O 0N O kB~ W

10

11

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

27

28
29
30
31
32
33
34
35

Life-cycle environmental implications of China’s ban on post-consumer

plastics import

Yanan Ren®<, Lei Shi®*, André Bardow®, Roland Geyer®, Sangwon Suh®:*

aState Key Joint Laboratory of Environmental Simulation and Pollution Control, School of
Environment, Tsinghua University, Beijing, 100084, China

bInstitute of Technical Thermodynamics, RWTH Aachen University, Aachen, Germany

°Bren School of Environmental Science and Management, University of California, Santa Barbara,
California 93106, United States
*e-mail: slone@tsinghua.edu.cn (Lei Shi); suh@bren.ucsb.edu (Sangwon Suh)

Abstract

China used to receive more than 50% of the global post-consumer plastics export, the largest share of
which was PET bottles. However, China recently banned the import of foreign wastes including waste
plastics. The original intention of this ban was to protect China’s ecosystem quality and human health,
while its environmental implications have yet to be examined. This study analyzes the life-cycle
environmental impacts of this ban on post-consumer PET under a number of post-ban scenarios. Our
analysis shows that the ban may substantially exacerbate environmental impacts both in China and
globally, if China, in the absence of imported recyclates, increases its virgin PET fiber production using
carbon-intensive coal as the feedstock. Recycling waste PET bottles within the countries that generate
them to replace China’s virgin PET fiber production, however, is shown to significantly reduce life-
cycle environmental impacts both in China and globally. Our study highlights the potential unintended
environmental consequences of the ban and the need to consider marginal technologies and their
consequences in policy decisions. Our results call for cost-effective recycling infrastructure among the
waste-producing countries and the mechanism to coordinate plastics recycling on a global scale.
Keywords: China; foreign waste ban; post-consumer plastics; environmental implications; life cycle
assessment (LCA); consequential modeling

1. Introduction

Since the 1980s, China has been importing solid wastes from overseas in order to ease the
problem of raw materials scarcity, while fueling China’s manufacturing industry (Yoshida et al.,
2005). China soon became the number one destination for recyclable wastes (Kellenberg, 2012). It
received 7.3 Tg of post-consumer plastics from 43 different countries in 2016 alone (Brooks et al.,
2018), which accounted for more than 50% of the global post-consumer plastics export. According to
China Customs statistics, the largest share of waste plastics imported by China was polyethylene
terephthalate (PET), representing 2.5 Tg out of 7.3 Tg of all post-consumer plastics imported in 2016
(Chen et al., 2018). Major exporters were industrialized countries including European countries, the
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US, and Japan (Brooks et al., 2018).

In July 2017, the Chinese government issued a new regulation—the Implementation Plan for
Prohibiting the Entry of Foreign Waste and Advancing the Reform of the Solid Waste Import
Administration System (GOCSC, 2017)—that laid out the plan to ban the imports of foreign wastes
from 2018. The ban lists two dozen types of solid wastes including post-consumer plastics from
municipal sources. China is expanding the coverage of the initial import ban, and post-consumer
plastics from industrial sources are banned from 2019.

The ban had an immediate effect on the global structure of post-consumer plastics flows (Pu et
al., 2019; Wang et al., 2019); it reduced China’s share in the import of plastics waste exported by G7
countries from 60% during the first half of 2017 to less than 10% during the same period a year later.
The volume of plastic waste exports from G7 countries fell by 20% on average from 2017 to 2018
(Hook and Reed, 2018). The reduction in post-consumer plastics export was, however, the result of
temporary measures; bales of trash piled up in the US, in the UK, in Australia, and other
industrialized countries (Parker, 2018). In the short run, these recyclables are being landfilled due to
the limited recycling and incineration capacities in the waste-producing countries (Hook and Reed,
2018; Qu et al., 2019). The ban already caused chaos among plastics recycling industries around the
globe.

Previous literature placed its focus mainly on the global changes in flows and structure of waste
plastics before and after the ban came into force. Brooks et al. (2018) indicates that China has
imported a cumulative 45% of plastic waste since 1992 and estimates that 111 million metric tons of
plastic waste will be displaced with the ban by 2030. Wang et al. (2020) constructed global plastic
waste trade networks and analyzed the spatiotemporal evolution of the networks between 1988 and
2017. Parker (2018) indicates that the ban has redirected the waste flows to South-East Asian
countries and the governments of the region are also imposing a slate of new regulations including
bans, inspections, and taxes and fees. Multiple studies have also suggested that the ban may deeply
affect global sustainability and calls for developing an appropriate policy framework to prevent
unintended consequences (Huang et al., 2020; Qu et al., 2019; Tan et al., 2018).

The original intention of this ban was to protect China’s ecosystem quality and human health
(GOCSC, 2017), while the ban’s life-cycle environmental implications are not all that clear. China is
the largest producer of PET fiber in the world and the global demand for China’s synthetic fiber
remains strong. China already reached near maximum practicable collection rate for its domestically
generated post-consumer PET bottles (Zhang and Wen, 2014) and 86% of China’s imported post-
consumer PET bottles were downcycled to produce recycled PET fiber in 2017 (Chen et al., 2018).
In the absence of imported post-consumer PET recyclates due to the ban, the country needs to either
increase the use of virgin materials or reduce the domestic production of PET fiber (Yoshida et al.,
2005).

Moreover, China is increasingly reliant on coal for its PET fiber production. PET resin,
synthesized through the polymerization reaction of purified terephthalic acid (PTA) and ethylene
glycol (EG), is widely used to produce fiber, bottles, sheet, film, and engineering resin (Chen et al.,
2018). PET resin is traditionally derived from petroleum resources (Scheirs and Long, 2005). In
China, however, the use of abundant and inexpensive coal instead of petroleum for chemical
production has been encouraged by the government, and as a result, the production of EG is
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increasingly relying on coal as the feedstock, which comes with its own environmental costs (Yang
et al., 2018). Production of PTA still uses petroleum feedstock in China. In this article, ‘Coal-based’
PET fiber production pathway refers to the production pathway that uses petroleum-based PTA and
coal-based EG as the feedstock, whereas the ‘Petroleum-based’ counterpart to that uses both
petroleum-based EG and PTA (see section 2 of the Supplementary Material).

To quantify the possible environmental impact of this ban, we designed a number of post-ban
what-if scenarios based on possible market conditions. Under the assumption that the amount of
global PET fiber production is kept equal in all scenarios, the change in environmental impact before
and after the ban coming into force is caused by using different feedstocks to produce PET fiber.
Therefore, we quantified and compared the environmental impacts of various PET fiber production
pathways by using the life cycle assessment (LCA) (ISO, 2006a, b) approach.

2. Materials and Methods

2.1. Scenario design

Currently, a significant portion of the post-consumer PET bottles used to be imported by China
prior to the ban, which amounts to 2.5 Tg yr!' (Chen et al., 2018), is being landfilled or stored within
the countries that generate them or sent to other countries. As a result, the ban creates a shortfall of
feedstock for PET fiber production in China, which is estimated to be about 2 Tg yr! that were
produced using imported post-consumer PET bottles prior to the ban. The difference, about 0.5 Tg yr-
or 20% of the PET recyclate input, was the portion lost during the process, which was generally
landfilled (Nakatani et al., 2010).

Our baseline scenario represents the conditions prior to the ban. We created three what-if
scenarios post the ban. Given that the waste plastic recycling industry is currently undergoing drastic
changes, these scenarios serve as an instrument to gauge the range of possible futures and are not meant
to be used as projections. Therefore, we intentionally explored extreme conditions, while the reality is
likely to reside in-between the scenarios that we evaluated. In all scenarios, the amount of PET fiber
production at the global level is kept equal to fulfill human needs. The baseline scenario, i.e., business
as usual scenario prior to the ban, (‘BAU-prior’, see Fig. 1a) follows the conditions prior to the ban
where 2.5 Tg of waste PET plastics are imported by and recycled in China to produce 2 Tg of recycled
PET fiber. Three post-ban scenarios assume that the shortfall of the 2 Tg of recycled PET fiber that
used to be produced in China is fulfilled by either China’s marginal virgin fiber production, or by
recycled PET fiber production within the countries that generate post-consumer PET bottles (hereafter
‘Exporters’).

Among three post-ban scenarios, the current market response to the ban is the most closely aligned
with the case where Exporters landfill, stack up, or send to other nations the 2.5 Tg of post-consumer
PET bottles (Hook and Reed, 2018) and China makes up the 2 Tg shortfall in recycled PET fiber using
virgin feedstock, which, in China, is increasingly relying on coal (Yufang and Ming, 2011). This
scenario is referred to as Business as usual scenario post the ban (‘BAU-post’ scenario, see Fig. 1b)
in this paper. Under the local recycling-substituting domestic fiber scenario (‘LR-substituting
domestic’, see Fig. 1c), the shortfall of the 2 Tg of PET fiber is made up by China’s virgin PET fiber
production, as was is in the ‘BAU-post’ scenario, whereas the 2.5 Tg of post-consumer PET plastics
are locally recycled, rather than landfilled or piled up, within the waste-producing countries, replacing
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2 Tg of domestic virgin fiber production, which is based mostly on petroleum feedstock. Lastly, the
local recycling-substituting Chinese fiber scenario (‘LR-substituting CN’, see Fig. 1d) follows the
same conditions as the ‘LR-substituting domestic’ scenario, except that the PET fiber produced through
local recycling within Exporters replaces China’s virgin PET production, not the domestic ones.
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Fig. 1. The fate of post-consumer PET bottles under the main what-if scenarios before and after
the ban. a, Business as usual scenario prior to the ban (‘BAU-prior’) where imported post-consumer
PET bottles are used to produce recycled PET fiber in China. b, Business as usual scenario post the
ban (‘BAU-post’) where the shortfall of the 2 Tg of PET fiber is fulfilled by virgin fiber in China
marginally supplied by the coal-based pathway, and the 2.5 Tg of post-consumer PET bottles are
landfilled or piled up in the countries producing them. ¢, Local recycling-substituting domestic fiber
scenario (‘LR-substituting domestic’), under which post-consumer PET bottles are recycled within the
countries of generation to replace their domestic virgin fiber production. d, Local recycling-
substituting Chinese fiber (‘LR-substituting CN’), under which post-consumer PET bottles are
recycled within the countries of generation to replace China’s virgin fiber production.

2.2. Life-cycle environmental impacts calculation

CO: and major air pollutant emissions of each PET fiber production pathway or under each
scenario are quantified using LCA methodology, a tool to assess the potential environmental impacts
and resources used throughout a product’s life cycle (Foolmaun and Ramjeeawon, 2013; ISO, 2006b).
The value of LCA to quantitatively assess products’ life-cycle environmental impacts has been
recognized and it is increasingly used to support decisions in policy and government arenas (Kirchain
Jretal., 2017).

The process-based matrix inversion method is employed as the computational approach (Suh and
Huppes, 2005) and summarized as equation (1-4).
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M =BA'Y (1

N=MC @
M. =(B+8B)(A+8A)'Y 3)
N =M.C €
B Elementary flow matrix

A Intermediate flow matrix

Y Final demand matrix

M Life cycle inventory matrix

C Characterization vector

N Environmental impact matrix

SBI. Randomly sampled deviation matrix for the elementary flows

SA, Randomly sampled deviation matrix for the intermediate flows

i Number of simulation, i=1,...n (n = 1000)

M Life cycle inventory matrix under the i round of Monte Carlo Simulation

N Environmental impact matrix under the i round of Monte Carlo Simulation

To allocate environmental burdens among different useful lives of the material, we adopt the cut-
off rule (Shen et al., 2010), which has been widely applied for recycled or recovered products. Under
the cut-off approach, all virgin material production burdens are assigned to the first use of the material
and the burdens assigned to the recycled resin system begin with the recovery of post-consumer PET
bottles. Monte Carlo simulation is used to deal with uncertainty (Gregory et al., 2016; Suh and Qin,
2017) and we do 1,000 times of simulations (Qin and Suh, 2017). Section 3 of the Supplementary
Material provides more information about uncertainty analysis of this research.

(a) Life-cycle environmental impacts of each production pathway

We define the functional unit as “one kilogram of PET fiber” for the recycling pathway in China,
the coal-based pathway in China, the recycling pathway in Exporters, and the petroleum-based
pathway in Exporters and as “landfilling one kilogram of post-consumer PET bottles” for post-
consumer PET bottle treatment. Thus, the final demand matrix can be expressed as Yo. Each column
vector in Yo represents the final demand vector of one PET fiber production pathway.

CR CVER EV L

1 0 00O Recycled PET fiber production in China
01 0 OO0 Coal-based virgin PET fiber production in China
Y,=/0 01 00 Recycled PET fiber production in Exporters 5)
00010 Petroleum-based virgin PET fiber production in Exporters
O 0 0 0 1 Landfilling post-consumer PET bottles
Y() Final demand matrix, each column vector represents the final demand vector of one production pathway

* ‘CR’ represents the recycling pathway in China; ‘CV’ represents the coal-based virgin PET fiber production pathway in
China; ‘ER’ represents the recycling pathway in Exporters; ‘EV’ represents the petroleum-based virgin PET fiber

production pathway in Exporters; ‘L’ represents post-consumer PET bottle landfill.
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The intermediate flow matrix and elementary flow matrix of coal-based EG production, virgin
PET fiber production, and recycled PET fiber production are provided by three companies in China
(foreground data is shown in the Supplementary Excel file). Bottle-to-fiber recycling mainly includes
mechanical recycling and chemical recycling (Achilias and Karayannidis, 2004; Shen et al., 2010). In
chemical recycling, PET polymer is broken down into monomers or oligomers, so the recycled
polymer has very similar or even identical properties with virgin polymer (Shen et al., 2010). The
company providing process data on recycled PET fiber production for us adopts chemical recycling
technology. Data on other processes is collected from the ecoinvent V3.4 database (Wernet et al., 2016),
which is currently the most widely used life cycle inventory database. Miscellaneous materials, which
account for less than 1% by weight of the net process inputs, are typically cut off unless inventory data
for their production are readily available (ERG, 2011).

Given that air quality and climate change are the main foci of the Chinese government’s
environmental management, we selected the major air pollutants of concern: CO, PM2.5, SO, and
NOx (Wang and Hao, 2012). As for the life cycle environmental impact categories, we used ReCiPe
Endpoint 2016 (Huijbregts et al., 2017) that covers all three areas of protection, namely, human health
damage, ecosystem quality, and resource scarcity.

(b) Life-cycle environmental impacts under each scenario

Based on the scenario design, the final demand matrix under the four scenarios is expressed as Ys.

Each column vector represents the final demand vector of one scenario.

S1 S2 S3 S4

2 0 0 0 Recycled fiber production in China
0O 2 2 0 Coal-based virgin fiber production in China
Y - 05 0 0 O Landfilling post-consumer bottles in China ©
10 0 2 2 Recycled fiber production in Exporters
0 0 2 0 Petroleum-based virgin fiber production in Exporters
0 25 05 05 Landfilling post-consumer PET bottles in Exporters
K Final demand matrix, each column vector represents the final demand vector under one

scenario

* ‘S1’ represents the ‘BAU-prior’ scenario; ‘S2’° represents the ‘BAU-post’ scenario; ‘S3’ represents the ‘LR-substituting

domestic’ scenario; ‘S4’ represents the ‘LR-substituting CN” scenario. Unit: Tg.

To quantify the environmental impact changes occurring in China under each scenario as
compared to the case before the ban, we distinguish the impacts occurring in China and the rest of the
world for the recycling pathway in China since the impacts of collection & sorting and sea
transportation of post-consumer PET bottles occur in the rest of the world and impacts of transforming
post-consumer PET bottles to recycled PET fiber occurs in China.

3. Results

3.1. LCA results
Given the inherent uncertainties in the parameters used in our study, we ran a Monte Carlo
simulation, and the results are expressed as a distribution. Our LCA results (Fig. 2) show that
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producing 1 kg of virgin PET fiber from petroleum feedstock in exporting countries emits on average
2.4 kg of CO; throughout its life-cycle. Under the current technological configurations, producing 1
kg of PET fiber in China using PET recyclates is estimated to generate 1.6 kg of CO> throughout its
life-cycle. However, 1 kg of coal-based virgin PET fiber produced in China, is estimated to emit 3.9
kg of CO2 emission. For exporting countries, producing 1 kg of recycled PET fiber by recycling their
own post-consumer PET bottles emits 1.3 kg of CO», which is 0.3 kg less than that from recycled
PET fiber produced in China.

Furthermore, coal-based virgin PET fiber in China shows 38-246% higher PM2.5 SO and NOx
emissions as compared to recycled PET fiber in China. Recycled PET fiber in exporting countries
reduces major air pollutant emissions by 44-67% as compared to the recycled PET fiber in China,
partly owing to the cleaner power supply in developed countries and partly because of the avoided
carbon emission from shipping post-consumer PET bottles to China. Coal-based virgin PET fiber
produced in China shows 80-300% higher life-cycle air pollutant emissions as compared to
petroleum-based PET fiber.

Transportation of feedstock Collecting & sorting Other processes
Carbon dioxide (kg) PM2.5 (g) Sulfur dioxide (g) Nitrogen oxides (g)

China : Exporters Chig_a { Exporters ChiQ_a : Exporters 1007  China : Exporters
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Production pathways

Fig. 2. Life-cycle CO:2 and other major air pollutant emissions of PET fiber production
pathways per kg of PET fiber. Each bar represents pollutant emissions of one PET fiber production
pathway. ‘R’ under China is recycling pathway; ‘V’ under China is coal-based virgin PET fiber
production pathway; ‘R’ and ‘V’ under Exporters are recycling pathway and petroleum-based virgin
PET fiber production pathway, respectively, within Exporters. The error bars are the standard
deviation calculated over 1,000 times of runs using Monte Carlo simulation.

3.2. Scenario analysis results

Given the uncertainties in the underlying parameters, we have performed Monte Carlo simulation,
and the results are presented in box plots (Fig. 3). Under the ‘BAU-post’ scenario, the average life-
cycle CO; emissions increase by 5.4 Tg yr'! in China (Fig. 3a) due primarily to the increase in carbon-
intensive, coal-based PET fiber production. At the global level, the ban reduces international shipment,

7
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sorting activities, and associated emissions for post-consumer PET bottles. However, the reduction in
shipping and sorting activities does not negate the increase in life-cycle emissions from coal-based
PET fiber production, resulting in a net increase of life-cycle CO» emissions by 4.5 Tg yr'! on the
global scale (Fig. 3b). Likewise, life-cycle emissions of other major air pollutants including PM2.5,
SOz, and NOx increase both in China and globally under the ‘BAU-post’ scenario (Fig. 3).

If the 2.5 Tg yr'! of post-consumer PET bottles are recycled locally within the countries where
they are generated substituting domestically produced virgin PET fiber, global life-cycle CO>
emissions are reduced from the ‘BAU-post’ case roughly by half to on average 2.3 Tg yr' (Fig. 3b),
because producing 1 kg of recycled PET fiber within Exporters generates only about 1.3 kg of CO2
emissions as compared to the 2.5 kg from petroleum-based virgin PET fiber within Exporters (Fig.
2). This scenario, i.e., ‘LR-substituting domestic’ scenario in this paper. Life-cycle emissions within
China do not change under this scenario as compared to ‘BAU-post’, as the substitution of virgin
PET fiber by recycled PET fiber is assumed to take place within Exporters. Under both scenarios,
i.e., ‘BAU-post’ and ‘LR substituting domestic’, life-cycle emissions of major air pollutants
including CO», PM2.5, SO», and NOx increase both in China (Fig. 3a) and globally (Fig. 3b) as
compared to the case prior to the ban.

However, when post-consumer PET bottles are recycled within Exporters to produce PET fiber
and if the recycled PET fiber from Exporters replaces the virgin PET fiber produced in China, on
average 2.3 Tg yr!' and 0.6 Tg yr'! reductions in CO, emission are expected in China and in the world,
respectively, as compared to the case prior to the ban. This scenario, i.e., ‘LR-substituting CN’ scenario
in this paper, reduces not only CO2 emissions but also other major air pollutants throughout the life-
cycle (Fig. 3). This is mainly due to the lower life-cycle emissions of recycled PET fiber within
Exporters as compared to virgin or recycled PET fibers produced in China. The difference in life-cycle
emissions is attributable in part to the cleaner power supply in Exporters and to the avoided pollutant
emissions from shipping and handling of post-consumer PET bottles to China (Fig. 2).

Overall, ‘LR-substituting CN’ scenario presents the most favorable environmental outcomes
among the three major post-ban what-if scenarios examined. It is, however, questionable whether
locally recycled PET can successfully outcompete China-produced virgin PET fiber under the current
market conditions, given the high cost of recycling among industrialized countries.

In addition to these results, we have obtained additional results based on additional end-point
indicators of Life Cycle Impact Assessment (Pennington et al., 2004) and scenarios, which are
presented in section 4, Robustness Check, of the Supplementary Material.

China’s import ban greatly affected the global landscape of plastics recycling. Our research
focuses on the environmental implications of the ban taking waste PET recycling as an example. More
research is needed to understand the social and economic implications of this ban including but not
limited to occupational health and safety and child labor. Moreover, the implications of banning other
plastics (such as PP, PE, and PVC) merit further research.
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Fig. 3. Changes in China’s and global annual CO:2 and other major air pollutant emissions
under each scenario as compared to the case before the ban. a, changes in China. b, changes at
the global level (including China). ‘BAU-post’ represents the Business as usual scenario post the ban
where the shortfall of recycled PET fiber is fulfilled by virgin fiber production in China marginally
supplied by the coal-based pathway, and post-consumer PET bottles are landfilled in the countries
producing them; ‘LR-substituting domestic’ represents the scenario where post-consumer PET
bottles are recycled within the countries of generation to replace their domestic virgin fiber
production; ‘LR-substituting CN’ represents the scenario where post-consumer PET bottles are
recycled within the countries of generation to replace China’s virgin fiber production. Positive values
and negative values indicate increases and decreases in emissions, respectively, as compared to the
‘BAU-prior’ scenario. Boxplots show medians (horizontal lines), 25th and 75th percentiles (upper
and lower box limits), and extreme observations (bars) based on 1,000 runs of Monte Carlo
Simulation.

4. Conclusions and policy implications

The original intention for the government of China to prohibit the imports of solid wastes was to
protect its ecosystem quality and human health (GOCSC, 2017). But our study on PET, which
constitutes the largest portion of the imported waste plastics prior to the ban, indicates that the ban
may exacerbate environmental impacts both in China and globally. Even if the entire amount of post-
consumer PET bottles that were exported to China are locally recycled within the countries where they
are produced, life-cycle emissions of major air pollutants and impacts are likely to increase as
compared to the case prior to the ban. Only under the unlikely scenario where virgin PET fiber
produced in China is replaced by recycled PET fiber produced locally within industrialized countries,
life-cycle emissions of major air pollutants and environmental impacts are reduced.

As such, we believe that the ban is unlikely to achieve its intended objectives. This likely misfire
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of the ban is rooted in the lack of marginal thinking in policy design (Kételhon et al., 2016; Kételhon
et al., 2015); the ban creates a shortage in recyclate feedstock for PET fiber production in China, which
is likely to be fulfilled by the marginal technology for virgin PET production that uses coal-based
pathway. It is important to acknowledge that, however, the ban may alleviate other pressing issues such
as occupational health and safety and child labor, which were not quantified in this study.

For China, we recommend a comprehensive re-evaluation of the policy considering marginal
technologies that will be utilized as a consequence of the ban. Building modern recycling facilities
while selectively allowing the import of high-quality recyclable PET, rather than an outright ban might
be a possible alternative (Tan et al., 2018).

Our study indicates that the adverse environmental impacts of the ban are associated mainly with
the use of coal-based PET production. Coal-based chemical industry is rapidly expanding in China; in
addition to the coal-based EG production, coal-to-aromatics technology may soon be able to develop
coal-to-PTA technology on a commercial scale, enabling an entirely coal-based PET fiber production
pathway (both PTA and EG based on coal; see section 2 of the Supplementary Material for details).
Producing both PTA and EG out of coal would show an even stronger economic advantage (Li et al.,
2017)—and environmental disadvantage—over petroleum-based PET fiber production pathway.
Addressing the severe air pollutions associated with coal-based chemical production in China would,
therefore, be urgently needed before its mass-deployment.

For waste-producing countries, there is an urgent need to rapidly increase the capacity to recycle
end-of-life PET bottles cost-effectively (Walker, 2018). Currently, cost-competitive PET bottle
recycling within industrialized countries is a challenge. In the meantime, policymakers may consider
incentivizing the development of domestic infrastructure for PET recycling through e.g., taxing virgin
materials and taxing landfill of recyclable materials. Even if the amount of post-consumer PET bottles
that were used to flow to China before the ban is completely recycled within the countries that generate
them, the ban’s adverse impacts on the environment, especially those within China, are likely to persist.
That is because locally recycled PET bottles within industrialized countries are more likely to replace
only locally produced virgin PET fiber, not the virgin PET fiber produced in China derived from coal.
Our results, therefore, suggest that closing the loop, or increasing material circularity of PET within
each country, alone may not negate the adverse impacts of the ban on the environment unless the global
economy institutes a mechanism under which heavily polluting processes are eliminated in the supply
chain regardless of where they are located; as long as the process with higher pollution intensity enjoys
price advantage over more environmentally benign process, global market will favor the pollution-
intensive process wherever it is. Our analysis did not consider the case where waste plastics flowing
into the least developed countries, in which case the environmental consequence of the ban may well
be far worse than any of the scenarios tested in our study. To prevent problem-shifting from one country
to another, a mechanism to coordinate plastics recycling on a global scale is in urgent need (Qu et al.,
2019). Creating the framework conditions under which the market favors environmentally benign
technologies over pollution-intensive ones demands a durable and global mechanism to
internationalize environmental externalities. A global level playing field in environmental tax and
carbon pricing schemes, for example, would be a key to create such framework conditions (Nordhaus,
2011). Neither political appetite nor the international governance structure that can enforce a global
mechanism to internalize externalities exists today, leading to a large disparity in e.g., carbon prices
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across the world (World Bank, 2018). In the meantime, other opportunities including more aggressive
application of pollution abatement technologies and tightening emissions standards targeting heavy
polluters should continue to be pursued.

Acknowledgements

We thank Matteo Bertele (gr3n), Maurizio Crippa (gr3n), Arne Kaetelhoen (RWTH Aachen
University), and Qingrong Qian (Fujian Normal University) for their supports with data. Funding:
Funding for Y.R. was provided by the China Scholarship Council (CSC). S.S. was supported by the
U.S. Environmental Protection Agency through Science to Achieve Results (STAR) Program Grant
No0.83557907. Any opinions, findings, and conclusions or recommendations expressed in this
material are those of the authors and do not necessarily reflect the views of US EPA. This work has
not been subjected to US EPA review, and no official endorsement should be inferred. Competing
Interests: The authors declare that they have no competing interests.

References

Achilias, D., Karayannidis, G., 2004. The chemical recycling of PET in the framework of
sustainable =~ development. @ Water, air and soil pollution: Focus 4, 385-396.
https://doi.org/10.1023/B:WAFO0.0000044812.47185.0f.

Brooks, A.L., Wang, S., Jambeck, J.R., 2018. The Chinese import ban and its impact on global
plastic waste trade. Sci. Adv. 4, eaatO131. https://doi.org/10.1126/sciadv.aat0131.

Chen, Y., Wang, Y., Chen, W., Tian, W., Hu, X., 2018. Development report of China plastic
recycling industry. China Plastic Recycling Association, Beijing, China.

ERG, 2011. Life cycle inventory of 100% postconsumer HDPE and PET recycled resin from
postconsumer containers and packaging. Franklin Associates. (Accessed 9 Oct 19). [WWW
Document]. URL. https://plastics.americanchemistry.com/Education-Resources/Publications/Life-
Cycle-Inventory-of-Postconsumer-HDPE-and-PET-Recycled-Resin.pdf.

Foolmaun, R.K., Ramjeeawon, T., 2013. Comparative life cycle assessment and social life cycle
assessment of used polyethylene terephthalate (PET) bottles in Mauritius. Int. J. Life Cycle Assess.
155-171. https://doi.org/10.1007/s11367-012-0447-2.

GOCSC, 2017. Notice of the General Office of the State Council on issuing the implementation
plan for prohibiting the entry of foreign waste and advancing the reform of the solid waste import
administration system. (Announcement no. 70, 2017). (Accessed 9 Oct 19). [WWW Document]. URL.
http://www.gov.cn/zhengce/content/2017-07/27/content_5213738.htm.

Gregory, J.R., Noshadravan, A., Olivetti, E.A., Kirchain, R.E., 2016. A methodology for robust
comparative life cycle assessments incorporating uncertainty. Environ. Sci. Technol. 50, 6397-6405.
https://doi.org/10.1021/acs.est.5b04969.

Hook, L., Reed, J., 2018. Why the world’s recycling system stopped working, Financial Times.
(Accessed 9 Oct 19). [WWW Document]. URL. https://www.ft.com/content/360e2524-d71a-11e8-
a854-33d6f82e62f8.

Huang, Q., Chen, G., Wang, Y., Chen, S., Xu, L., Wang, R., 2020. Modelling the global impact of

11



367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408

China’s ban on plastic waste imports. Resources, Conservation and Recycling 154, 104607.
https://doi.org/10.1016/j.resconrec.2019.104607.

Huijbregts, M.A., Steinmann, Z.J., Elshout, PM., Stam, G., Verones, F., Vieira, M., Zijp, M.,
Hollander, A., van Zelm, R., 2017. ReCiPe2016: a harmonised life cycle impact assessment method at
midpoint and endpoint level. The International Journal of Life Cycle Assessment 22(2), 138-147.
https://doi.org/10.1007/s11367-016-1246-y.

ISO, 2006a. Environmental Management: Life Cycle Assessment: Requirements and Regulations.
ISO.

ISO, 2006b. Environmental Management: Life Cycle Assessment; Principles and Framework.
ISO.

Kitelhon, A., Bardow, A., Suh, S., 2016. Stochastic technology choice model for consequential
life cycle assessment. Environ. Sci. Technol. 50, 12575-12583.
https://doi.org/10.1021/acs.est.6b04270.

Kitelhon, A., von der Assen, N., Suh, S., Jung, J., Bardow, A., 2015. Industry-cost-curve approach
for modeling the environmental impact of introducing new technologies in life cycle assessment.
Environ. Sci. Technol. 49, 7543-7551. https://doi.org/10.1021/es5056512.

Kellenberg, D., 2012. Trading wastes. J. Environ. Econ. Manage. 64, 68-87.
https://doi.org/10.1016/j.jeem.2012.02.003.

Kirchain Jr, R.E., Gregory, J.R., Olivetti, E.A., 2017. Environmental life-cycle assessment. Nat.
Mater. 16, 693. https://doi.org/10.1038/nmat4923.

Li, G., Yang, J., Chen, D., Hu, S., 2017. Impacts of the coming emission trading scheme on
China’s  coal-to-materials industry in  2020.  Appl. Energy 195, 837-849.
https://doi.org/10.1016/j.apenergy.2017.03.115.

Nakatani, J., Fujii, M., Moriguchi, Y., Hirao, M., 2010. Life-cycle assessment of domestic and
transboundary recycling of post-consumer PET bottles. Int. J. Life Cycle Assess. 15, 590-597.
https://doi.org/10.1007/s11367-010-0189-y.

Nordhaus, W., 2011. Designing a friendly space for technological change to slow global warming.
Energy Econ. 33, 665-673. https://doi.org/10.1016/j.eneco.2010.08.005.

Parker, L., 2018. China's ban on trash imports shifts waste crisis to Southeast Asia. National
Geographical. (Accessed 9 Oct 19). [WWW Document]. URL.
https://www.nationalgeographic.com/environment/2018/11/china-ban-plastic-trash-imports-shifts-
waste-crisis-southeast-asia-malaysia/.

Pennington, D., Potting, J., Finnveden, G., Lindeijer, E., Jolliet, O., Rydberg, T., Rebitzer, G.,
2004. Life cycle assessment Part 2: Current impact assessment practice. Environ. Int. 30, 721-739.
https://doi.org/10.1016/j.envint.2003.12.009.

Pu, Y., Wu, G, Tang, B., Xu, L., Wang, B., 2019. Structural features of global recycling trade
networks and dynamic evolution patterns. Resources, Conservation and Recycling 151, 104445.
https://doi.org/10.1016/j.resconrec.2019.104445.

Qin, Y., Suh, S., 2017. What distribution function do life cycle inventories follow? Int. J. Life
Cycle Assess. 22, 1138-1145. https://doi.org/10.1007/s11367-016-1224-4.

Qu, S., Guo, Y., Ma, Z., Chen, W.-Q., Liu, J., Liu, G., Wang, Y., Xu, M., 2019. Implications of
China’s foreign waste ban on the global circular economy. Resour. Conserv. Recycl. 144, 252-255.

12



409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447

https://doi.org/10.1016/j.resconrec.2019.01.004.

Scheirs, J., Long, T.E., 2005. Modern polyesters: chemistry and technology of polyesters and
copolyesters. John Wiley & Sons. DOI:10.1002/0470090685.

Shen, L., Worrell, E., Patel, M.K., 2010. Open-loop recycling: A LCA case study of PET bottle-
to-fibre recycling. Resour. Conserv. Recycl. 55, 34-52.
https://doi.org/10.1016/j.resconrec.2010.06.014.

Suh, S., Huppes, G., 2005. Methods for life cycle inventory of a product. J. Clean Prod. 13, 687-
697. https://doi.org/10.1016/].jclepro.2003.04.001.

Suh, S., Qin, Y., 2017. Pre-calculated LCIs with uncertainties revisited. Int. J. Life Cycle Assess.
22, 827-831. https://doi.org/10.1007/s11367-017-1287-x.

Tan, Q., Li, J., Boljkovac, C., 2018. Responding to China’s waste import ban through a new,
innovative, cooperative mechanism. Environ. Sci. Technol. 52, 7595-7597.
https://doi.org/10.1021/acs.est.8b01852.

Walker, T.R., 2018. China's ban on imported plastic waste could be a game changer. Nature 553,
405-405. https://doi.org/10.1038/d41586-018-00933-6.

Wang, C., Zhao, L., Lim, M.K., Chen, W.-Q., Sutherland, J.W., 2020. Structure of the global
plastic waste trade network and the impact of China’s import Ban. Resources, Conservation and
Recycling 153, 104591. https://doi.org/10.1016/j.resconrec.2019.104591.

Wang, S., Hao, J., 2012. Air quality management in China: Issues, challenges, and options.
Journal of Environmental Sciences 24(1), 2-13. https://doi.org/10.1016/S1001-0742(11)60724-9.

Wang, W., Themelis, N.J., Sun, K., Bourtsalas, A.C., Huang, Q., Zhang, Y., Wu, Z., 2019. Current
influence of China’s ban on plastic waste imports. Waste Disposal & Sustainable Energy 1, 67-78.
https://doi.org/10.1007/s42768-019-00005-z.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016. The
ecoinvent database version 3 (part I): overview and methodology. Int. J. Life Cycle Assess. 21, 1218-
1230. https://doi.org/10.1007/s11367-016-1087-8.

World Bank, E., 2018. State and Trends of Carbon Pricing 2018. (Accessed 9 Oct 19). [WWW
Document]. URL. https://openknowledge.worldbank.org/handle/10986/29687.

Yang, Q., Zhang, D., Zhou, H., Zhang, C., 2018. Process simulation, analysis and optimization of
a coal to ethylene glycol process. Energy 155, 521-534. https://doi.org/10.1016/j.energy.2018.04.153.

Yoshida, A., Terazono, A., Aramaki, T., Hanaki, K., 2005. Secondary materials transfer from
Japan to China: destination analysis. J. Mater. Cycles Waste Manag. 7, 8-15.
https://doi.org/10.1007/s10163-004-0120-3.

Yufang, L., Ming, L., 2011. Market Status and development prospect of ethylene glycol at home
and abroad. Synthetic Technology & Application 1, 009.

Zhang, H., Wen, Z.-G., 2014. The consumption and recycling collection system of PET bottles: a
case study of Beijing, China. Waste Manage. 34, 987-998.
https://doi.org/10.1016/j.wasman.2013.07.015.

13



448

449
450
451
452
453
454
455
456
457
458
459

Supplementary Material

fig. S1. Material flow analysis of non-fiber PET among ten world regions and over its life cycle in
2016.

fig. S2. PET fiber production pathways using different raw materials.

fig. S3. Life-cycle endpoint impacts of PET fiber production pathways per kg of PET fiber.

fig. S4. Changes in China’s and global annual endpoint impacts under each scenario as compared to
the case before the ban.

fig. S5. The fate of post-consumer PET bottles under the possible what-if scenarios in robustness check.
fig. S6. Changes in China’s and global annual major air pollutant emissions and endpoint impacts
under the possible what-if scenarios in robustness check.

data file S1. Sources, geographical appropriateness, and uncertainty information of life cycle inventory
data (Excel file).

14



