Israel ISR Pakistan PAK
Japan JPN Qatar QAT
Jordan JOR Rep. of Korea KOR
The rest of Europe Albania ALB Iceland ISL Serbia and Montenegro SCG
Andorra AND Montenegro MNE Switzerland CHE
Belarus BLR Norway NOR TFYR of Macedonia MKD
Bosnia Herzegovina BIH Rep. of Moldova MDA Ukraine UKR
Faeroe Isds FRO Russian RUS
Federation
Fmr Yugoslavia YUG Serbia SRB

Appendix B Commodity codes used

Classification Commodity name Years available
58,319 SITC Rev. 2 Polyethylene; in the form of waste and scrap 1976-1995
5791 SITC Rev. 3, Rev. 4 Waste, parings and scrap of polymers of ethylene 1988-2002
391,510 HS Ethylene polymers; waste, parings and scrap 1988-2017

Appendix C. Calculation methods for complex network indicators

(1) Average degree

The average degree of a network is the average number of edges that are adjacent to each node.

(2) Average weighted degree

The average weighted degree of a network is the average sum of the weights of edges adjacent to each node.
(3) Modularity class

Gephi adopts the Louvain method to calculate the modularity class of each node (Blondel et al. 2008).

(4) Density

The density of a network is the number of existing edges divided by the number of all possible edges among all nodes in the
network.

(5) Average clustering coefficient

The clustering coefficient of a node is the number of edges connecting the neighbors of the node divided by all possible edges
among the neighbors of this node. The average clustering coefficient of a network is the average of the clustering coefficients of
all nodes in the network. Gephi implements the algorithm of Latapy to calculate average clustering coefficients (Latapy 2008).

(6) Average path length

One pair of connected nodes has graph distance 1. The average path length of a network is the average graph distance between
all pairs of nodes in the network. Gephi implements the algorithm of Brandes to calculate average path lengths (Brandes 2001).

(7) Diameter

The diameter of a network is the maximum graph distance between any pair of nodes in the network. Gephi implements the
algorithm of Brandes to calculate diameters (Brandes 2001).
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