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Abstract

The rapid development of plastic industrials has created a variety of plastic products, causing
revolutionary progress in chemistry, physics, biology, and medicine. Large-scale production and
applications of plastics increase their possibility of entering the environment. Previous environmental
impact studies typically focused on the toxicity, behavior and fate; limited attention was paid on
greenhouse gas emissions and climate change. With the increase of plastic waste, the threat of plastic
pollution to the earth’s climate has been gradually taken seriously. Evidence showed that greenhouse
gas emissions occur at every stage of the plastic life cycle, including extraction and transportation of

plastic raw materials, plastic manufacturing, waste treatment and entering the environment. The oil and

gas industries used to make plastics are the main sources of greenhous emissions (from the
extraction of raw materials to the manufacture of plastics). Emission eenhuse gases during
manufacture are mainly controlled by the production facilities themse s¥ally depending on the

efficiency, configuration and service life of equipment. AWitionally, there are some unintended

impacts, including transport requirements, pipeline lea p%e, as well as impeding forests as
natural carbons sinks. Recycling of plastic was roNgseeghs to be a good way to deal with waste

plastics, but this process will release a lot of nh ases. With this energy conversion occurring,

the incineration of plastic packing w;

emissions. Furthermore, plastics %

and the presence of (micr, Q
Q

per year by 2030 and 2.8 gigatons per year by 2050. This will seriously

ome one of the main sources of greenhouse gas
the environment also slowly release greenhouse gases,

the ocean will seriously interfere with the carbon fixation

capacity of the ocea t form, greenhouse gas emissions from cradle to grave of plastics
will reach 1.34 gigato
consume the global remaining carbon budgets, thereby threatening the ability of the global community
to keep global temperatures rising by below 1.5<C even 2<C by 2100. In order to achieve this goal, the
total global greenhouse gas emissions must be kept within the remaining carbon budget of 420 — 570
gigatons. The accumulative greenhouse gas emissions from cradle to grave of plastics may exceed 56
gigatons by 2050 (approximately accounting for 10% — 13% of the total remaining carbon budget). As
the plastic industry plans to expand production on a large scale, the problem will worsen further. The
World Economic Forum forecasted that by 2030, the production and use of plastics will grow at an

annual rate of 3.8%, and this growth rate will fall to 3.5% per year from 2030 to 2050. However, there

are significant challenges and uncertainties in this estimation, and challenge and uncertainty factors
2
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come from all aspects. Recently, several organizations and researchers have started to discern the
relationship between greenhouse gas emissions and plastic industrials, but relevant research on these
impacts is still in its infancy. Consequently, the contribution of plastic pollution to greenhouse gas
emissions and climate change should be given immediate attention and it needs to further explore the
impact of plastic pollution on greenhouse gas emission and climate change. The implementation of
measures to solve or alleviate the (micro)plastic crisis was critical necessary and proposed: (1)
production control of global plastics; (2) improving the treatment and disposal of plastic waste; and (3)

assessment of the impact of global environmental (micro)plastics on climate.

Keywords: (Micro)plastics; Greenhouse gas emission; Plastic waste treatmegmGlobal climate change;
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1. Introduction

Plastics are one of the most common materials in the global economy. It has become an inevitable
part of the material world and is constantly flowing in various human activities, from plastic packing
(plastic bags and bottles), clothes, and equipment parts to building materials. Global plastic production
has increased from 2 million tons in 1950s to 348 million tons in 2017 (PlasticsEurope., 2018) and 359
million tons in 2018 (PlasticsEurope, 2019), and China is the largest global plastic producer, followed
by Europe and North America (Fig. 1). In general, plastics are synthetic organic polymers, which
possess a backbone consisting entirely of C-C bonds, and the raw materials mainly come from fossil
fuel, coal, oil and natural gas. Massive production, widespread applications and mismanagement of
plastics increase their chances of entering the environment. Because pjg®wcs are difficult to be
decomposed naturally, they have accumulated in land, freshwater and oc r majly decades. People
have become increasingly aware of and concerned about the emer cNsis of plastics in the

environment over the past decade, especially microplastics andganoplastics (Hu et al., 2019a; Hu et al.,

2019b; Shen et al., 2019d; Thompson et al., 2004). has expanded to the impact of
microplastics and nanoplastics on ecosystems alth. New evidence has emerged that
microplastics not only accumulate in the EQ also in our food (Giindogdu, 2018; Gerd and
(Kosuth et al., 2018; Mintenig et

o 24, “R ann et al., 2018; Pivokonsky et al., 2018), even in our
n tic particles can be transferred along the food chain to higher
r

Because of the large siZqof microplastics, most microplastics will accumulate in the intestinal tract of

Elisabeth, 2014; Karami et al., 2017; , 2015; Yang et al., 2015) and water supplies
bodies. These microplastic
trophic level organi e human food chain through other pathways (Yang et al., 2015).
animals, but a small amount of microplastics can enter the circulatory system through the abundant
lymph nodes in the intestinal tract. For the larger size of microplastics, it is difficult to penetrate into
the organs. In the current literature, the toxicity evaluation of microplastics in vivo and in vitro is less.
But for nanoplastics, they can cross the intestinal barrier into the circulatory system and eventually lead
to systemic exposure (Bouwmeester et al., 2015). Because of its stable nature, nanoplastics are easy to
accumulate in tissues and cells, causing metabolic disorders and local inflammation. Especially in
patients with intestinal diseases, the changes of tissue permeability caused by inflammatory infection
will significantly increase the transport and absorption of nanoplastics, thus furtherly increasing the

risk of exposure (Shen et al., 2019c). Therefore, the pollution of microplastics and nanoplastics should
4
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be seriously considered, and the potential toxicity of microplastics and nanoplastics to human health
should be fully studied.

Recently, the hidden crisis of (micro)plastics, on the other hand, is also emerging in this growing
concern; the un-ignorable contribution of plastics to global greenhouse gas emissions and climate
change. With the rapid expansion of global plastic production, plastic industrials have become the most
important and rapidly growing source of industrial greenhouse gas emissions. Evidence showed that
according to the distribution of about 4% of crude oil as the raw material of plastics, greenhouse gas
emission from well-to-refinery in 2015 were estimated 68 million tons CO, equivalents (CO.¢) by
determining the Wweighted average carbon intensity of oil well energy production in global 8966
on-stream oil fields in 90 countries (Masnadi et al., 2018). Greenhouse ga issions not only come
from the production and manufacturing process, but also from the extra d trg@sportation of raw

materials of plastics, to plastic waste management, to plastics entering t irdment (Hamilton et al.,

2019). Geyer et al. (2017) reported that 72 plastic manufactu facilities in the United States emitted

about 17 million tons of COze in 2014 during plastic . Emissions during from well to
manufacturing are controlled by the producti acllesgthemselves, usually depending on the

efficiency, configuration and service life of gagom c. Additionally, when plastics are discarded,
). Currently, recycling, incineration and landfill are used

after the end of its life span (Roy, a
to manage most plastic w has shown that the net emissions from plastic packing waste

g
incineration were es d 16 million tons in 2015 (Fig. 2). And with the continuous plastic

the impact of plastics on global climm% p. Actually, most of its impacts on climate occur

production, the net emRgions from plastic packing waste incineration will increase to 84 and 309
million tons by 2030 and 2050, respectively (PlasticsEurope, 2016).

Since the Great Industrial revolution, the concentration of greenhouse gas in the global
atmosphere has continued to rise. The concentrations of CO,, CH. and N.O have increased by 41%,
160% and 20% (Working Group | of the IPCC, 2013), respectively, compared with those before
industrialization, which has caused serious global warming effects. During 1951 — 2010, greenhouse
gases increased the global average temperature by 0.5 — 1.3%€, and their continued emissions will lead
to further global warming. It is expected that the global average surface temperature will increase by
0.3 — 0.7 by 2035 compared with 1986 — 2005, while it will increase by 0.3 — 4.8<€ in 2018 — 2100

(Moss et al., 2010). Global warming caused by the increase of greenhouse gas concentration has
5
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become a major environmental issue of concern to all mankind. Therefore, in October 2018, the
Intergovernmental Panel on Climate Change’s issued a special report, which proposed that global
warming should be limited to 1.5<€ in order to avoid series of impacts of global climate change (IPCC,
2018). It means that to have any opportunity to keep within 1.5<€, the global CO, emission level in
2030 needs to be reduced by about 45% compared with 2010, and carbon neutralization requires to be
achieve by removing CO; to balance the remaining carbon budgets around 2050 (Hausfather, 2018).
They furtherly reported that under this circumstance, the total warning of the reaming carbon budget
cap is only 420 gigatons CO2e not more than 570 gigatons in the carbon budget of 800 gigatons CO2e
of energy and industrial sectors by 2100. The accumulative greenhouse gas emissions from cradle to
grave of plastics may exceed 56 gigatons by 2050 (approximately accountjgmwfor 10% — 13% of the
total remaining carbon budget). Rapid plastic production expansion emisgons growth will

exacerbate the climate crisis.

Moreover, a new study has confirmed that greenhouse gas
environmental plastics (Royer et al., 2018). Although N }® by environmental degradation is
relatively small compared to plastic incineratio ogtons COqe per year), it is a continuous

a

process. With the increase of plastic produgg

are released during the degradation of

tic waste, its impact will become more and
more significant. The widespread pres 0 cs in the ocean may have a negative impact on the

carbon fixation. Ocean plants a i ay a key role in microbial carbon pump, which capture

carbon from the atmosph n port it to the deep sea to prevent it from reentering the
atmosphere. Eviden vmthe plastic pollution can reduce the ability of phytoplankton to fix
carbon via photosynthez (Nolte et al., 2017; Sjollema et al., 2016). Plastic pollution can also reduce
metabolic rates, reproductive success rates and zooplankton survival rates, and zooplankton transfer
carbon to the deep sea (Galloway et al., 2017; Long et al., 2017). Microplastics can also interfere with
the operation of marine primary food chain/web (Shen et al., 2019a).

Despite limited information on greenhouse gas emissions consequence of plastics, the available
data point to a fact that the climate impacts of greenhouse gas emissions from plastics are urgent. It is
necessary to formulate emission reduction strategies and implement corresponding policies globally.
The effect of “(micro)plastics & greenhouse gas emissions” on global climate has become a hot issue

in the research of (micro)plastics. In this paper, greenhouse gas emissions of plastic from cradle to

grave and the effects of (micro)plastics on carbon fixation capacity of the ocean are systematically
6
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discussed from different perspectives. Some future research needs and challenges are also proposed in

order to provide valuable reference for the formulation of relevant policies and scientific research.

2. Methods and analysis

In this paper, many published data were collected to make a preliminary assessment of
contribution to global greenhouse gas emissions and climate change in plastic life cycle from cradle to
grave. Greenhouse gas emissions at each stage of the plastic life cycle were introduced. Un-ignorable
contribution of (micro)plastics to global greenhouse gas emissions and climate change were discussed
from the following three aspects: (1) direct contribution to greenhouse gas emissions from plastics; (b)

indirect contribution to greenhouse gas emissions from plastics; and (c) u orable contribution to

global climate change. All search engines (Web of Science, Google SChRS, ScienjeDirect, etc.) and

journal data were used. Greenhouse gas emissions and the effects of ( avtics on ocean’s carbon

fixation capacity were systematically discussed. In addition, Mg implementation of measures to solve

@ (1) production control of global

plastics; (2) improving the treatment and dispos INgCc viste; and (3) assessment of the impact of

or alleviate the plastic crisis was critical necessary a

global environmental (micro)plastics on clim

3. Direct contribution to green}dbwssmns from plastics

3.1 Plastic waste manage
There are seve anage plastic wastes: recycling, incineration, sanitary landfill and

others. Plastic packind§is one of the most problematic types of plastic waste, accounting for
approximately 40% (PlasticsEurope, 2016), because it is usually designed for single use and ubiquitous
in garbage and extremely difficult to be recycled. The flexible increasing use and multi-layer packing
poses challenges to collection, separation and recycling. Although some plastics can be recycled, there
are many steps involved, requiring separate collection, long-distance transportation, processing and
remanufacturing. The high cost of these steps, the low commercial value of recycled plastics and the
low cost of raw materials mean that plastic recycling has little profit and requires a lot of government
subsidies. Fig. 2 illustrates the management methods of global plastic packing waste. Recycling is the
preferred option for plastic packing wastes, followed by the incineration with energy recovery. 14% of

plastic packing waste was disposed at incineration industries to energy recycling, 40% of that was to
7
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sanitary landfills, and only 14% of that was collected and recycled. Whatever treatment method is used,
plastic waste will cause harm to human health and the environment. When plastic waste is burned, the
greenhouse gases, mainly CO», will be released. Plastic wastes also contain harmful chemicals that are
released into the environment in the form of additives. The impacts of plastics on climate will not end
after they are used and discarded. Depending on the way they are treated, plastic wastes can also pose
an equally serious threat to climate change when they are reach the waste stage. These different plastic

waste management approaches are discussed in more detail in the following sections (Table 1).

3.1.1 Recycling
Plastic waste recycling refers to the physical process of recovering mat; without changing the
molecular structure of the polymers. Compared with other existing plasti®aste maghgement methods,

plastic recycling has significant greenhouse gas benefits. In theory, I recycling can lead to

negative greenhouse gas emissions by reducing raw mai®gal use and avoiding emission from

producing the same amount of raw materials. A re d out by Dormer et al. (2013)
investigated the carbon footprint related to plastj I8 usgll as plastic packing. The results showed
that the carbon footprint of 1 ton recycled p h rephthalate tray containing 85% of recycled
content from cradle to grave was 1.5 . According to the US Environmental Protection
agys %ycled in 2014 could save approximately 3.2 million tons
g the road in a year, and plastic packing recycling into new

of COge, equivalent to 67
products could save " ons of CO.e (US EPA, 2016). The efficiency of producing new

plastics from recycled Rastic packaging materials in terms of greenhouse gas emissions is more than

Agency, 3.17 million tons of pl

three times higher than the efficiency of producing the same products from original raw materials. This
is mainly due to the replacement of original products and the saving of renewable energy.

However, actually, only a small percentage of “recyclable” plastic wastes are recycled into the
original products (Fig. 2), even the most easily recycled plastics, polyethylene terephthalate (PET) and
high density polyethylene (HDPE) (MacArthur et al., 2016). Challenges lie in the use of colorants,
additives and fillers in the plastic production process, pollution from consumer use, and loss of
production during recycling. Low-grade plastic waste, such as multi-layer plastic packing, is
particularly difficult to separate and dispose. Furthermore, the low price of raw plastics, which are

overproduced, further inhibits the recyclability of plastics, reduces the economic value of recyclable
8
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plastics and hinders investment in appropriate infrastructure and markets (OECD, 2018). Despite all the
obstacles mentioned above, each cycle of the recycling process shortens the length of the polymer
chain, thus leading to mass loss and requiring further material treatment. Due to these challenges and
limitations, plastic recycling alone will not reduce greenhouse gas emissions commensurate with the
life cycle of plastic. Therefore, plastic recycling as the main method to solve the plastic crisis still has a

long way to go.

3.1.2 Incineration

Incineration is recently considered a simple solution to large-scale contamination of land-based
plastics. It not only can effectively manage plastic pollution, but also can ¥de energy and heat for
use. Incineration converts plastic wastes into bottom ash, fly ash, com®¥tiOn gas@waste water, and
generated heat by combustion. In urban areas, plastic waste incineratio e¥s in waste incineration
power generation facilities and other industrial facilities, ma including paper mills, cement kilns
and utility boilers, in which gathered plastic waste is bur -incineration of biomass or fossil

fuel. However, greenhouse gases, usually CO», e WQduged during the plastic waste incineration.

Evidence showed that each ton of plasti ki ste generally contains approximately 79%
combustible carbon, which will release rbon into the atmosphere, or about 2.9 tons of CO;
(Hamilton et al., 2019). Even takig®® nt the power generated by the combustion process, a ton
of plastic packing waste wj cgo
greenhouse gas emi (Q

for fossil energy de

out 0.9 tons of net CO,e emissions. It is recognized that net
ignificantly reduced by energy recovery and through compensating
d. Therefore, the power generation potential of plastic packing waste
combusted in facilities can be quantified by average calorific value of these wastes and power
generation efficiency of an incinerator. Possibilities for offsetting greenhouse gas emissions may vary
by a variety of factors, such as the composition of burning waste materials and the type of energy used
in incinerators. When the moisture content of wastes is too high or the calorific value of wastes is too
low, additional other materials with high calorific value, such as fossil fuel, are required to maintain
incineration. For instance, the proportion of coal in waste incinerator is as high as 50% — 70% in China
to maintain incineration, which is owing to the large amount of organic waste. According to a report led
by Hamilton et al. (2019), the net greenhouse gas emissions from plastic packing waste incineration are

estimated to be 16 million tons in 2015. These figures are based on the estimated amount of plastic
9
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packing waste gathered for management (40% of all plastic waste). In addition, the US Environmental
Protection Agency reported also showed 11 million tons of CO.e emissions from waste incineration in
the United States in 2015, more than half of which came from plastic waste (5.9 million tons),
including plastic packing and unpacked plastic waste (US EPA, 2018b). The impact of plastic waste
incineration on climate in the United States is equivalent to 1.26 million cars driving for a year or
consuming more than 5 billion gallons of gasoline.

On the good side, while plastic packing waste mixed with other municipal solid waste is burned in
a waste incinerator, the heat and electricity will be generated, which usually are generated by other
fossil fuels such as coal and natural gas. Additionally, new electricity production also can come from
renewable solar, wind power facilities and geothermal energy. It is estim hat global natural gas
incineration generates almost five times as much as electricity as renewa\solar, widd and geothermal

energy (US Energy Information Administration, 2018). As the propor ewable energy in the

energy mix continues to grow in the coming decades, the Neenhouse gas emissions from plastic

incineration will relatedly increase with the increas
production is forecasted to nearly double by 2

increase of plastic packaging production a &

QQ emissions from plastic packing waste incineration.

Greenhouse gas emissions from g waste incineration will increase by 84 and 309 million
tons in 2030 and 2050, res h this energy conversion occurring, the incineration of plastic
the main sources of greenhouse gas emissions. Whether plans to

cineration and expand petrochemical construction are realized in 2030 and

ity production. Plastic packing
quadruple by 2050 on the basis of the
of incineration capacity (MacArthur et al.,

2016). Fig. 2 shows the outlook of gre

packing waste will
increase the industrial

2050, the impact of plastic waste management on global climate change will be more significant.

3.1.3 Sanitary landfill

Sanitary landfill usually refers to use clay and/or plastic liners to isolate waste from groundwater
and add a layer of soil to reduce waste exposure to the air. As shown in Fig. 2, sanitary landfills are still
the main treatment method for plastic packing waste. Greenhouse gas emissions from sanitary landfills
mainly come from organic waste, such as waste food, wood and paper decomposition. Up to now, there
is no record of greenhouse gas emissions from plastic landfills. The emission related to landfill plastic

packing waste come from the classification and treatment of pre-landfill waste and the use of fossil
10
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fuels related to the transport of waste from collection sites to landfills. But this does not exclude the
possibility of greenhouse gas emissions from plastic landfills.

Because plastic packing waste landfill has less impact on global climate change than incineration,
in some cases such as absence of a collection system or appropriate material recovery infrastructure,
landfill may be the only option for plastic waste management. However, landfills pose significant
environmental health risks due to the infiltration of toxic substance from plastics on soil and
groundwater. As such, landfills cannot be regarded as a long-term solution for plastic waste
management (Teuten et al., 2009). More efforts are needed to explore more reasonable methods for

plastic waste management.

3.1.4 Others

In addition to the above management methods, approximately 3 tic packing waste are

not managed (Fig. 2). There are several possibilities for un ged plastic packing waste, including
open dumping, burning, and littering, which are preygle ces with less developed waste
management infrastructure. However, the impac agg plastic packing waste on global climate
change is not yet clear. Open burning, a met f D unnecessary combustible material in natural,
has a serious impact on climate and ) h because it occurs at lower temperature and is
performed without any air pollutj an in a waste incinerator. Evidence showed that plastic
packing waste would emit mns of greenhouse gas per ton of plastic packing waste when it
is burned in the ope CJ et al., 2019). Generally, the impact of dumping plastic waste on the
ground on climate chaWge is not clear. Recently, a research led by Royer et al. (2018) reported that
degradation of plastic exposed to sunlight in terrestrial environment may release greenhouse gases at a
higher rate than in the aquatic environment. However, the annual rate and magnitude of these emissions
have not yet been measured. Despite significant data gaps in many treatment approaches, exploring a
range of greenhouse gas emissions from unmanaged sources can reveal the full threat to global climate
change by plastic packing waste. The impact of unmanaged plastic packing waste on global climate

change largely depends on the proportion of open burning, and also contributes to other global

environmental problems.

3.2 Degradation of environmental plastics
11
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The greenhouse gas emissions and effects of (micro)plastics will not stop while (micro)plastics are
discarded. Once plastics are released into the environment, the effect of pre- and post-consumption
waste from polluting urban streets, natural areas, landfills, farmlands, and waterways, and following to
the ocean via freshwater streams and rivers, has been least researched and poorly understood. Plastics
would span centuries or more in the environment. To date, three main conclusions have been drawn
from the research on marine plastic pollution. Firstly, plastic debris can be found in the most far-flung
corners of the globe, including the deep oceans and polar region, and can break into smaller species,
microplastics (Thompson et al., 2004). Secondly, (micro)plastics can act as vectors for a mix of toxic
chemicals and living organisms, causing harm to the environment (Shen et al., 2019d; Teuten et al.,
2007; Velzeboer et al., 2014). Finally, microplastics can harm aquatic o isms by ingestion and
entanglement at all levels of the food chain/web, leading to harm to s thjpugh a variety of

pathways (Li et al., 2015; Sharma and Chatterjee, 2017).

Degradation of plastics can cause chemical changes, th&by reducing the molecular weight of

become weak and brittle, and decompose into s

polymers. Plastic degradation begins when exposed to 'r & conditions. With time, polymers
i%athering processes hydrolysis, oxidation
C

degradation, biodegradation and solar radigs te to this breakdown in the environment.

Interestingly, the photodegradation o S n cause greenhouse gas production. Recently, a
research studied by Royer et al. stly revealed the greenhouse gas emissions from plastics
t I and marine environments. It investigated some of most used

under natural conditions in
types of plastics, igh-density polyethylene, low-density polyethylene (LDPE),

polypropylene, and polWgtyrene, from virgin plastic and marine plastic sources. Plastics were exposed
to ambient solar radiation and ultraviolet radiation for several months. It was found that measurable
amounts of two greenhouse gases (methane, CH4 and ethylene, C,Hg) were produced by these plastics
after radiation exposure. The rate of emissions was in a range 10 to 4100 pmol per day per gram for
CHys, and approximately 20 — 5100 pmol per day per gram for CoHg (Royer et al., 2018). The highest
emission rate for CHs and C,Hs was observed from LDPE. Additionally, the morphology of plastics
and aged level also influenced the extent to which it emitted greenhouse gases. Plastic cracking,
breaking and fracturing increase the surface area and increase the total surface which can be used for
photodegradation. With the decomposition of plastics into microplastics even nanoplastics, the

production rate of greenhouse gases gradually increases. The authors reported that as the ocean
12
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weathers and degrades, the surface area of plastics increases, and the same amount of plastics will
release more and more greenhouse gases as time goes on (Royer et al., 2018). Greenhouse gases
emissions from virgin plastics increased with time, while those from aged plastics remained unchanged.
In addition to CH4, greenhouse gas emissions from virgin plastics were significantly greater than that
from aged plastics. This is probably because of the occurrence of some anti-ultraviolet plasticizers to
inhibit the effects of ultraviolet radiation and slow down the degradation process (Royer et al., 2018).
Based on the emission rate of greenhouse gases reported by Royer et al. (2018), the annual rate
from marine plastics can be preliminarily and roughly estimated using a standing stock of sea surface

microplastics and greenhouse gas emission rates. The standardized prediction models of global mass

done by van Sebille et al. (2015) estimated that the amount of small microp/g#e debris floating on the
sea surface ranging from 15 to 51 trillion particles and weight between and?36000 tons. The
highest emission rate of methane by LDPE was 55 nmol per day per gra etal., 2018). As such,

at the worst case, the annual emission is 4.738 > 10 nmol/\gr, that is, 75.8 tons/year. Utilizing the

global warming potential of methane, greenhouse ga I®f 2122 tons COze are annually
produced. Moreover, the annual production of et e RQ1 ighs via the same calculation.

However, there are significant challeng d inties in this estimation. Firstly, the rate and
e rate and amount of plastic entering the ocean remains

greenhouse gas emissions assum
constant. According to the ction and use, plastic production is expected to increase by 33

n
— 36% by 2050 (Pla I 018). If mitigation measures are not taken to prevent land input, the

amount of plastic input into the ocegzsmg e. The mentioned above methods for estimating
Q)

annual methane and etfgene emissions from marine surface plastics will continue to grow. Secondly,
these estimations are based on the emission rates of greenhouse gases from microplastics exposed to
ultraviolet radiation on the sea surface in tropical environments. They do not include plastics that are
slightly immersed in the water column and all possible emission rates for varying degrees of plastic
degradation. Furthermore, these calculations only take into account the highest hydrocarbon gas
producing plastic type, LDPE, to represent the entire floating plastics. Although PE accounts for most
of the plastics found in the environment, the calculation still exist many uncertainties. Thirdly, the
aging degree and treatment of plastics also affect the estimation of greenhouse gas emission. The age of
plastics is usually unknown at the time of collection, and the subsequent treatment methods are also

uncertain. The annual estimates take into account only a small fraction of marine plastics found on the
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sea surface, do not take into account plastic emissions from larger debris such as water columns,
shoreline grounding, or fishing gear. Additionally, plastic “removal” rates from ocean surface also
affect the estimated emissions rates. The grounding and final sinking of suspended plastics may be the
main reasons for “surface removal”. Moreover, animal ingestion, transport to land and reflux, and
dropping of fecal particles to the seabird may also contribute to “surface removal”. Finally and more
significantly, plastics produce more greenhouse gases when exposed to air than immersed in water.
According to the report performed by Royer et al. (2018), 2.3 times more methane and 76 times more
ethylene were produces from LDPE in air than in water. Compared with plastic exposed to air, the

emission rate in water is different because of the accumulation of temperature and heat. This

demonstrated that more research is needed on the emission of plastics ed to higher ambient
temperatures. Besides, not only the plastic floating on the ocean surface so ti@ accumulation of
large quantities of plastics in other places such as beaches, river t&rrestrial environments

worldwide, as well as the estimation of plastic decomposMgn is still very low. Greenhouse gas

emissions must take into account not only the immens emission worldwide, but also the
various environments in which they occur.

The production rate of greenhouse gase m s may seem mild compared with other ways
of releasing greenhouse gases such gge ctivities, vehicle transportation even agricultural
activities. Nevertheless, as plasti iggincreases and the amount of mismanaged waste plastics
entering oceans increases gl., 2015), greenhouse gas emissions from degrading plastics
will likely increase a t increased concern. There are still many limitations and challenges,

but Royer et al. (2018)Qave already taken the lead. Future studies are needed to address the role and

mechanism of plastics in releasing methane, ethylene, and other greenhouse gases.

4. Indirect contribution to greenhouse gas emissions from plastics
4.1 Potential emissions during plastic manufacturing

Olefins are important raw material for plastic production. In 2014, the global ethylene production
was 134 million tons and propylene is the second most common raw material after ethylene, with an
estimated demand of 89 million tons in 2014 (Plotkin, 2015). Olefins are monomers and can bind
together to form long chains. In order to become plastics, olefins are stitched together to from

extremely long chains of molecules or polymers. Plasticizers are also usually added in the production
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process. Olefins are generally produces by pyrolysis of fossil fuels such as coal and crude oil. Natural
gas is also very important in olefin production. The post-production process of olefins depends on what
is produced, not on the raw materials from olefins. Whether coal, oil and natural gas are used as raw
material depends on their cost and availability (Hamilton et al., 2019).

Greenhouse gases are inevitably released during the production of plastics, including mining,
transportation, refining and manufacturing (Fig. 3). The global greenhouse gas emissions from
well-to-refinery in 2015 are estimated to be 1.7 gigatons CO.e through determining the weight average
carbon intensity of oil well energy production in global 8966 on-stream oil fields in 90 countries
(Masnadi et al., 2018). According to the distribution of about 4% of crude oil as the raw material of
plastics, it is estimated that global oil production contributes approximately million ton of CO2e to
the emission of plastic production in 2015. In contrast, the coal-to-olefirRoCess enfts 7.1 — 10.6 tons

of COe per ton of olefin production (ICIS, 2013). In addition, the s industry is also the

largest source of methane emissions (US EPA, 2018a). HONgver, the impact of coal, oil and gas

development related to the plastic industry on glob gas emissions remains poorly

understood. In some cases, direct data are rarel | efhissions from mining, transportation and

refining process (Fig. 3), and other proje ee nderestimate other known source of data.
Furthermore, there are some unintend ncluding transport requirements, pipeline leakage,
land use, as well as impeding forgs®a | carbons sinks. Up to now, new infrastructure related to
natural gas production are cted or actively proposed, and there will be more expansion
plans in the coming g infrastructures are not only driven by the demand of natural gas in
energy production, but E the rapid expansion of plastic production. Therefore, the total impact of coal,
oil and gas extraction on global greenhouse gas has been worrisome. Without significantly reducing
these large industrial, it is unlikely to reduce the greenhouse gas emissions, while these industries are
only the first step in plastic production.

Moreover, greenhouse gas emissions also occur during the production and manufacture of plastics
(Fig. 3). Process emissions include from petrochemical raw materials converted into usable products
such as ethylene, propylene, etc. (Posen et al., 2017). Emissions of greenhouse gases during
manufacture are controlled by the production facilities themselves, usually depending on the efficiency,

configuration and service life. According to reports, in 2014, 72 plastic manufacturing facilities in the

United States emitted 46324 tons of CO.e per day, about 17 million tons a year (Geyer et al., 2017).
15



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

However, numerous industrial processes and pathways for the conversion of fossil fuels into plastics, as
well as the number of production stages, make it extremely difficult to attribute greenhouse gas
emissions from industry to plastics production. Nonetheless, limited information on greenhouse gas
emissions from whole plastic production process, the available data showed that plastic production
would lead to greenhouse gas emissions. Plastic production is global, and greenhouse gas emissions
and their impacts are also global. Consequently, these two globalities need more cooperation and

coordination around the world.

4.2 Potential effect of (micro)plastics on carbon fixation in the ocean
In addition to direct emissions of greenhouse gases, plastic pollutio ecially marine plastic
pollution, may play a less direct but ultimately greater role in climate chage Dy imglcting species that

form the basis of the marine food chain (Brierley, 2017). The oceans ar t important part of the

global carbon cycle. The effects of marine plastics on ecosyst responsible for the gas exchange and
circulation of CO2 may be resulting in more greenhousgada ns. Phytoplankton, as a primary
producer in the ocean, takes CO from the air vi oNgithegls and provides food sources and oxygen
security for marine living organisms. Howe has shown that the widespread presence of
microplastics in the ocean has a negaij n its growth, leading to changes in phytoplankton
communities, thus destroying the i arine ecosystems (Toseland et al., 2013). Shielding and
reflecting of sunlight by flg, gastics on the sea surface will hinder the absorption of sunlight
by phytoplankton an ghotosynthetic capacity (Fig. 4). Laboratory experiments showed that
microplastic exposure igoxic to phytoplankton, and the smaller the particle size, the higher the toxicity
(Anbumani and Kakkar, 2018). This toxicity can be able to disturb phytoplankton feeding, physical
ingestion, metabolism, even reproduction. A research carried out by Sjollema et al. (2016) showed that
microplastics could reduce the photosynthetic rate of the polluted phytoplankton by 45%. In addition,
other similar studies also reported that microplastics can adsorb on the surface of algae, which hinders
the adsorption efficiency of light and CO; by cells, thus reducing the rate of photosynthesis and
respiration and affecting the growth and reproduction of algae (Bhattacharya et al., 2010; Nolte et al.,
2017). These effects are of practical significance outside the laboratory. Phytoplankton, such as

Keratinococcus spp. and Erythrocystis salina spp., can secrete polysaccharides and other viscous

substances to form algae cultures when the growth conditions are limited, and polymerize with the
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surrounding microplastics (Long et al., 2017; Underwood et al., 2004). This behavior can not only
change the density of algae clusters and affect their distribution in seawater (Long et al., 2015), but
promote the transfer of microplastics to seabed (Ward and Kach, 2009). Microplastics can also increase
the active oxygen content of algae, decrease the biofiliter efficiency in ecosystem, increase the chance
of being ingested by marine organisms, and ultimately change the population distribution in ecosystem
(Galloway et al., 2017). As such, marine (micro)plastics may affect the metabolism, development and
reproduction of the basic organisms in the marine food chain/web, and indirectly affect the process of
gas exchange and disturb the biological carbon cycle in the ocean. Nevertheless, more efforts are
needed to explore how much plastic affects on marine carbon cycle via primary production.

Moreover, (micro)plastics not only disturb the photosynthesis of phytog#mkton, but may damage
zooplankton. Like phytoplankton, the main carbon fixator in marine ecos , Zoo[lankton is the first

and most important consumer of phytoplankton. Fig. 4 illustrates t f plankton in carbon

transportation and cycling processes in the ocean. More sigRicantly, zooplankton can help adsorb

fixed carbon from phytoplankton and transport it to th &
fixed by phytoplankton will soon reenter the at eNganggburface water. However, evidences have
shown that except for a small amount of mi &e excreted, most of them accumulated in the
digestive system of zooplankton, obst

r
slow growth, weight loss and evm
N

PVithout this critical step, the CO;

ive tract, reduce appetite and result in malnutrition,
et al., 2013; Shen et al., 2019c). A research led by Cole
et al. (2015) showed that Xposure has a negative impact on metabolism and health of
copepods. First, co m their food intake by 40% after plastic ingestion, and with time,
copepod eggs became sEIIer and less likely to hatch, and increased the total mortality of contaminated
copepods. The authors concluded that an increase in the amount of exposure to microplastics over time
could lead to a significant reduction in carbon biomass intake by zooplankton (Cole et al., 2016).
Plastic ingestion by zooplankton is a global phenomenon. A sampling in the Baltic Sea done by Setda
et al found that microplastic can be ingested by various taxa of zooplankton, mainly including mysid
shrimp, rotiferans, polychaete worm larvae and copepods (Setd&et al., 2014). Moreover, microplastic
ingestion by zooplankton was also recorded in the Indian Ocean off the coast of Kenya (Kosore et al.,
2018) and the Yellow Sea off the coast of China. Evidence also showed microplastics can be transferred

from smaller to larger zooplankton when predation occurs (Shen et al., 2019d). Zooplankton may

consume less and less carbon fixed by marine phytoplankton, even though these phytoplankton
17
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themselves are reducing carbon fixation. Therefore, shifts in this part of the food chain/web
(phytoplankton and zooplankton) may affect the ability of the oceans to absorb and store CO; (Fig. 4).
Considering the importance of marine carbon sinks to global climate, the potential of microplastic
pollution on phytoplankton CO; fixation and zooplankton CO; transport to the deep sea should be
highly concerned.

When zooplankton predates phytoplankton, the carbon they assimilated is transferred to the deep
sea by fecal particles (Fig. 4). Fecal particles slowly descend into deep water and deposition in the mud
of the seabed. Cole et al. (2016) reported that microplastics can be transported below the ocean surface
via fecal pellets. A recent research also showed that when fecal pellets are polluted by microplastics,
their equivalent spherical diameters significantly decrease, and sink r ecrease by 1.35-fold
(Wieczorek et al., 2019). Additionally, pellets polluted by microplasticRNNK moreslowly and break

down more easily than unpolluted pellets, thereby reducing the propo rbon that reaches the

deep ocean. The ocean surface is not the end of ocean plasticiyQcean surface estimates only represent

al., 2017). The ability of plastic to sink is relat itSEnsigl and biological contamination (Long et

al., 2015). Biofilm can change the buoyanc v of floating microplastics and weaken their
hydrophobicity (Kaiser et al., 2017; Lo liffe, 2011), and it can cause microplastics to settle
deep in the ocean, making the oc sink of microplastics (Woodall et al., 2014), which may
change the floating mech oNgigfoplastics and the circulation of organic matter and nutrients.

However, their beh aNgg#fpact in deep ocean environments are not yet fully understood.
Obviously, additional regarch is immediately needed to understand the potential size and scope of the
problem to global climate.

5. Perspectives and challenges

The impacts of plastics on global climate change have attracted more and more attention all over
the world. Raising public awareness of the plastic pollution crisis and increasing public concern have
simulated many strategies for mitigating plastic pollution. Due to the increase in global plastic
production and plastic waste, greenhouse gas emissions have intensified. However, lack of efficient and
standard technologies and methods for determination and monitoring of greenhouse gas emissions from

cradle to grave is also a big challenge. Thus, the implementation of measures to solve or alleviate the
18
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plastic crisis is critical necessary. Herein, we suggest that these following aspects should be considered:
a. Production control of global plastics
b. Improving the treatment and disposal of plastic waste

c. Assessment of the impact of global environmental (micro)plastics on climate

a. Production control of global plastics

Reduce or unnecessary or excessive use of plastics by changing process and behaviors. Whether in
terms of greenhouse gas emissions related to extraction, transportation, plastic manufacturing and
treatment or in terms of reducing the impact of the environmental plastics, the most direct and effective

way to solve the plastic crisis is to ban the global production of unnecessa astics. In plastics, this

will include measures to reduce or ban the use of non-essential plastics, IRNUdINg plgkstic packing, food

and beverage services and disposable plastics commonly used in fa consumer goods. Of

course, this requires joint action from government decision-m®ing and mass participation all over the

world. In addition, it is also necessary to control the S of new coal, oil and natural gas
infrastructure. Evidence showed that greenhous em@siogh from coal, oil and natural gas reserves

have exceeded the remaining global carbon et ather, 2018). However, the surplus of cheap
nue to generate demand of new materials and produce

infrastructure. These new facilit] I
more and more plastic pr i will exacerbate the current situation and consume remaining

0 ’
global carbon budg r t is indispensable to control the construction of new coal, oil and

raw materials of plastic manufactur% the large-scale expansion of plastic production

natural gas infrastructur

Research also has shown that plastic industrial can obtain raw material from renewable source of
energy where possible to reduce greenhouse gas emissions (Posen et al., 2017). However, the use of
renewable energy to plastics does not address the impact of plastics on global climate change. Because
a large part of greenhouse gas emissions from plastic production come from chemical processes, which
are not affected by the use of renewable energy (Hamilton et al., 2019). Additionally, the production of
plastics from renewable energy sources has no effect on reducing the treatment of plastic waste and
their impacts on marine ecosystems. Although it is essential to improve energy efficiency in the
necessary processes of plastic production, it has little effect on reducing greenhouse gas emissions and

protecting the climate or the planet.
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Moreover, biodegradable plastics have been also on the agenda. Nevertheless, biodegradable
plastics still face some limitations and challenges. Despite biodegradable plastics can be degraded by
microbes, these can only be degraded under special conditions and within a limited range. The use of
biomass in plastic industries can reduce greenhouse gas emissions associated with fossil fuel
production, but also generate a large number of new emissions because of biomass raw material
harvesting, transportation and processing. Biodegradable plastics still have a positive impact on

alleviation the adverse effects of carbon cycle of plastics in the environment.

b. Improving the treatment and disposal of plastic waste

There are three main ways to manage plastic waste: recycling, incinerajg®and landfill. Whatever
treatment method is used, plastic waste will cause harm to human and@the environment.
Compared to other management methods, plastic recycling is more effe e treatment. However,

there are still limitations and challenges. Recycled plastics caMgardly be guaranteed to be of the same

% lastic after consumption in plastic

cArthur et al., 2016). Firstly, the plastic

or similar quality as their original counterparts. The use
manufacturing does not imply a real closed-loo
recycling is unlikely to be effective becau uitable for many common plastics such as
polyvinyl chloride. The value of recycl too low compared with new raw materials. Without
a government subside, plastic rec financially feasible. Secondly, the treatment of colorants,
additives and fillers in re d s also increase costs. Because of the limitations of plastic
recycling, plastic pa Q@liminated as a priority in order to prevent today’s substitutes from
becoming tomorrow’s pRgblems.

In addition, in the name of energy recovery, plastic incineration may significantly increase
greenhouse gas emissions from plastic treatment, as well as increase toxic exposure to humans. The
action of converting plastic waste into energy changes the threat of plastics from the land to the air, as
well as exacerbates its climate impact. Importantly, people are increasingly aware of the danger of
plastic incineration. Increasing reliance on plastic incineration has led to more and more greenhouse
gas emissions. Incineration of municipal solid waste does not end with increased greenhouse gas
emission from the incineration of plastic waste. Therefore, it is recommended that measures should be

taken to phase out plastic incineration. In addition to phase out plastic incineration and stopping

production and reducing use of disposable plastic packing, it is also necessary to determine the best use
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of all waste streams, not just plastic wastes. Reducing plastic use at the source means reducing the per
capita production of plastic waste, which may be an effective way to reduce greenhouse gas emissions.
The elimination of disposable plastic packing strengthens recycling by improving the quality of
recycled waste. Contaminated mixed wastes generate larger waste streams than they actually exist, thus
artificially increasing the perceived need for industrial-scale waste management solutions.

Sanitary landfill does not contribute much to greenhouse gas emissions from plastic treatment, but
it is a long-term solution. Biodegradable technology seems to be a good choice (Pa et al., 2017; Pag
et al., 2018). However, unfortunately, there are still many challenges to eliminate plastics by microbes
in practical application (Shen et al., 2019b). Firstly, biodegradable technology will not reduce or solve
the large amount of greenhouse gas emissions in the plastic life cycle. Se ly, the biodegradation
tests of plastics were carried out under laboratory conditions at present. orajpry conditions are

quite different from field conditions. The biodegradation efficiency u i conditions is not yet

environment. Finally, potentially cost limits the benefj f¢ biodegradation. Therefore, it is
urgent to formulate necessary polices, technologi d'\@&ndglds to regulate plastic waste, improve the

product design and waste treatment.

c. Assessment of the impact of eﬂ% (micro)plastics on global climate change

Numerous studies havg#®o marine plastic pollution cannot be ignored (Keswani et al.,
2016; Khatmullina Q Kirstein et al., 2016; Lagana et al., 2019). The presence of
(micro)plastics may aff&§t carbon storage in the ocean (Cole et al., 2016). The behavior and impacts in
ocean environment are still unclear, especially in deep-sea and seabed. In 2018, Royer et al. (2018) has
firstly revealed the greenhouse gas emissions from plastics under natural conditions in both terrestrial
and marine environments. The experiment was carried out in the tropics (Hawaii, US), but
(micro)plastics are distributed globally, which cannot extend to the case to the whole world. Future
research is required to address the role and mechanism of global (micro)plastics in greenhouse gas
emissions. Although there are still many limitations and challenges, Royer et al has already taken the
lead. In addition, evidence showed that the widespread presence of (micro)plastics in the ocean has a
negative impact on the ability of carbon fixation via affecting the growth and production of plankton

and changing the food chain/web of marine ecosystems (Cole et al., 2015; Corcoran, 2015). However,
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up to now, there are few clear discussions on the effect of microplastics on the carbon fixation capacity
of marine phytoplankton. Accordingly, more studies are needed to understand the potential size and
scope of the problem to the carbon fixation capacity of phytoplankton and potential effects on global
climate change.

Due to the potential impact of the extensive occurrence of marine plastics on marine ecosystems
and humans, some management strategies of marine plastics have been called for, such as recycling and
cleanup ocean plastics. Although the concept of cleanup plastics from the ocean is attractive, this
strategy is impossible to achieve. Ocean cleaning is labor-intensive and resource-intensive, which will
cast a lot of money. This strategy has little effect on reducing greenhouse gas emissions from plastics in
their life cycle. It does not address the impact of plastic on other areas, such eshwater and land, nor
the problem of plastic manufacturing. In addition, this strategy does capture Jarge quantities of

microplastics that pollute the surface and depth of the ocean. Such operations may have

potential impacts on marine life. But cleaning up and recyclinQ§garine plastics may make a meaningful

contribution to the local ecosystem and also contribute t

6. Conclusions
The increasingly serious impact o risis on marine ecosystems has attracted worldwide

attention. There is growing ev@ radle to grave of plastics poses risks not only to the

environment, but to huma pite challenges and uncertainties, the impact of the existing
plastic economy on Gmgmflcant and cannot be ignored. The impact of plastics on global
climate change cannot¥ge neglected. Plastic industrials are one of the fastest growing sources of
industrial greenhouse gas emissions. Greenhouse gas emissions from plastic production, use and
treatment of plastic waste will consume a large amount of remaining carbon budgets. The current
scientific consensuses show that global warming poses will cause great damage to global ecosystems,
even irreversible damage, as well as loss of human livelihoods and life. Cumulative emissions from the
energy and industrial sectors cannot exceed 800 gigatons by 2010 in order to keep global warming
below 2<€. To have any opportunity to remain within 1.5<€, greenhouse gas emissions must be lower,
and global net greenhouse gas emissions must be reduced to zero by 2050s. Under the case of below
2<%, in the carbon budget of 800 gigatons CO2e of energy and industrial sectors by 2100, the total

warning amount of remaining carbon budget cap is only to be 420 gigtons CO.e, not more than 570
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gigatons. However, plans to expand plastic production in the plastics and petrochemical industrials may
break this situation and exacerbate the impact of plastics on global climate, and may make it impossible
to limit global temperature rise to 1.5 even 2<€. If the production, disposal and incineration of
plastics continue to follow the current growth trajectory, these global emissions will reach 1.34 and
2.80 gigatons per year by 2030 and 2050, respectively. Greenhouse gas emissions from plastic
incineration may increase by 4.2 gigatons CO-e to the atmosphere by 2050, and cumulative emissions
will exceed 56 gigatons by 2050, which may consume 10 — 13% of the remaining carbon budget. Even
if the production of renewable energy-based plastics can reduce production-related greenhouse gas
emissions, they will not solve the large amount of emissions generated by the chemical conversion
process itself. Problematically, it is still highly uncertain whether and when ransition to renewable
energy. The challenges facing the former are enormous, however, the rnas alfeady happened to
some extent. While maintaining the plastics economy, minimizing gre as emissions is what

the future plastics industry is pursuing. In addition, the im®gt of (micro)plastics in the ocean on

marine carbon cycle is increasing. Significant knowl Il remain in this regard. Plastic
pollution in the ocean raises more questions tha . TigEse problems also deserve our attention.
Policy formulation needs us to make more ¢ atl coordination all over the world.

Acknowledgements &

The study is financiall p y the Program for the National Natural Science Foundation of
China (51521006) e am for Changjiang Scholars and Innovative Research Team in

University (IRT-13R17)

Declaration of interest

The authors have no conflict of interest to declare regarding this article.

23



650

651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693

Reference

Anbumani, S., Kakkar, P., 2018. Ecotoxicological effects of microplastics on biota: a review. Environ.
Sci. Pollut. R. 25, 14373-14396. https://doi.org/10.1007/s11356-018-1999-X.

Bhattacharya, P., Lin, S., Turner, J.P., Ke, P.C., 2010. Physical Adsorption of Charged Plastic
Nanoparticles Affects Algal Photosynthesis. J. Phys. Chem. C 114, 16556-16561.
https://doi.org/10.1021/jp1054759.

Bouwmeester, H., Hollman, P.C., Peters, R.J., 2015. Potential health impact of environmentally
released micro- and nanoplastics in the human food production chain: experiences from nanotoxicology.
Environ. Sci. Technol. 49, 8932-8947. https://doi.org/10.1021/acs.est.5b01090.

Brierley, A.S., 2017. Plankton. Curr. Biol. 27, R478-R483. https://doi.org/10.1016/j.cub.2017.02.045.
Cole, M., Lindeque, P., Fileman, E., Halsband, C., Galloway, T.S., 2015. The impact of polystyrene
microplastics on feeding, function and fecundity in the marine Copepod Calanus helgolandicus.
Environ. Sci. Technology 49, 1130-1137. https://doi.org/10.1021/es504525u.

Cole, M., Lindeque, P.K., Fileman, E., Clark, J., Lewis, C., Halsbhand, Galloway, T.S., 2016.

Microplastics alter the properties and sinking rates of zooplankton faecal peQets iron. Sci. Technol.
50, 3239-3246. https://doi.org/10.1021/acs.est.5b05905.
Corcoran, P.L., 2015. Benthic plastic debris in marine and fresh water oRN ts. Environ. Sci. Proc.

Imp. 17, 1363-1369. https://xs.scihub.ltd/10.1039/C5EMO00183
Dormer, A., Finn, D.P., Ward, P., Cullen, J., 2013. Carbon fogja®gt analysis in plastics manufacturing. J.

Giindogdu, S., 2018. Contamination of table salts from
A 35, 1006-1014. https://doi.org/10.1080/19440 01 94,

Galloway, T.S., Cole, M., Lewis, C., 2017. Igte microplastic debris throughout the marine
ecosystem. Nat. Ecol. Evol. 1, 0116. https: 0.1038/s41559-017-0116.

Gerd, L., Elisabeth, L., 2014. Synt as contaminants in German beers. Food Addit.
Contam. A 31, 1574-1578. https://dgé 0.2080719440049.2014.945099.

Geyer, R., Jambeck, J.R., Law, ., 2047. Production, use, and fate of all plastics ever made. Sci. Adv.
3, e1700782. https://advancgs.scie g.org/content/3/7/e1700782.

Hamilton, L.A., Fei M§ett.g., Kelso, M., Rubright, S.M., Bernhardt, C., Schaeffer, E., Moon, D.,
Morris, J., LabbéBel Ng019. Plastic & climate: The hidden costs of a plastic planet. Center for
International EnvironmeNal Law (CIEL). https://www.ciel.org/plasticandclimate.

Hausfather, Z., 2018. Analysis: Why the IPCC 1.5<C report expanded the carbon budget.
https://www.carbonbrief.org/analysis-why-the-ipcc-1-5c-report-expanded-the-carbon-budget.

microplastics. Food Addit. Contam.

Hu, D., Shen, M., Zhang, Y., Li, H., Zeng, G., 2019a. Microplastics and nanoplastics: would they affect
global biodiversity ~ change? Environ. Sci. Pollut. Res. 26, 19997-20002.
https://doi.org/10.1007/s11356-019-05414-5.

Hu, D., Shen, M., Zhang, Y., Zeng, G., 2019b. Micro(nano)plastics: An un-ignorable carbon source?
Sci. Total Environ. 657, 108-110. https://doi.org/10.1016/j.scitotenv.2018.12.046.

ICIS, 2013. China monthly: Coal-to-olefins economics are a major challenge.
https://www.icis.com/explore/resources/news/2013/04/05/9656098/china-monthly-coal-to-olefins-econ
omics-are-a-major-challenge.

IPCC, 2018. Special report on global warming of 1. 5<C. https://www.ipcc.ch/sr15.

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R., Law, K.L.,
2015. Plastic waste inputs from land into the ocean. Science 347, 768-771.

24



694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

https://science.sciencemag.xilesou.top/content/347/6223/768.

Kaiser, D., Kowalski, N., Waniek, J.J., 2017. Effects of biofouling on the sinking behavior of
microplastics. Environ. Res. Lett. 12, 124003. https://doi.org/10.1088/1748-9326/aa8e8b.

Karami, A., Golieskardi, A., Choo, C.K., Larat, V., Galloway, T.S., Salamatinia, B., 2017. The presence
of microplastics in commercial salts from different countries. Sci. Rep. 7, 46173.
https://xs.scihub.ltd/https://doi.org/10.1038/srep46173.

Keswani, A., Oliver, D.M., Gutierrez, T., Quilliam, R.S., 2016. Microbial hitchhikers on marine plastic
debris: human exposure risks at bathing waters and beach environments. Mar. Environ. Res. 118, 10-19.
https://doi.org/10.1016/j.marenvres.2016.04.006.

Khatmullina, L., Bagaev, A., Chubarenko, I., 2017. Microplastics in the Baltic Sea water: fibers
everywhere,. EGU General Assembly Conference.
https://ui.adsabs.harvard.edu/abs/2017EGUGA..19.1050K.

Kirstein, 1.V, Kirmizi, S., Wichels, A., Garin-Fernandez, A., Erler, R., L&ler, M., Gerdts, G., 2016.
Dangerous hitchhikers? Evidence for potentially pathogenic Vibrio spp. on microplastic particles. Mar.
Environ. Res. 120, 1-8. https://doi.org/10.1016/j.marenvres.2016.07.004.

Kosore, C., Ojwang, L., Maghanga, J., Kamau, J., Kimeli, A., Omukoto, g RN., Mwaluma, J.,

Ong'ada, H., Magori, C., Ndirui, E., 2018. Occurrence and ingestion by zooplankton in

Kenya's marine environment: first documented evidence. Afr. Sci. 40, 225-234.
https://doi.org/10.2989/1814232X.2018.1492969.
Kosuth, M., Mason, S.A., Wattenberg, E.V., 2018. Anthropo ntamination of tap water, beer, and
sea salt. Plos One 13, e0194970. https://doi.org/10.13714 .0194970

Lagana, P., Caruso, G., Corsi, |., Bergami, E., Q/

., §ajolino, D., La Ferla, R., Azzaro, M.,
Cappello, S., 2019. Do plastics serve as a possi ctor T0r the spread of antibiotic resistance? First
insights from bacteria associated to a polys
Hyg. Environ. Heal. 222, 89-100. https:/
Lebreton, L.C.M., Van der Zwet, J., W., Slat, B., Andrady, A., Reisser, J., 2017. River
plastic emissions to € d's oceans. Nat. Commun. 8. 15611.
https://xs.scihub.ltd/https://dgiep 0. LPB8/ncomms15611.

Lee, K.-W., Shim, Y., Kang, J.-H., 2013. Size-dependent effects of micro polystyrene
particles in the ma
https://doi.org/10.10218&401932b.

Li, J., Yang, D., Li, L., Jabeen, K., Shi, H., 2015. Microplastics in commercial bivalves from China.
Environ. Pollut. 207, 190-195. https://doi.org/10.1016/j.envpol.2015.09.018.

Lobelle, D., Cunliffe, M., 2011. Early microbial biofilm formation on marine plastic debris. Mar. Pollut.
Bull. 62, 197-200. https://doi.org/10.1016/j.marpolbul.2010.10.013.

Long, M., Moriceau, B., Gallinari, M., Lambert, C., Huvet, A., Raffray, J., Soudant, P., 2015.
Interactions between microplastics and phytoplankton aggregates: Impact on their respective fates. Mar.
Chem. 175, 39-46. https://doi.org/10.1016/j.marchem.2015.04.003.

Long, M., Paul-Pont, I., Hegaret, H., Moriceau, B., Lambert, C., Huvet, A., Soudant, P., 2017.
Interactions between polystyrene microplastics and marine phytoplankton lead to species-specific
hetero-aggregation. Environ. Pollut. 228, 454-463. https://doi.org/10.1016/j.envpol.2017.05.047.
MacArthur, D.E., Waughray, D., Stuchtey, M., 2016. The new plastics economy, rethinking the future
of plastics. World Economic Forum. http://sites.fitnyc.edu/depts/sustainabilityatfit/Recycling_
Plastic_Co.pdf.

rom King George Island (Antarctica). Int. J.
016/j.ijheh.2018.08.009.

Tigriopus japonicus. Environ. Sci. Technol. 47, 11278-11283.

25



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781

Masnadi, M.S., El-Houjeiri, H.M., Schunack, D., Li, Y.P., Englander, J.G., Badahdah, A., Monfort, J.C.,
Anderson, J.E., Wallington, T.J., Bergerson, J.A., Gordon, D., Koomey, J., Przesmitzki, S., Azevedo,
I.L., Bi, X.T., Duffy, J.E., Heath, G.A., Keoleian, G.A., McGlade, C., Meehan, D.N., Yeh, S., You, F.Q.,
Wang, M., Brandt, A.R., 2018. Global carbon intensity of crude oil production. Science 361, 851-853.
https://science.sciencemag.org/content/361/6405/851.

Mintenig, S.M., Loder, M.G.J., Primpke, S., Gerdts, G., 2019. Low numbers of microplastics detected
in drinking water from ground water sources. Sci. Total Environ. 648, 631-635.
https://doi.org/10.1016/j.scitotenv.2018.08.178.

Moss, R.H., Edmonds, J.A., Hibbard, K.A., Manning, M.R., Rosg, S.K., Vuuren, D.P., Van, Carter, T.R.,
Seita, E., Mikiko, K., Tom, K., 2010. The next generation of scenarios for climate change research and
assessment. Nature 463, 747-756. https://xs.scihub.ltd/https://doi.org/10.1038/nature08823

Nolte, T.M., Hartmann, N.B., Kleijn, J.M., Garnass, J., Van, d.M.D., Jan, H.A., Baun, A., 2017. The
toxicity of plastic nanoparticles to green algae as influenced by surface modification, medium hardness
and cellular adsorption. Aquati. Toxicol.183, 11-20. https://doi.org/10.1016/j.aquatox.2016.12.005.
Ofnann, B.E., Sarau, G., Holtmannspditer, H., Pischetsrieder, M., Christia S.H., Dicke, W.,, 2018.
Small-sized microplastics and pigmented particles in bottled mineral wAQL. es. 141, 307-316.
https://doi.org/10.1016/j.watres.2018.05.027.

OECD, 2018. Improving Plastics Management: Trends, policy response the role of international
co-operation and trade.
http://www.oecd.org/environment/waste/policy-highlights-i

Pa@, A., Duarte, K., Costa, J.P.D., Santos, P.S.M., P greira, M.E., Freitas, A.C., Duarte,
A.C., Rocha-Santos, T.A.P., 2017. Biodegradatiq, thyene microplastics by the marine fungus
Zalerion maritimum. Sci. Total Environ. 586, 1 0i.0rg/10.1016/j.scitotenv.2017.02.017.

no, R., Duarte, A.C., Rocha-Santos, T., 2018.
of plastics in the environment. Crit. Rev. Environ.
§9.2018.1548862.

., Peer, P., Cajthaml, T., Janda, V., 2018. Occurrence of
microplastics in raw al tNgled g drinking water. Sci. Total Environ. 643, 1644-1651.
https://doi.org/10.1016/j.scRptenv4g018.08.102.

Sci. Tec. 49, 1-32. https://doi.org/10.1
Pivokonsky, M., Cermakova, L. VO

PlasticsEurope, Plastics - The facts 2016.
https://www.plasticseur§e.org/en/resources/publications/3-plastics-facts-2016.

PlasticsEurope, 019. Plastics - The facts 20109.
https://www.plasticseurope.org/en/resources/publications/1804-plastics-facts-2019.

PlasticsEurope, 2018. Plastics - The facts 2018.

https://www.plasticseurope.org/en/resources/publications/619-plastics-facts-2018.

Plotkin, J.S., 2015. The propylene gap: how can it be filled. Washington, DC: American Chemical
Society. Accessed December 1, 2018.
https://www.acs.org/content/acs/en/pressroom/cutting-edge-chemistry/the-propylene-gap-how-can-it-be
-filled.html.

Posen, 1.D., Jaramillo, P., Landis, A.E., Griffin, W.M., 2017. Greenhouse gas mitigation for US plastics
production:  energy  first,  feedstocks later.  Environ. Res.  Lett. 12, 034024.
https://doi.org/10.1088/1748-9326/aa60a7.

Rochman, C.M., Tahir, A., Williams, S.L., Baxa, D.V., Lam, R., Miller, J.T., Teh, F.C., Werorilangi, S.,
Teh, S.J., 2015. Anthropogenic debris in seafood: Plastic debris and fibers from textiles in fish and

26



782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825

bivalves sold for human consumption. Sci. Rep. 5, 14340.
https://xs.scihub.ltd/https://doi.org/10.1038/srep14340.

Royer, SJ., Ferrdn, S., Wilson, S.T., Karl, D.M., 2018. Production of methane and ethylene from
plastic in the environment. Plos One 13, e0200574. https://doi.org/10.1371/journal.pone.0200574.
Setdd O., Fleming-Lehtinen, V., Lehtiniemi, M., 2014. Ingestion and transfer of microplastics in the
planktonic food web. Environ. Pollut. 185, 77-83. https://doi.org/10.1016/j.envpol.2013.10.013.
Sharma, S., Chatterjee, S., 2017. Microplastic pollution, a threat to marine ecosystem and human health:
a short review. Environ. Sci. Pollut. Res. 24, 21530-21547. https://doi.org/
10.1007/s11356-017-9910-8.

Shen, M., Ye, S., Zeng, G., Zhang, Y., Xing, L., Tang, W., Wen, X., Liu, S., 2019a. Can microplastics
pose a threat to ocean carbon sequestration? Mar. Pollut. Bull. 150, 110712.
https://doi.org/10.1016/j.marpolbul.2019.110712.

Shen, M., Zeng, G., Zhang, Y., Wen, X., Song, B., Tang, W., 2019b. Can biotechnology strategies
effectively manage environmental (micro)plastics? Sci. Total Environ. 697, 134200.
https://doi.org/10.1016/j.scitotenv.2019.134200.

Shen, M., Zhang, Y., Zhu, Y., Song, B., Zeng, G., Hu, D., Wen, X., Ren,
toxicological research of nanoplastics in the environment: a revie
https://doi.org/10.1016/j.envpol.2019.05.102.

Shen, M., Zhu, VY., Zhang, Y., Zeng, G., Wen, X., Vi,
Micro(nano)plastics: unignorable vectors for organis
https://doi.org/10.1016/j.marpolbul.2019.01.004.

C. Mecent advances in
lut. 252, 511-521.

Ye, S., Rén, X., Song, B., 2019d.
Pollut. Bull. 139, 328-331.

hydrophobic contaminants. Environ.
Teuten, E.L., Saquing, J.M., K e, ., Barlaz, M.A., Jonsson, S., Bjorn, A., Rowland, S.J.,
Thompson, R.C., Galloway, Jap., mahita, R., Ochi, D., Watanuki, Y., Moore, C., Pham, H.V., Tana,
T.S., Prudente, M., Boonyafmandind, R., Zakaria, M.P., Akkhavong, K., Ogata, Y., Hirai, H., Iwasa, S.,
ura, A., Saha, M., Takada, H., 2009. Transport and release of
chemicals from plasticqto the environment and to wildlife. Philos. Trans. R. Soc. B-Biol. Sci. 364,
2027-2045. https://doi.ord/10.1098/rsth.2008.0284.

Thompson, R.C., Olsen, Y., Mitchell, R.P., Davis, A., Rowland, S.J., John, AW.G., McGonigle, D.,
Russell, A.E., 2004. Lost at sea: Where is all the plastic? Science 304, 838-838.
https://science.sciencemag.org/content/304/5672/838.

Toseland, A., Daines, S.J., Clark, J.R., Kirkham, A., Strauss, J., Uhlig, C., Lenton, T.M., Valentin, K.,
Pearson, G.A., Moulton, V., Mock, T., 2013. The impact of temperature on marine phytoplankton
resource allocation and metabolism. Nat. Clim. Chang. 3, 979-984.
https://xs.scihub.ltd/https://doi.org/10.1038/nclimate1989.

Underwood, G.J.C., Boulcott, M., Raines, C.A., Waldron, K., 2004. Environmental effects on
exopolymer production by marine benthic diatoms: dynamics, changes in composition, and pathways
of production. J. Phycol. 40, 293-304. https://doi.org/10.1111/j.1529-8817.2004.03076.X.

US Energy Information Administration, 2018. International Energy Outlook 2017.

US EPA, 2016. Advancing Sustainable Materials Management: 2014 Fact Sheet.

Mizukawa, K., Hag

27



826
827
828
829
830
831
832
833
834
835
836
837
838
839
840
841
842
843
844
845
846
847
848
849

850

https://www.epa.gov/sites/production/files/2016-11/documents/2014_smmfactsheet_508.pdf.

US EPA, 2018a. Controlling Air Pollution from the Oil and Natural Gas Industry.
https://www.epa.gov/controlling-air-pollution-oil-and-naturalgas-industry.

US EPA, 2018b. Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2016. https://
www.epa.gov/ghgemissions/inventory-usgreenhouse-gas-emissions-andsinks-1990-2016.

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B.D., van Franeker, J.A., Eriksen,
M., Siegel, D., Galgani, F., Law, K.L., 2015. A global inventory of small floating plastic debris.
Environ. Res. Lett. 10, 124006. https://doi.org/10.1088/1748-9326/10/12/124006.

Velzeboer, 1., ., Kwadijk, C.J.A.F., Koelmans, A.A., 2014. Strong sorption of PCBs to nanoplastics,
microplastics, carbon nanotubes, and fullerenes. Environ. Sci. Technol. 48, 4869-4876.
https://doi.org/10.1021/es405721v.

Ward, J.E., Kach, D.J., 2009. Marine aggregates facilitate ingestion of nanoparticles by
suspension-feeding bivalves. Mar.Environ. Res. 68. 137-142.
https://doi.org/10.1016/j.marenvres.2009.05.002.

Wieczorek, A.M., Croot, P.L., Lombard, F., Sheahan, J.N., Doyle, T.K., 201 Icroplastic ingestion by

gelatinous zooplankton may lower efficiency of the biological pum n.ysci. Technol. 53,
5387-5395. https://doi.org/10.1021/acs.est.8b07174.
Woodall, L.C., Sanchezvidal, A., Canals, M., Paterson, G.L., Coppoc NSleight, V., Calafat, A.,

Rogers, A.D., Narayanaswamy, B.E., Thompson, R.C., 2. The deep sea is a major sink for
microplastic debris. Roy. Soc. Open Sci. 1, 140317. https://d@ 0.1098/rs0s.140317.

Working Group | of the IPCC, 2013. Climate change 2 [ Ical science basis. Contr Work 43,
866-871. http://climatechange2013.org.

Yang, D., Shi, H., Li, L., Li, J., Jabeen, K., K
salts from China. Environ. Sci.Technol. 49, -1

<
()Q

. https://doi.org/10.1021/acs.est.5b03163.

28





