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Plastic pollution and climate change are two major environmental issues of this
century, with implications for ecosystem health, the economy, and humankind.
Plastics have the potential to affect the climate in multiple ways, yet we lack a
thorough understanding of what data we have on this phenomenon and where
the knowledge gaps are. Here, we conducted a systematic review to assemble
knowledge and answer the question: How do plastics impact climate through
three major mechanisms—emissions of greenhouse gases across the plastics
lifecycle, interference with Earth's carbon sinks, and interference with Earth's
radiation budget? We searched through all 14 databases in Web of Science for
relevant articles, and amended this pool with articles from manual reference
searching and expert elicitations. Using rigorous inclusion and exclusion criteria,
including the exclusion of non-peer reviewed studies to minimize risk of bias, we
ultimately selected 143 articles for our review - 36 lifecycle greenhouse gas emissions
papers, 83 carbon sink papers, and 24 radiation budget papers. Based on current
available data, we found that the plastics lifecycle can emit up to two gigatonnes of
carbon dioxide equivalents per year, with the most emissions being produced at the
primary production and product manufacture stages. From existing carbon sink
studies, we identified more instances of plastics negatively affecting carbon
sequestration than vice versa. From the radiation budget papers, we found that
radiative impacts are predominantly cooling in nature. The body of evidence is
incomplete and more research is needed to confirm these findings and fill in
existing knowledge gaps. Future work should prioritize quantifying greenhouse gas
emissions from the transportation, consumption, and unmanaged waste stages of the
plastics lifecycle. We need more studies that examine the impact of plastics on coastal
blue carbon ecosystems and marine carbon sequestration endpoints, and more
studies examining the impact of plastics on direct radiative forcing via aerosols,
cloud properties, and the albedo/melting rate of surfaces and ice/snow. Immediate
action is required to decarbonize the plastics lifecycle, and full accounting of the
climate impact of plastics is needed in emissions scenarios, inventories, and climate
models across geographies and sectors.

plastics, climate, climate change, lifecycle, greenhouse gas emissions, carbon cycling,
radiative forcing, plastic pollution

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fenvs.2025.1563488/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1563488/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1563488/full
https://www.frontiersin.org/articles/10.3389/fenvs.2025.1563488/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2025.1563488&domain=pdf&date_stamp=2025-04-08
mailto:alice.zhu@mun.ca
mailto:alice.zhu@mun.ca
https://doi.org/10.3389/fenvs.2025.1563488
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2025.1563488

Zhu et al.

BOX 1 | Glossary of terms.

Definitions of key terminology used in this study are found here, some of
which have been adapted from other sources (GRID-Arendal, 2024;
Villarrubia-Gomez et al., 2024).

Albedo: Percentage of incident radiation that is reflected from a surface.

Biological carbon pump (BCP): The mechanism by which the ocean stores
carbon on the order of centuries; the BCP encompasses the mixing,
gravitational, and migrant pumps which transport carbon to the deep ocean.

Carbon sink: A place of storage of carbon, for instance the ocean or soils,
which slow the rise of carbon dioxide (CO,) in the atmosphere.

Chemical recycling: The process by which plastic waste is broken down
into its molecular constituents using chemical reactions, often employing high
temperatures and harsh solvents. Chemical, or “advanced” recycling,
depolymerizes plastics into monomers or other substances. The products
derived from chemical recycling, including gases and liquid feedstocks,
form feedstock for the production of new polymers, chemicals, or fuels.

Conventional plastics: Refers to a variety of synthetic polymers which are
produced from the polymerization of petrochemical feedstocks. They often
contain additives including plasticizers, flame retardants, pigments, and other
petrochemicals.

Coastal blue carbon ecosystems: Coastal ecosystems, in particular salt
marshes, seagrasses, and mangroves, which account for a relatively small area
globally but play a major role in carbon sequestration.

Earth’s radiation budget: The balance of incoming radiation towards the
Earth’s surface and outgoing radiation away from the Earth’s surface, which
helps maintain the surface temperature of the Earth.

Incineration: The burning of waste material at high temperatures in a
controlled environment.

Landfilling: The disposal of waste material in a dedicated location, usually
lined with barriers to prevent contamination of the surrounding landscape.

Macroplastics: Plastic particles accumulating in the environment which are
greater than 5 mm in diameter.

Marine ecosystems: Refers to diverse habitats found in the global ocean
and its biota.

Mechanical recycling: The shredding, grinding, washing, drying, and re-
pelletizing of plastic waste for conversion into secondary raw materials,
without significant alteration to its chemical structure.

Microplastics: Plastic particles accumulating in the environment which are
1 um-5 mm in diameter.

Monomer: Molecules which form the building blocks of plastics. They are
linked together repeatedly to form long polymer chains.

Nanoplastics: Plastic particles accumulating in the environment which are
less than 1 pum in diameter.

Open burning: The burning of waste material outdoors, resulting in the
direct release of greenhouse gases, volatile organic compounds, and toxic
compounds into the atmosphere and surroundings.

Open dumping: The disposal of waste in areas that are not designed to
handle them, including on land or in water, with consequences including air,
soil, and water pollution.

Plastic debris: Pieces of plastic that have infiltrated into the environment.

Plastic pollution: Pollution refers to the introduction of plastics and the
chemicals in them into the ecosphere, i.e., into the system of living and non-
living components, including humans.

Plastic waste: Waste is the unwanted or unusable plastic material that
remains after its intended use.

Polymer: Long chains of monomers linked together by chemical bonds,
which can be natural or synthetic. Plastics are examples of synthetic polymers.

Terrestrial ecosystems: Refers to land-based ecosystems, excluding coastal
blue carbon ecosystems.

Abbreviations: LLDPE, Linear low-density polyethylene; LDPE, Low-density
polyethylene; PE, Polyethylene; PMMA; Polymethyl methacrylate; PP,
Polypropylene; PS, Polystyrene; PVC, Polyvinyl chloride.

Frontiers in Environmental Science

10.3389/fenvs.2025.1563488

1 Introduction

Plastic pollution and climate change are two of the most pressing
global environmental issues of the 21st century, and are pushing
humanity towards the limits of our planet’s safe operating space
(Rockstréom et al., 2009; United Nations, 2015; Villarrubia-Gomez
etal., 2024; Villarrubia-Gomez et al., 2018). Both of these issues need
to be addressed in order to achieve the United Nations Sustainable
Development Goals (UN SDGs) of Climate Action (SDG 13) and
Life Under Water (SDG 14), among others (SDG 3 “Good Health
and Wellbeing”, SDG 6 “Clean Water and Sanitation”, SDG
12 “Responsible Consumption and Production”, and SDG
15 “Life on Land”) (United Nations, 2015). However, the way in
which these issues interact with and potentially exacerbate one
another is poorly understood. To date there is no rigorous
synthesis of knowledge on how plastics affect climate change,
and via which mechanisms. A thorough understanding of how
plastics affect climate change is crucial to effectively mitigate
both issues (Ford et al., 2022; Zhu, 2021a).

Conventional plastic polymers are produced from the
polymerization feedstocks
International Environmental Law, 2019; Zhu, 2021a). They often

of petrochemical (Center for
contain additives including plasticizers, flame retardants, and
pigments (Rochman et al, 2019). Plastic is a wonder material
used in our everyday lives, playing a vital role in the technology,
medical, and transportation industries, among others
2017). plastics leak into the
environment throughout their lifecycle, and especially after their
useful phase of life; over time, these plastics break down into smaller

(PlasticsEurope, However,

and smaller pieces, often with negative consequences for ecosystems
and biota (Geyer et al., 2017; Rochman et al., 2019; Thompson et al.,
2004) and people (Leslie et al., 2022; Ragusa et al., 2021; Vethaak and
Leslie, 2016; Wright and Kelly, 2017). Plastic particles less than
5 mm in diameter are referred as to microplastics (Thompson et al.,
2004), and particles less than 1 um are referred to as nanoplastics
(Koelmans et al., 2015).

Plastics affect the climate in numerous ways. There are three
major mechanisms through which plastics impact climate, or
(GHG)
throughout the plastics lifecycle, 2) impacts to carbon cycling,

“impact categories”™ 1) greenhouse gas emissions
and 3) impacts to the Earth’s radiation budget. GHG emissions
exist at every single step of the plastics lifecycle, due to the energy
needed to fuel these lifecycle processes such as fossil fuel extraction,
and plastic and related petrochemical manufacture and production,
as well as to emissions of GHGs as a result of plastic degradation or
burning (Zheng and Suh, 2019). By 2050, it is anticipated that GHG
emissions from the plastics lifecycle can consume up to 13% of
Earth’s remaining carbon budget based on existing estimates
(Center for 1989). Black

carbon is also an emission of interest from the plastics lifecycle,

International Environmental Law,
produced from the burning or incineration of plastics—it is an
effect on the

(Intergovernmental Panel on Climate Change, 2021). Upon

aerosol that has a warming planet
incorporation into ice/snow, it can reduce their albedo and
increase their melting rate (Hadley and Kirchstetter, 2012).

However, knowledge about emissions across the lifecycle has not
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FIGURE 1

PRISMA flowchart showing the systematic process used to identify relevant studies for this review. The search query used to find relevant articles can

be found in Supplementary Text S1.

been synthesized to date across peer-reviewed literature. This
precludes an understanding of how much we know about the
impact of plastic on climate across its lifecycle, which steps are
the most polluting, and where the knowledge gaps are.

Plastics may also impact carbon cycling, in particular Earth’s
ability to sequester carbon. There has been increasing concern around
how plastic debris may impact the ability of terrestrial and marine
ecosystems to photosynthesize, affect soil carbon stores, and affect the
biological carbon pump (BCP) (Galgani and Loiselle, 2021; Shen et al,,
2020; Zhao et al., 2023). As a result, studies in this area have been
increasing over the years (Cole et al, 2016; Hou et al., 2023; Meng
et al, 2023; Zhao et al, 2023). There have been numerous studies
published that discuss the potential impact of plastic pollution on
Earth’s natural carbon sinks, however many of these studies do not
provide evidence of impact, i.e., they only speculate on the potential
effects. A more thorough analysis is required to disentangle
speculation from true effect.

The third major category of impacts is how plastics may
interfere with Earth’s radiation budget. As more and more plastic
pollution enters the environment and breaks up into smaller
pieces, scientists are detecting increasing concentrations of
plastic aerosols, which are micro- and nano-plastic particles
suspended in the atmosphere [e.g., (Allen et al., 2022; Rosso
et al,, 2023; Trainic et al., 2020)] as well as higher abundances of
micro- and nano-plastic particles incorporated into snow, ice,
and clouds [e.g., (Crosta et al., 2022; Wang et al.,, 2023; Zhang
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et al., 2022)]. These particles may influence how the Earth
(UV)
outgoing longwave radiation, affecting the ability of the Earth

interacts with incoming ultraviolet radiation and
to maintain its current temperature. It is necessary to assemble
what we know about the impact of plastics on Earth’s radiation
budget and identify future steps for research in order to gain a
comprehensive understanding of how plastics are impacting
Earth’s climate.

Here, we conducted a systematic review to determine the current
state of knowledge on how plastics, and their inherent pollution,
impact climate change, identify knowledge gaps, and provide next
steps to inform future research. We also discuss necessary policy
recommendations to provide for full accounting and reduce the
impact of plastics on the Earth’s climate.

2 Materials and methods
2.1 Identifying relevant studies

We followed the guidelines of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses 2020 (PRISMA) (Page et al.,
2021) in our identification and selection of relevant studies. The
PRISMA flowchart is shown in Figure 1.

We searched Web of Science All Databases on 29 August 2023,
using a search query (Supplementary Text S1) to find relevant studies
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FIGURE 2

Synthesis of existing knowledge on GHG emissions from the plastics lifecycle. The plastics lifecycle is broken down into the primary production,
product manufacture, transportation and consumption, and after use stages (waste management and unmanaged waste). Barplots show the number of
studies that reported absolute GHG emissions and/or emissions intensities for specific stages of the plastics lifecycle. Entity refers to GHG emissions or

GHG emissions intensity.

for the period of 1 January 1900 to 29 August 2023 using keywords
relevant to GHG emissions from the plastics lifecycle, the impact of
plastics on carbon sinks, and the impact of plastics on Earth’s
radiation budget. Multiple methods were used to retrieve articles.
We searched through all 14 databases within Web of Science across all
editions. We also identified relevant studies by manually searching
through the reference lists of articles and via expert elicitation (we
expand on this further below). A total of 6,374 studies were
identified from the initial search on Web of Science All
Databases (Figure 1). After removing duplicates, 6,325 studies
remained (Figure 1). Two independent reviewers (the co-authors)
filtered through the studies using abstract and title; we removed
studies where the full-text was not available, studies were not
written in English, the material was non-peer reviewed, and where
studies were not relevant to the impacts of plastics on climate via
one of the three mechanisms (lifecycle GHG emissions, impacts
to carbon cycling, to the Earth’s radiation
budget) (Figure 1).

For lifecycle GHG emissions studies, we included studies

or impacts

that report at least one GHG emissions or GHG emissions
intensity estimate pertaining to the plastics lifecycle. For
carbon cycling studies, we included studies where the
impact of plastics on at least one endpoint relevant to carbon
cycling was measured or speculated. For radiative studies, we
included studies where the impact of plastic on a radiative
forcing (RF) mechanism was measured or speculated. We
excluded studies that quantified plastic in an environmental

Frontiers in Environmental Science

04

matrix (soil, water, biota) without discussing impact. For
lifecycle studies and carbon cycling studies that measured
soil respiration as an endpoint, we only included studies that
focused on carbon dioxide (CO,) or methane (CH,), the two
greenhouse gases that account for the greatest amount of
anthropogenic warming to date (Intergovernmental Panel on
Climate Change, 2021), as well as any studies that report
emissions of black carbon from open burning. For carbon
cycling studies we focused on terrestrial and marine
ecosystems, and excluded studies on freshwater ecosystems
owing to their relatively smaller capacity for carbon
sequestration. We focused on studies where at least one of
the plastics tested was a conventional polymer (i.e., we
excluded studies that only used bioplastics—please see
Supplementary Text S2 for more information). We were left
with 250 studies after filtering using abstract and title. The
remaining 250 studies were assessed again for relevance against
the same exclusion criteria, but this time by examining
the full text.

We also elicited relevant articles from experts and manually
searched through reference lists to identify relevant studies, as a
quality assurance/quality control step, to ensure that the collection
of articles informing our evidence base is comprehensive. After
incorporating 28 records identified via expert elicitation and by
searching through the reference lists of included studies, we were left
with 143 studies for our systematic review: 36 lifecycle papers,

83 carbon cycling papers, and 24 radiation papers (Figure 1;
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Supplementary Table SI contains all the papers we considered in
our review).

We screened our final selection of studies for quality. We
checked that all lifecycle GHG emissions, carbon cycling, and
radiative studies described their methodology in a reproducible
way. We ensured that all carbon cycling and radiative studies
have a control (for experimental studies) and have replicates (for
field sampling and experimental studies).

2.2 Extracting relevant information

We extracted relevant information from studies for data
analysis. Details can be found in Supplementary Text S3.

2.3 Data analysis and presentation

R 3.4.3 was used to generate all barplots. Adobe Illustrator 2024 was
used to generate summary figures (Figures 2—4). Figures 2—4 summarize
the amount of attention being paid to the climate effects of plastics by
lifecycle stage (Figure 2), ecosystem (Figure 3), and radiative forcing
mechanism (Figure 4). Figures 3, 4 shed light on how much speculation
of effect exists relative to the actual testing of effects. Ultimately, these
figures show what data and where the
knowledge gaps are.

exists currently,

3 Results

A summary of publication trends can be found in

Supplementary Text S4 and Supplementary Figure S1.

10.3389/fenvs.2025.1563488

3.1 Study characteristics and synthesis of
current knowledge

3.1.1 GHG emissions from the plastics lifecycle

All 36 studies in the category of GHG emissions from the
plastics lifecycle are primary articles [please see Supplementary
Data Material for all study characteristics (Zhu, 2025)]. A total of
14 studies reported absolute GHG emissions, and 26 studies
reported GHG emissions intensities from one or more stages of
the plastics lifecycle. Nine studies were global in scale, two were
continental, 23 were national, and four had unspecified
geographies. GHG emissions were reported in units of either
carbon dioxide (CO,) or carbon dioxide equivalents (COe).
Units of CO,e are used to standardize the global warming
potential of other greenhouse gases to that of CO,. Emissions
intensities were reported in units of CO,e/unit plastic or kWh/unit
plastic, which can be used to derive CO,e. We focused on the CO,e
emissions intensities for all subsequent analyses. The amount of
data available on GHG emissions and emissions intensities is
summarized by plastics lifecycle stage in Figure 2. One study
quantified black carbon emissions from the open burning of
plastics (Cruz et al., 2022).

There exist nine GHG emissions quantifications and two
emissions intensity estimates for the entire plastics lifecycle
(Figure 2). There are both nine emissions estimates as well as
nine emissions intensity estimates for the primary production
stage; six emissions estimates and one emissions intensity
estimate for the product manufacture stage, one emissions
for the
transportation stage; one emissions estimate for the consumption

estimate and three emissions intensity estimates
stage; fourteen estimates for both emissions as well as emissions

intensities for the waste management stage; and finally, three

TABLE 1 Summary of reported annual GHG emissions and GHG emissions intensity values for each stage of the plastics lifecycle from the scientific
literature. Ranges of reported ranges are shown.

Lifecycle stage Primary Product Transportation Consumption Waste Unmanaged
production manufacture management waste

Total Global | 1,085-1700 535 NA NA 16-322 NA

emissions

(MT COse) National = 11.24-377.36 3.8-185 NA NA 0.04-55.62 <0.01-0.002

Emissions intensities (kg | 1.82-12.9 2.203 0.0331-0.128 NA —0.04-6.13 0.112

CO,e/kg plastic)

NA, indicates missing information. Electricity intensities (kWh/unit plastic) and emissions intensities for unmanaged waste that are not in units of kg CO,e/kg plastic are not shown. Some of

these ranges are informed by polymer-specific data.

TABLE 2 Summary of reported annual GHG emissions and GHG emissions intensity values for different waste management strategies for the waste
management stage of the plastics lifecycle. Ranges of reported values are shown.

WENE Recycling Mechanical Chemical Incineration Open Open Landfill
management (unspecified) recycling recycling burning  dumping

option

Total Global | 49 NA 30 96-322 NA NA 16-17
emissions

(MT COse) | National = 0.05-55 0.71-9 03 3.6-55.62 0.21-0.50 0.58 ‘ 0.04-13
Emissions intensities (kg = 0.003-0.63 0.005-0.91 ~0.04-1.87 0.15-3.01 NA 1515 0.015-1.16

CO,e/kg plastic)

Electricity intensities (kWh/unit plastic) are not shown. The “Recycling (unspecified)” category is the catch-all for GHG, emissions data where the type of recycling was not specified. Some of

these ranges are informed by polymer-specific data.
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emissions estimates and six emissions intensity estimates for the
unmanaged waste stage (Figure 2).

Ranges of annual GHG emissions and GHG emissions
intensities reported in the literature are summarized by plastics
lifecycle stage in Table 1. All GHG emissions and emissions intensity
estimates are non-polymer specific unless otherwise noted. We
combined polymer-specific and non-polymer specific GHG data
in our tables because our goal was to assess how much information
exists at each stage of the plastics lifecycle across geographies, not
how GHG emissions and GHG emissions intensity estimates differ
between polymer types. However, we still discuss the extent of
known polymer-specific GHG data (for the timeframe included
in this study) later in this section.

All studies reported non-polymer specific GHG emissions
estimates except for Chu et al. (2022a) which reported GHG
emissions specific to the PET lifecycle in China. Globally, GHG
emissions at the primary production stage of the plastics lifecycle
span 1,085-1700 million tonnes (MT) CO,e (Table 1). An estimated
535 MT CO,e of emissions are associated with the product
manufacture stage, and 16-322 MT CO,e of emissions are
associated with the waste management stage (Table 1). At the
national scale, emissions from the primary production stage span
11.24-377.36 MT CO,e, emissions from the product manufacture
stage span 3.8-185 MT CO,e (185 MT CO,e pertains to PET),
emissions from the waste management stage span 0.04-55.62 MT
CO,e, and emissions from unmanaged waste span <0.01-0.002 MT
CO,e (Table 1). There is no data on GHG emissions for the
transportation or consumption stages nationally or globally, and
no data on emissions for the unmanaged waste stage at the global

10.3389/fenvs.2025.1563488

level (Table 1). Polymer-specific GHG emissions intensity estimates
for the plastics lifecycle were reported by 7 out of 36 lifecycle GHG
studies (An et al., 2022; Bora et al, 2020; Chung et al.,, 2003;
Drewniok et al., 2023; Goga et al.,, 2023; Poovarodom et al., 2015;
Zappitelli et al., 2021) - all other GHG emissions intensity estimates
are non-polymer specific. Emissions intensities span 1.82 (LLDPE) -
12.9 (LDPE) kg CO,e/kg plastic for the primary production stage,
2.203 kg CO,e/kg plastic for the product manufacture stage, —0.04-
6.13 (6.13 kg CO,e/kg plastic pertains to Polyamide 6) kg CO,e/kg
plastic for the waste management stage, and 0.112 kg CO,e/kg
plastic for unmanaged waste (Table 1). GHG emissions intensities
for the consumption stage are currently unavailable (Table 1).

Taking a deeper dive into emissions and intensities associated
with specific waste management strategies, Table 2 summarizes the
ranges of these values across the literature. Mechanical recycling
refers to the reprocessing of plastic material into secondary raw
materials via physical means, such as grinding and shedding. Forms
of chemical recycling explored in studies include coke oven,
pyrolysis, gasification, and gasification-pyrolysis. Incineration and
landfill refer to the burning and disposal of waste materials in
controlled facilities, while open burning and open dumping are
counterparts to the above two processes but performed in an
uncontrolled manner.

Globally, recycling (type unspecified) is associated with
emissions of 49 MT CO,e, chemical recycling with emissions of
30 MT COse, incineration with emissions of 96-322 MT CO,e, and
landfilling with emissions of 16-17 MT CO,e (Table 2). Nationally,
recycling (unspecified) is associated with emissions of 0.05-55 MT
CO,e, mechanical recycling with emissions of 0.71-9 MT CO,e
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(9 MT CO,e pertains to PET), chemical recycling with emissions of
0.3 MT CO,e for PET, incineration with emissions of 3.6-55.62 MT
CO,e, open burning with emissions of 0.21-0.50 MT CO,e, open
dumping with emissions of 0.58 MT CO,e, and landfilling with
emissions of 0.04-1.3 MT CO,e (1.3 MT CO,e pertains to PET)
(Table 2). Emissions intensities span 0.003-0.63 kg CO,e/kg plastic
for recycling (unspecified), 0.005-0.91 kg CO,e/kg plastic for
mechanical recycling, —0.04-1.87 kg CO,e/kg plastic for chemical
recycling, 0.15-3.01 kg CO,e/kg plastic for incineration (0.15 kg
CO,e/kg plastic pertains to PP), 1.515 kg CO,e/kg plastic for open
dumping, and 0.015-1.16 kg CO,e/kg plastic for landfilling (1.16 kg
CO,e/kg plastic pertains to PP) (Table 2). Our review did not find
any GHG emissions estimates associated with open burning or open
dumping at the global scale, or GHG emissions intensities associated
with the open burning of plastic waste (Table 2).

PS had the greatest polymer-specific GHG emissions intensity
and HDPE the lowest at the primary production stage, out of HDPE,
LDPE, PP, PET, PVC, PS, and other plastics, based on a 2023 study
conducted in South Africa (Goga et al, 2023). A 2022 study
conducted in China found that PVC had the greatest polymer-
specific GHG emissions intensity and PE the lowest at the primary
production stage, out of PVC, PP, and PE (An et al, 2022).
Interestingly, the majority of polymer-specific GHG emissions
intensity estimates to date have been reported for the primary
conversion, and

production,  product

(environmental degradation) stages of the plastics lifecycle. Only

unmanaged  waste

one study has reported polymer-specific GHG emissions intensities
for end-of-life treatment strategies of waste polypropylene (Bora
et al, 2020). This makes sense as different polymers are often
lumped and treated together as mixed plastic waste [e.g.,
(Demetrious and Crossin, 2019; Gradus et al., 2017; Jang et al,
2020; Shan et al., 2023)]. However, this precludes an understanding
of the carbon footprint of different polymer types in the waste
management system.

Global GHG emissions from the plastics lifecycle vary depending
on the source of the emissions intensity data used in calculations and the
geographic scale of the data (Cabernard et al,, 2021; Zheng and Suh,
2019). Cabernard et al. (2021) divided the world into 49 regions and
estimated the GHG emissions from 163 industrial sectors per region,
while Zheng and Suh (2019) estimated GHG emissions for the entire
world as a single region. GHG emissions across the plastics lifecycle as
well as across waste management strategies exhibit greater variation at
the national scale than the global scale (Table 1, 2). This is due to the fact
that GHG emissions are often estimated via GHG emissions intensities,
which are influenced by the differences in energy mix of the individual
countries (Fruergaard et al, 2009). GHG emissions and emissions
intensities also vary depending on the year in which studies
were conducted.

3.1.2 Impact of plastics on carbon cycling

We identified 83 studies pertaining to the impact of plastics on
carbon sequestration by Earth’s natural carbon sinks. A detailed
breakdown of all the characteristics of the selected studies can be
found in the Supplementary Data Material (Zhu, 2025). A total of
47 studies focused on impacts on terrestrial ecosystems, 6 studies
focused on coastal blue carbon ecosystems, and 30 studies focused
on marine ecosystems. Fifty-four studies tested the impact of plastics
on carbon sequestration, 20 studies were reviews, and 9 studies
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speculated an impact (Figure 3). Studies that tested the impact of
plastics on carbon sequestration deployed an experimentation (n =
51), modelling (n = 2), or field sampling approach (n = 1). Studies
that speculated an impact on carbon cycling did not provide
evidence to support their claim that an impact exists, for instance
by conducting an experiment.

For terrestrial and coastal blue carbon ecosystem studies, soil
sampling depths ranged from 5 cm (Chen et al, 2022) to 30 cm
(Elbasiouny et al,, 2023). The most frequently tested soil types were
sandy soil (n = 12) and clay soil (n = 4). Experiment lengths ranged
from 7 days to 10 years, with a median length of 53 days. Plastics used in
experiments ranged from <200 nm in diameter (Pang et al., 2023) to
objects as large as 25 cm in length (Menicagli et al., 2023). Microplastic
morphologies used in experiments include fragments, films, spheres,
tire wear particles, and microplastic powder purchased from
manufacturers; the top three morphologies used in experiments
were sphere (n = 14), film (n = 10), and fiber (n = 8). Studies
deployed a variety of conventional plastic polymer types in
experiments; the top three polymers used in experiments were PE
(n=23), PP (n =9), and polyester (n = 6). Polymers were added to soil
in pristine or aged forms, or in combination with co-stressors such as
heavy metal mixtures (Mai et al., 2023), flame retardants (Han et al,
2023), and carbon nanotubes (Wang et al, 2022); a total of 19 of
39 studies investigated the effect of plastics on soil with a co-stressor.
Experimental studies deployed soil microplastic concentrations ranging
from 0.0005% w/w polystyrene spheres (Xu et al., 2021) to 75% w/w tire
wear particles (Sourkové et al., 2021).

For marine ecosystem studies, length of the experiment or
simulation ranged from 3 hours (Bermudez et al, 2021) to multiple
centuries (Kvale et al,, 2021). Plastics used in the experiments ranged
from 100 nm to 7 mm. Microplastic morphologies used in experiments
only consist of spheres (n = 9) or fragments (n = 2), apart from
unspecified particle morphologies. Material types deployed in
experiments only include the conventional plastic polymers of PS
(n =7), PE (n = 5), and PMMA (n = 1), apart from unspecified
polymer types. These polymers were used on their own or in
conjunction with co-stressors (e.g., UV filters, plastic additives, UV-
B radiation, ocean warming); seven out of 15 studies tested the effects of
plastics on marine endpoints in conjunction with one or more co-
stressors. Concentrations were reported in a variety of units, including
mg/L (range 0.01-100 mg/L), % w/v solution (2.5% w/v), items/mL
(range 430-10° items/mL), and % v/v solution (range 0.0053%-
0.053% V/v).

A total of 12 climate-relevant endpoints were commonly
investigated or speculated by authors (for primary articles or studies
that tested an effect). For terrestrial and coastal blue carbon ecosystem
studies, these endpoints include: shift in microbial community, shift
towards carbon sequestering strains, change in soil properties, carbon
fixation via plants (or photosynthesis capacity), soil carbon stores,
integrity/health of soil biota, and soil respiration. If the addition of
plastic to soil increases the abundance of carbon sequestering strains of
bacteria, which would help to release carbon from plastics and
contribute to soil organic carbon, this would impose a cooling effect
on the climate; a shift away from carbon sequestering strains or a
negative effect on abundance of carbon sequestering strains indicates
carbon mineralization or the loss of carbon from soil as carbon dioxide,
resulting in a warming effect on climate. If the addition of plastics to soil
hinders the ability of plants to fix carbon, then a warming effect results;
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vice versa, if plastics enhance carbon fixation by plants, this would result
in a cooling effect. Plastics decreasing soil carbon stores (negative effect)
results in a warming effect on climate; vice versa, a cooling effect. If soil
biota are harmed, this may have implications for how much carbon soils
are capable of storing, which would also exacerbate climate change-a
negative effect on the health/integrity of soil biota results in a warming
effect; vice versa, a cooling effect. Plastics increasing soil respiration rates
(positive effect) results in a warming effect; vice versa, a cooling effect.

For marine studies, relevant endpoints reported in the literature
include: functioning of the BCP, health/integrity of marine bacteria,
health/integrity of phytoplankton, health/integrity of zooplankton,
and ocean carbon uptake capacity. The BCP is a major mechanism
by which carbon is permanently stored in the deep ocean; if this
mechanism is disrupted, this may impact the drawdown of
atmospheric carbon dioxide into the ocean and ultimately how
much carbon the ocean can sequester—a negative impact on the BCP
results in a warming effect on climate; vice versa, a cooling effect. For
this endpoint, researchers often investigated the impact of plastic on
fecal pellet or marine snow sinking rate. In addition, the health of
marine organisms (including phytoplankton, zooplankton, and
marine bacteria) is crucial to maintaining the ocean’s carbon
cycle-a negative impact on the health/integrity of marine
organisms results in a warming effect; vice versa, a cooling effect.
Finally, some researchers investigated the impact of marine plastic
on the drawdown of atmospheric carbon dioxide into the ocean-a
negative effect on drawdown translates into a warming effect on
climate; an increase in carbon dioxide drawdown would constitute a
cooling effect. For each endpoint, we summarized how many times

10.3389/fenvs.2025.1563488

an effect was found or not found, and if applicable, the direction of
effect for that endpoint (Table 3). Treatments where no effect was
found tested for an effect, but the result was statistically insignificant.
Treatments where an unclear effect was found generated results that
were difficult to interpret, or where the resulting impact on climate
change was unclear.

Overwhelmingly, experimental soil (terrestrial and coastal blue
carbon) studies found that plastics induced a shift in microbial
community (86% of treatments) and changed soil properties (87%
of treatments). Apart from unclear results, forty percent (40%) of
treatments found that there was a shift away from carbon
sequestering strains upon administration of plastic in some form to
the soil relative to the control, followed by 27% that found no significant
effect (Table 3). Twenty-seven percent (27%) of treatments found a
negative effect of plastic on carbon fixation capacity of plants relative to
the control, followed by 13% that found no significant effect (Table 3).
Nearly fifty percent (48%) of treatments found that the addition of
plastics to soil increased soil carbon stores in the form of dissolved
organic carbon (DOC), soil organic carbon (SOC), or soil organic
matter (SOM), followed by 31% that found no significant effect
(Table 3). Forty-seven (45%) of treatments found that addition of
plastics to soil exhibited a negative effect on the health/integrity of soil
biota relative to the control, followed by 14% that found no significant
effect (Table 3). The majority of treatments (71%) that tested the impact
of plastics on soil respiration found that addition of plastics to soil
increased soil respiration rates relative to the control; studies that found
plastic decreased soil respiration rates and studies that found no
significant effect were tied at 14% (Table 3).

TABLE 3 a) Summary of the number of treatments where an effect was found, and where an effect was not found for the endpoints of “shift in microbial
community” and “change in soil properties”. b) Summary of number of treatments where a negative effect, no effect, positive effect, or unclear effect was
found for the listed endpoints. Percentages are shown in parentheses.

a) Effect

Endpoint
Shift in microbial community 139 (86%) 22 (14%)
Change in soil properties 167 (87%) 26 (13%)

b) Direction of Effect
Endpoint Negative No Effect Positive Unclear
Shift towards carbon sequestering strains 19 (40%) 13 (27%) 9 (19%) 7 (15%)
Carbon fixation via plants 14 (27%) 7 (13%) 1 (2%) 30 (58%)
Soil carbon stores (SOC, DOC, or SOM content) 30 (20%) 48 (31%) 73 (48%) 2 (1%)
Health/integrity of soil biota 33 (45%) 10 (14%) 6 (8%) 24 (33%)
Soil respiration 3 (14%) 3 (14%) 15 (71%) 0 (0%)
Biological carbon pump (long-term ocean carbon sequestration) 4 (100%) 0 (0%) 0 (0%) 0 (0%)
Health/integrity of marine bacteria 4 (33%) 8 (67%) 0 (0%) 0 (0%)
Health/integrity of phytoplankton 24 (86%) 4 (14%) 0 (0%) 0 (0%)
Health/integrity of zooplankton 55 (17%) 264 (82%) 1 (0%) 3 (1%)
Carbon dioxide drawdown into surface waters 0 (0%) 1 (33%) 0 (0%) 2 (67%)

These effects are based on information from studies that tested for an impact on carbon sequestration only (no reviews or speculated studies). A treatment was considered to have an unclear
effect if the results were difficult to interpret, or if it is not clear how the results specifically impact climate change. Note: A study can have more than one treatment or test examining how plastics
impact climate. Direction of effect does not necessarily align with direction of effect on warming.
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TABLE 4 Summary of the number of treatments where a negative effect, no effect, positive effect, or unclear effect was found for the listed endpoints.

Percentages are shown in parentheses.

Direction of effect

Endpoint Negative
Direct radiative forcing via aerosols 2 (67%)
Indirect radiative forcing via clouds 0 (0%)
Albedo 0 (0%)

1 (33%)
‘ 0 (0%)

0 (0%)

No Effect Positive Unclear
0 (0%) 0 (0%)

‘ 0 (0%) 12 (100%)
‘ 6 (100%) 0 (0%)

These effects are based on information from studies that tested for an impact on Earth’s radiation budget only (no speculated studies). Note: No studies tested for an impact on melting rate. A
study can have more than one treatment or test examining how plastics impact climate. Direction of effect does not necessarily align with direction of effect on warming.

In terms of climate-relevant endpoints for carbon cycling studies
on marine ecosystems, apart from unclear results: 100% of
treatments found that plastics negatively impacted the
functioning of the BCP (Table 3). The majority (67%) of
treatments that examined the effect of plastics on marine bacteria
found that plastic exerted no significant effect on their health/
integrity, followed by 33% that found a negative effect (Table 3).
Eighty-six (86%) of treatments found that plastic negatively
impacted phytoplankton, followed by 14% of treatments that did
not find a significant effect; these results are reversed in the case of
zooplankton - 82% of treatments did not find an impact on
zooplankton health/integrity, followed by 17% of treatments that
found a negative impact (Table 3). Studies to date have not found
that plastic influences carbon dioxide drawdown into the ocean
appreciably in either direction (Table 3).

3.1.3 Impact of plastics on Earth's radiation budget

Out of the 24 studies pertaining to the impact of plastics on Earth’s
radiation budget, 11 studies focused on the direct RF of plastics, seven
focused on indirect RF, and 11 focused on impact to albedo or melting
rate. A detailed breakdown of all characteristics of the selected studies
can be found in the Supplementary Data Material (Zhu, 2025). Five
studies carried out primary research to test for an impact on a radiative
endpoint, while 19 studies speculated the potential of plastics to have an
impact on one or more radiative endpoints (Figure 4). Studies that
tested for an effect either deployed an experimentation approach (n =4)
or a modelling approach (n = 1).

For the five studies that tested the impact of plastics on direct RF
via aerosols, indirect RF via interactions with clouds, or surface
albedo/melting rate changes, the sizes of plastic particles deployed in
experiments or simulations range from nanoplastics (<1 pm)
(Ganguly and Ariya, 2019) to large plastic sheets for albedo
experiments (Fan et al, 2014). Colors of plastics deployed in
experiments or simulations include non-pigmented, white, and a
mixture of blue, yellow, purple, and translucent (Fan et al., 2014;
Geilfus et al., 2019; Revell et al., 2021). Fragments (n = 2), fibers (n =
1), and spheres (n = 1) as well as macroplastics (n = 1) have been
deployed in aerosol, ice nucleating particle, and albedo experiments
or models apart from unspecified morphologies (Fan et al., 2014;
Ganguly and Ariya, 2019; Geilfus et al., 2019; Revell et al., 2021; Yang
and Ma, 2023). Conventional polymers of PE (n = 3), PP (n = 2),
polyester (n = 1), and a mixture of PP, polyester, and PVC (n = 1)
have been used in radiative experiments apart from unspecified
polymers (Ganguly and Ariya, 2019; Geilfus et al., 2019; Revell et al.,
2021; Yang and Ma, 2023).
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speculated by authors-direct RF via aerosolized plastics, indirect

climate-relevant endpoints were investigated or
RF via changes to cloud properties, and impact on albedo or melting
rate of ice/snow. For each endpoint, we summarized how many
times an effect was found or not found, and the direction of effect for
studies that tested the impact of plastics on climate (Table 4). A
decrease in direct radiative forcing (negative effect) results in a
cooling effect on climate; vice versa, a warming effect. A decrease in
indirect radiative forcing (negative effect) results in a cooling effect
on climate; vice versa, a warming effect. An increase in albedo
(positive effect) results in a cooling effect on climate - and vice versa,
a warming effect-as albedo represents the percentage of incident
light that is reflected by a given surface.

Apart from unclear results, there are two instances where studies
found that aerosolized plastics decreased direct radiative forcing
(cooling effect), and one instance where no significant effect was
found (Table 4). To date, no study has found a negative, no effect, or
positive effect of plastic on climate through its interaction with
clouds (Table 4). All six tests (100%) which investigated the impact
of plastics on albedo found that plastics increased the albedo of
surfaces or of snow/ice upon incorporation into its bulk-in other
words, a negative effect on warming (Table 4). In the case of albedo,
studies did not apply a test of significance to their results; they
simply reported the percent albedo change observed.

4 Discussion
4.1 Synthesis of current knowledge

4.1.1 GHG emissions from the plastics lifecycle
Current data suggest that most GHG emissions arise during
primary plastic production, followed by the product manufacture
stage, both at the national and global scales (Table 1). The same
trend is reflected in the GHG emissions intensities; however, the
emissions intensities associated with waste management can also be
quite high depending on which strategy is used (Table 1). These
results suggest that in order to decarbonize the plastics lifecycle, the
primary production and product manufacture stages need to be
prioritized. Ultimately reducing consumption and production of
plastics is the most reliable pathway to reducing plastic pollution,
waste, and GHG emissions (Bergmann et al., 2022; Borrelle et al,
20205 Zheng and Suh, 2019; Zink and Geyer, 2017). Another strategy
for cutting the amount of virgin pellets produced each year is to
incentivize the reuse of plastic products, while considering the
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caveats of reuse presented in Zink and Geyer (to avoid circular
economy rebound) (Zink and Geyer, 2017). In addition, more
research is needed to understand GHG emissions from the
consumption phase of plastic products (e.g., plastic windows and
doors) to ensure the reuse of plastic products does not exacerbate
climate change (or human health impacts) as well.

The waste management strategy associated with the highest
GHG emissions both nationally and globally is incineration, while
landfilling is associated with the fewest GHG emissions (Table 2).
Incineration has the highest upper-end of emissions intensity
ranges, followed by chemical recycling (Table 2). Open
dumping also has a high upper-end for its emissions intensity
range, perhaps due to the direct release of any GHGs produced into
the atmosphere, in contrast to more controlled settings such as
advanced landfills. Comparatively, mechanical and certain
chemical recycling options have comparatively low lower-end
GHG emissions intensities. These reported values suggest that
mechanical and certain forms of chemical recycling help to
mitigate GHG emissions from the waste management stage of
the plastics lifecycle relative to other waste management options
(van der Hulst et al., 2022). Some of the reported GHG emissions
from chemical recycling can be smaller than those of other waste
management strategies, or even completely offset, if GHG
emissions savings from the avoidance of virgin pellet
production are factored into the calculation (van der Hulst
et al, 2022). This was found to be the case for a plastic-to-
olefin conversion process commercialized by Synova and
Technip Energies (van der Hulst et al., 2022). While recycling
of various types may offer some benefits from a GHG standpoint,
these benefits need to be weighed against their disadvantages
which include contribution of micro- and nano-plastics to the
environment during the recycling process, the climate and health
impacts associated with these plastic particles, the impacts of toxic
chemicals used or produced during the recycling of plastics (Singla,
2022), and associated environmental justice impacts (Bora et al,,
2020).
transformation of plastic into waste (Bora et al., 2020; Smith

Mechanical recycling only delays the inevitable
et al., 2022). In addition, most chemical recycling processes
create products that are ultimately burned, such as the
production of fuels rather than recycled plastics (Singla, 2022).
Although several studies state that they included GHG emissions
associated with the transportation and consumption stages in their
overall lifecycle emissions estimate (Ding et al., 2023; Goga et al.,
2022), the disaggregated emission values were not provided
(Table 1).
associated with the transportation, consumption, and unmanaged
waste stages of the plastics lifecycle are major knowledge gaps for

The lack of quantifications of GHG emissions

this impact category. For the consumption stage, we lack
measurements of GHG emissions from plastic products while in
use, including packaging, clothing, and infrastructure; many plastics
emit GHGs on an ongoing basis regardless of whether they have
been discarded or not, when exposed even once to ambient solar
radiation (Royer et al., 2018). For the unmanaged plastic waste stage,
we need more estimates of GHG emissions from unmanaged large
plastic items, as well as the microplastics that fragment from these
larger items. We lack polymer-specific GHG emissions both
nationally and globally, as well as polymer-specific GHG
emissions intensity estimates for specific waste management
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strategies. More studies are needed which quantify emissions of
black carbon from the open burning of plastic waste to add to the
sole study of black carbon emissions from open burning in
Guatemala (Cruz et al,, 2022). We also need more studies of
GHG emissions from the plastics lifecycle at the national scale -
information on GHG emissions from the plastics lifecycle are
missing for the vast majority of countries (studies have only been
done on 14 of 195 countries), excluding those which are continental
or global in nature, or with

unspecified  geographies
(Supplementary Figure S2).

4.1.2 Impact of plastics on carbon cycling

The marine ecosystem category had the greatest amount of
speculation with respect to the impact of plastics on carbon cycling,
and the coastal blue carbon ecosystem category had the least number
of studies done to date (Figure 3). The terrestrial ecosystem category
had the highest number of studies that tested for an effect on a
climate-relevant endpoint by plastics, with 37 studies testing an
effect on one or more endpoints compared to only 4 for coastal blue
carbon ecosystems and 14 for marine ecosystems (Figure 3) Across
all endpoints, the health/integrity of zooplankton endpoint is the
most tested endpoint with 323 treatments, followed by the soil
carbon content endpoint with 153 treatments. There are mixed
results for almost all endpoints, with tests finding both positive and
negative impacts on abundance of carbon sequestering strains,
carbon fixation capability of plants, soil carbon stores, health/
integrity of soil biota, soil respiration, and health/integrity of
zooplankton (Table 3). Nonetheless, there is overwhelming
evidence that the addition of plastics to soil in turn alters
microbial community structures and soil properties, which has
implications for climate (Table 3). Plastic debris mostly affect soil
biota for the worse. In one instance, the addition to soil of
decabromodiphenyl, a flame retardant used in plastics, led to an
increase in neurotoxic biomarkers and irreversible tissue damage in
earthworms (Eisenia fetida) (Han et al, 2023). The addition of
polyethylene and polypropylene spheres in conjunction with the
flame retardant exacerbated (Han
et al., 2023).

The addition of plastics to soil increased soil respiration rates

earthworm  biotoxicity

in the majority cases, which has a warming effect on climate. The
DOC, SOC, and SOM content of soil increased with addition of
plastic, suggesting that plastics may help to increase soil carbon
stores (and mitigate additional warming), but this finding should
be interpreted with caution-first, SOM encompasses more than
simply soil organic carbon. Secondly, this finding may be
influenced by the degradation process of plastic which leaches
carbon into soil and whether researchers corrected for this
additional carbon source. At present, this correction is not
being done (Kim et al, 2021; Meng et al, 2022; 2023; Pang
2023; Rillig, 2018). Thus, the true ability of plastics to
increase the carbon sequestration capacity of soil is uncertain.

et al.,

To rigorously determine the true impact of plastic on soil organic
carbon content, studies would need to control for the carbon in
plastic and carbon loss from plastic when measuring soil carbon
content (Kim et al., 2021; Rillig, 2018).

Excluding non-significant results or results with no effect, two
endpoints only have effects in one direction: health/integrity of marine
bacteria (warming) and health/integrity of phytoplankton (warming).

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1563488

Zhu et al.

In addition, studies thus far have only found negative impacts by
plastics (warming) on the BCP, but we are limited to a sample size of
four studies. Kvale et al. (2023) ran model simulations showing that a
decrease in fecal pellet sinking velocities due to microplastics resulted in
a reduction in ocean carbon uptake by roughly 4.4 Pg C between
1950 and 2,100. Wieczorek et al., (2019) and Cole et al., (2016) both
found that the incorporation of microplastics (between 30 pm and
500 um) into fecal pellets in the laboratory reduced their settling
velocities. Thus far, studies have found that marine microplastics
either have no effect or an unclear effect on carbon dioxide
(2018)
observed that 7 mm PE fragments leach DOC into the ocean,

drawdown into surface waters. Romera-Castillo et al
thereby stimulating microbial activity in the ocean. However, it is
unclear whether this would lead to an increased drawdown of
atmospheric carbon dioxide. Kvale et al. (Kvale et al, 2021) found
no effect on atmospheric carbon dioxide drawdown in their model
simulating the impact of plastics on zooplankton grazing.

The direction of effect of the majority of tests indicates a tendency to
worsen climate change, for the endpoints of: shift towards carbon
sequestering strains, health/integrity of soil biota, soil respiration, BCP,
and health/integrity of phytoplankton (Table 3). The remaining
endpoints were dominated by non-significant or unclear results
(carbon fixation via plants, health/integrity of marine bacteria,
health/integrity of zooplankton) (Table 3). Summing results together
across all endpoints with a direction of effect, there have been
198 warming effects (accelerate climate change) and 94 cooling
effects (decelerate climate change) detected. We have found that

Reflected Solar
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plastics more frequently have negative effects on carbon
sequestration (contributes to additional warming) than positive ones.

The least tested climate-relevant endpoints are the BCP, health/
integrity of marine bacteria, and carbon dioxide drawdown endpoints
for the carbon sequestration impact category (Table 3). Future studies
focusing on these endpoints should be prioritized, as well as endpoints
where most of the test results are unclear or insignificant (carbon
fixation via plants, health/integrity of marine zooplankton) (Table 3).
Our understanding of how microplastics change and affect plant roots,
leaves, biomass, photosynthesis, fruits, and hormones is in large part
lacking, and more plant species need to be analyzed (Kaur et al., 2022; Li
et al.,, 2024; Mbachu et al,, 2021; Palansooriya et al., 2022; Qiang et al,,
2023; Rillig et al., 2021). Experiments will contribute knowledge to the
effects of plastics on climate, and improve modelling efforts by
informing model parameters (Kvale et al, 2023). Few studies had
experimental designs longer than a year, or which were evaluated in
the field, instead of in a controlled environment. We need more field
experiments as well as experiments that are longer in duration so that
our understanding of the impacts of plastics is not biased by the results
of short-term studies.

Pellet and foam morphologies have not been used in experiments
investigating the impact of plastics on terrestrial carbon sequestration;
however, these morphologies are present in nature. Pellet spills from
industry are commonplace (Tsui et al., 2020), and foam particles may be
shed through the breakdown of foam products including polystyrene
food containers and insulation (Gao et al., 2023). For marine studies,

experiments deploying fiber morphologies are missing in addition to
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pellet and foam, even though fibers are the most abundant type of
microplastic in the environment by count (Cole et al., 2016; Ross et al,,
2021; Zhuetal,, 2021; Zhu et al,, 2019). More studies deploying a variety
of microplastic morphologies as well as mixtures of morphologies-in
particular aged plastics - are critical to accurately evaluate the impact of
plastic pollution on carbon sequestration. Furthermore, to improve
harmonization of data, either a consistent unit of microplastic
concentration should be used across studies, or studies should report
microplastic concentrations in both units of mass (e.g., 1% w/w) as well
as units of count (e.g., particles/kg dry weight).

4.1.3 Impact of plastics on Earth’s radiation budget

Two studies found a negative impact on surface/ice albedo by
plastics, while one study found that plastic exerts either no effect or a
negative effect on direct RF via aerosols (Table 4). The role of plastics
in indirect RF via interaction with clouds is the least understood
subcategory within radiative impacts (Table 4). One study found
that polypropylene and polyethylene particles can act as ice
nucleating particles across all their treatments (Ganguly and
Ariya, 2019); however, clouds play different roles in climate
depending on their altitude (Intergovernmental Panel on Climate
Change, 2021). Therefore, this result is not enough to determine
whether the interaction of plastics with clouds has a warming or
cooling effect on the planet (Table 1). At present, the data suggests
that the interaction of plastics with radiation primarily seeks to cool
the planet. This aligns with the net effect of aerosols on Earth’s
climate, which is also a cooling effect (Intergovernmental Panel on
Climate Change, 2021).

There are several instances of speculation across all three
subcategories of impacts within the radiation category (Figure 4).
In particular, the impact of plastics on cloud properties is the most
poorly understood subcategory of impacts within the radiation impact
category. Compared to the body of knowledge surrounding GHG
emissions across the plastics lifecycle and impacts of plastics on
carbon sequestration by Earth’s natural carbon sinks, the radiative
impacts of plastics are the least understood category of impacts. The
majority of studies are field studies or secondary articles that
hypothesized an impact without testing for an effect (19 of 24 studies).

At present, the magnitude of direct radiative forcing of plastics is
negligible relative to the net human-induced RF of 2.3 (1.1-3.3) W/
m? for the period of 1750-2011, in fact being three to four orders of
magnitude smaller (Intergovernmental Panel on Climate Change,
2021; Revell et al., 2021). However, future work should focus on
sampling aerosolized plastics and plastics in clouds over a greater
spatial area, and over a longer timeframe, in order for more RF
estimates to be made. At the moment, studies typically collect
samples of plastic aerosols collected in a fixed location for a
snapshot in time. The two studies examining the impact of
plastics on the albedo of surfaces both found that the presence of
white-colored or a mixture of different colors of plastics (blue,
yellow, purple, and translucent) increases albedo (Fan et al,
2014; Geilfus et al, 2019). A 0.01 increase in albedo roughly
translates into a —2.9 to —1.3 W/m’ change in radiative forcing
of the surface, on the same order of magnitude as the net human-
induced RF for 1750-2011 (Intergovernmental Panel on Climate
Change, 2021; Xu et al, 2015). The change in albedo observed
was >0.01, indicating the potential for plastic to influence the
radiative forcing of surfaces/ice depending on how much of our
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planet is covered in plastics, and how much plastics have infiltrated
into ice. The incorporation of microplastics into sea ice may create
impurities that increase the diffuse reflection of light from ice and
increase albedo (Geilfus et al., 2019). To support the findings of these
studies, more RF calculations are needed, in particular taking into
consideration mixtures of different plastic morphologies, sizes, and
colors to represent the concoction of microplastics we see in nature.
Overall, we need more studies to be conducted in the radiative
category that test an effect, including more experimental studies
examining how plastics affect the albedo and melting rate of ice/
snow matrices, how plastic alters the albedo of surfaces such as
grassland and soil, how plastic affects the number and size of cloud
condensation nuclei relative to a control, and what RF is associated
with aerosols generated from the burning of plastic waste to
corroborate existing studies and better understand how plastics
are altering the Earth’s radiation budget.

4.2 Summary and outlook, including future
research to fill knowledge gaps

The current body of evidence shows that plastics are impacting
our climate in a multitude of ways. Up to two gigatonnes of GHG
emissions (1%-2% of Earth’s carbon budget under a 1.5°C target) are
estimated to come from the plastics lifecycle each year based on
current available information, which will exacerbate climate change.
The infiltration of plastic particles into soil, water, and biota are
affecting the sequestration of carbon by natural sinks, with more
warming effects than cooling effects reported at present. On the
contrary, the majority of directional effects from the interaction of
plastics with radiation are cooling in nature. However, this body of
evidence is incomplete, with numerous knowledge gaps, unclear
results, and instances where researchers did not detect a significant
effect. Moving forward, more research is needed to fill existing
knowledge gaps in order to gain a comprehensive understanding of
the role that plastics play in climate change.

For the lifecycle category, more studies on GHG emissions are
needed across all stages of the plastics lifecycle, in particular at the
transportation, consumption, and unmanaged waste stages. We
need to continue quantifying estimates of GHG emissions and
GHG emissions intensities across the plastics lifecycle for specific
polymers. Furthermore, more estimates of emissions of black carbon
from the open burning of plastics are needed, as well as studies
conducted at the national level.

For the carbon cycling category of impacts, more studies focusing
on the climate impacts of plastics on coastal blue carbon ecosystems
are needed. Calculations of effect sizes are necessary for all endpoints
in order to explore the effect of explanatory variables (concentration,
morphology, polymer type, particle size) on the resulting effect. A
pooled estimate of the percentage of SOC loss from soils globally is
critical, as this number directly informs how much of Earth’s
remaining carbon budget plastics consume through its impact on
the terrestrial carbon sink. Marine endpoints are understudied and
require more testing by deploying microplastic morphologies of all
types, but in particular foam, pellet, and fiber morphologies. In
addition to experiments involving a single plastic polymer of a
certain size and morphology, researchers should deploy a diverse
mixture of various types of plastic particles in soil, ecotoxicology, and
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ice/snow albedo experiments, that are representative of what is
observed in nature, and at environmentally-relevant concentrations
to accurately determine how plastic is impacting the climate. Field
experiments beyond the lab are necessary to verify that what we are
seeing in the lab occurs in nature (Goddijn-Murphy et al., 2023).

In terms of the radiative impacts of plastics, more calculations of
entities that directly inform how plastics contribute to global
temperature rise (ie., albedo, radiative forcing estimates) are
needed. Finally, the field is in need of more studies that examine
how micro- and nano-plastics affect cloud properties including
lifetime and brightness, and how much plastic and what types
are getting into clouds of different kinds, at different altitudes.
Increasing the geographic scale of plastic aerosol, cloud, and ice
sampling will help in modelling and RF calculations, as well as with
quantifying the magnitude of effects over time.

Compared with the impact of plastics on climate through its
lifecycle GHG emissions, there is more speculation around its
carbon cycling and radiative impacts. While speculated effects are
not supported by evidence, this does show that there is more
attention being given to the role that plastics may play in
exacerbating climate change.

4.3 Policy solutions presented by studies

While the body of evidence with respect to the impact of plastics on
climate is incomplete, it is clear that there is already damage being done
by plastics to ecosystems, biota, and humans and that plastics are
impacting our climate. The impact of plastics on climate needs to be
mitigated, and policy solutions have been presented by studies across all
three categories of impacts. A reduction in our dependence on virgin
pellet production will help reduce GHG emissions from the plastics
lifecycle, as will shifting the plastics supply chain to a cleaner energy grid
and employing other decarbonization processes (Astrup et al., 2009;
Cabernard et al.,, 2021; Fruergaard et al., 2009; Goga et al., 2023). Policies
can even target stages of the plastics lifecycle before virgin pellet
production, e.g, disincentivize the extraction of fossil fuels and the
expansion and construction of existing and new plastics and related
petrochemical facilities. Waste management approaches need to be
chosen wisely considering their potential to emit GHGs, but also
considering their health effects—for instance, while certain forms of
chemical recycling may have the potential to reduce GHG emissions,
they pose a myriad of risks to ecosystems (Bora et al,, 2020). And while
open burning is a relatively convenient waste management option, it is
extremely detrimental to the surrounding environment and the health
of the people who live in the vicinity (Wu et al, 2021). Landfilling
minimizes GHG emissions both nationally and globally, but not all
landfills are designed and constructed adequately, landfill space is
getting scarce, and ultimately we need to reduce our dependence on
plastic material and stop generating so much waste of all kinds in the
first place (Borrelle et al., 2017; Ellen MacArthur Foundation, 2017).

Although GHG emissions inventories of the Intergovernmental
Panel on Climate Change (IPCC), the world’s foremost authority on
climate change, consider GHG emissions from the oil and gas
industry, it is not clear which stages of the plastics lifecycle are
being taken into consideration when deriving these emissions
estimates (Intergovernmental Panel on Climate Change, 2021).
The most recent IPCC report does not mention plastics or plastic
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pollution, and thus at present, the impact of plastics on Earth’s
natural carbon sinks and Earth’s radiation budget are not being
considered in IPCC scenarios (Intergovernmental Panel on Climate
Change, 2021). GHG emissions scenarios and policymaking need to
recognize the interactions between plastics and climate, in order to
achieve effective mitigation on both fronts (Intergovernmental Panel
on Climate Change, 2021; Zhu, 2021b).

Further policies can be implemented to address the spreading,
concentration, and mitigation of microplastics. In soils, for instance, a
framework that connects measured soil concentrations of plastics to
management actions by comparing concentrations against toxicity
thresholds can be developed for microplastic concentrations in soil,
the way it has been done for microplastic in water (Mehinto et al., 2022).
Characterizing the sources and pathways of aerosolized microplastics
and aerosols produced from the burning of plastic waste is essential, and
limiting exposure is critical as they can pose respiratory health risks
similar to those posed by PM, 5 and PM;, (Rosso et al., 2023).

Interestingly, researchers who investigated the impacts of plastics on
zooplankton health warn against replacing plastic with a regrettable
substitution, without fully understanding the impacts of the alternative
options (Beiras et al,, 2018). On this note, numerous studies suggest the
replacement of conventional plastics with bioplastics as a way of limiting
toxicity to biota, as well as reducing GHG emissions since their emissions
are offset by the carbon sequestered by the crops during growth (for bio-
based plastics) (Goga et al., 2023; Maity and Pramanick, 2020). However,
some studies have found that bioplastics (see section on Bioplastics for
definition) can be just as toxic as conventional polymers (Zimmermann
et al, 2020). In addition, the carbon neutrality benefits of bio-based
plastics (a type of bioplastic) may be cut short by the emissions associated
with land use change, to grow the crops to manufacture them in the first
place (Ford et al, 2022; Piemonte and Gironi, 2012). The viability of
bioplastics as a method of reducing GHG emissions from the plastics
lifecycle without unintended consequences requires further investigation.

4.4 Limitations of this review

We set a cut-off date of 29 August 2023 for study inclusion so that
we could begin data analysis. To minimize risk of bias, we excluded
non-peer reviewed literature from this review including books, book
chapters, and reports. Many of these resources contain information on
the impact of plastics on climate - in particular information on GHG
emissions from the plastics lifecycle; however, they were not subject to
an assessment of validity and quality by scientists [e.g., (Bauer et al,
2022; Bylsma et al., 2023; Cullen et al., 2022; Gaia, 2022; Geyer, 2020;
Gordon et al., 2022; GRID-Arendal, 2024; Hamilton et al, 2019;
International Energy Agency, 2018; Karali et al., 2024; O’Farrell and
Pickin, 2023; Rubio-Domingo et al., 2022; Vallette, 2021)]. Having read
through all of these reports, it was confirmed that many of them are
based on peer-reviewed literature that we had already included in our
study [e.g., (Rubio-Domingo et al., 2022)], or it is unclear how they
arrived at their GHG emissions estimates [e.g., (Center for International
Environmental Law, 2019)].

We narrowed the scope of our review due to time and resource
limitations. Specifically, we only focused on the GHGs of carbon
dioxide and methane. We do note that certain plastics, depending on
feedstocks and environmental conditions, can emit other GHGs as
well, such as ethylene (Royer et al., 2018) and nitrous oxide emissions
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from adipic acid production to make nylon (Environmental
Protection Agency, 1990). We only focused on marine and
terrestrial carbon sinks, and excluded freshwater ecosystem studies,
as freshwater ecosystems do not constitute prominent carbon sinks in
comparison to other ecosystems. We did not examine the impact of
(intact) plastic mulch used in agriculture - which are large sheets
placed over crops to retain moisture-on climate. We also did not
include studies on GHG emissions from plastic composting, industrial
or residential, as this pertains to bioplastics waste management
strategies. In addition, there are other ways in which plastics may
exacerbate the consequences of climate-for instance, plastic waste
may clog storm drains and aggravate the flooding of urban areas, as
well as have social and environmental justice impacts (MacAfee and
Lohr, 2024). These interactions were not investigated in this review, as
we solely focused on the role that plastics play in causing climate
change, not in aggravating its ensuing consequences.

Furthermore, there are limitations to the body of evidence we
collected as each experiment was conducted under different conditions,
using different types of plastics, and using different concentrations of
plastics. As a result, we chose to focus on direction of effect, as opposed
to magnitude of effect. Some of the plastic concentrations used in
experiments can be many times greater than what is environmentally-
relevant [e.g., (Cole et al., 2016; Galgani et al., 2023; Geilfus et al., 2019)].
Thus, there may be a risk of bias if results are used to interpret how
plastics are impacting the climate at present. However, high
concentrations are useful for demonstrating what type of effect
would exist (if one were to exist), and can inform us of effects that
would occur under future scenarios of plastic contamination.

5 Conclusion

We conducted a comprehensive systematic review to answer the
question of how plastics are impacting our climate. We performed a
qualitative and quantitative synthesis of the existing data to identify the
current state of knowledge regarding the impact of plastics on climate
across three major impact categories - GHG emissions from the plastics
lifecycle, impacts to natural carbon sinks, and impacts to Earth’s
radiation budget. We disentangled demonstration of effects from
speculation and highlighted general directions of effect within the
three impact categories, to inform what we know and do not know
about the impact of plastic pollution on climate change. Emissions of
GHGs from the plastics lifecycle will exacerbate climate change, with the
pellet production and product manufacture stages emitting the most
GHGs across all lifecycle stages given the data that exists to date.
Incineration produces the highest GHG emissions both at the national
and global scale, while landfilling accounts for the least GHG emissions
out of all the waste management strategies assessed to date. Our analyses
on carbon cycling endpoints identified more accounts of warming
impacts than cooling impacts, while we found that reported impacts of
plastics on radiative endpoints have a predominantly cooling effect.

We found that the lifecycle GHG category has the most evidence of
impact on climate, while radiative impacts are the least understood
category of impacts. GHG emissions from the transportation,
consumption, and unmanaged waste stages of the plastics lifecycle are
the least understood out of all the stages. For the carbon cycling impacts,
the climate-relevant endpoints with the most data on effects are the
microbial community and soil properties endpoints, while the endpoints
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with the least data pertain to the impact of plastics on the functioning of
the carbon pump, carbon dioxide drawdown into surface waters, and
health/integrity of marine bacteria. The impact of plastics on clouds is the
most poorly understood radiative impact subcategory. We also presented
future directions for research to fill in existing knowledge gaps.

To summarize, our suggested future research directions include:

o More quantifications of GHG emissions at all stages of the
plastics lifecycle, both nationally and globally, and in
particular at the transportation, use/consumption, and
unmanaged waste stages

« More estimates of polymer-specific GHG emissions and GHG
emissions intensities across the plastics lifecycle both
nationally and globally, and for specific waste management
strategies, including littering and open dumping

o The production of more experimental and field data on the
impact of plastics on understudied carbon cycling endpoints,
including its impact on the BCP, the health/integrity of
marine Dbacteria, and carbon dioxide drawdown into
surface waters

o The production of more experimental and field data on the
impact of plastics on carbon cycling endpoints with conflicting
results, in particular carbon fixation via plants and health/
integrity of marine zooplankton

o More studies focusing on the climate effects of plastics on
coastal blue carbon ecosystems, which necessarily involves an
assessment of the impact of plastics on the soil properties,
microbial communities, biota, and soil carbon stores of
mangrove, seagrass, and salt marsh ecosystems

o Calculation of effect sizes across all carbon cycling endpoints

Correction for the carbon in plastics from experimental studies

that examine the impact of plastics on soil carbon stores

« Calculation of a global mean percent change in soil carbon
stores due to the infiltration of plastics into terrestrial
ecosystems, to estimate how much of Earth’s remaining
carbon budget would be used up via the impact of plastics
on terrestrial carbon sinks

Greater spatial and temporal sampling of plastics in clouds of

different altitudes and in the atmosphere, and recognizing that

plastic aerosols have become a fraction of existing PM, 5 and

PM,, pollution

o Calculations of direct and indirect radiative forcing due to the
presence of plastic debris in clouds and in the atmosphere

o Calculation of a mean global average temperature change
arising from the radiative impacts of plastics

« More experimental, field, and modelling studies investigating

the potential impacts of bioplastics on climate

Policy needs to be implemented to actively address the multitude of
negative impacts we are already seeing from plastics. Policies should
consider the full lifecycle of plastics, since every step of the plastics
lifecycle exacerbates climate change as well as other planetary challenges
(Villarrubia-Goémez et al,, 2024). Emerging technology and innovation
will likely play a role in solutions (Mohanty et al.,, 2024; Samal and Das,
20245 2023). For instance, technological innovation will be unavoidable
if we want to repair our flawed recycling system. However, the adoption
of new technologies for reducing the climate impacts of plastics should
always be accompanied by rigorous environmental impact assessments,
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to ensure that its adoption to ameliorate the plastic pollution problem
does not exacerbate other environmental, justice, and human health
challenges.

In summary, policy implementations that are needed to address
the impact of plastics on climate include:

« Mitigation of the climate impacts of plastics across its entire
lifecycle, and policy frameworks that reinforce the need for
lifecycle approaches

o Policies which seek to reduce our dependence on plastics,
especially virgin plastics, as early on in the plastics lifecycle as
possible including at the fossil fuel extraction stage; these policies
may include curbing the expansion of existing plastics and
petrochemical plants and ending the construction of new
ones; ending the use of non-essential plastics; incentivizing
and mandating reduction, reuse, and refill systems; and
promoting green chemistry and alternatives to harmful plastics

« Decarbonization of the plastics lifecycle including through a
shift toward cleaner energy grids

o Prioritizing waste management strategies for plastics with
low climate impacts, including landfilling and recycling,

their benefits

holistically-recycling can become a more appealing option

while considering and shortcomings
if major technological innovations and standardization of
materials and designs are implemented that reduce
recycling’s current downsides, including the generation of
micro and nanoplastics that end up in air, water, soil, flora,
and fauna, including human bodies

« Monitoring frameworks and programs that fill in the gaps in
our understanding of the sources, transport, distribution, and
fate of plastics in terrestrial and aquatic ecosystems, and in the
atmosphere, and link them to management actions

o Policies that encourage, incentivize, and enforce such
management actions, such as the regulation of local point
sources of plastic debris

o Full accounting of the climate impacts of plastics in IPCC
reports-including production of an IPCC Special Report on
the climate impacts of plasticss IPCC GHG emissions
scenarios, GHG emissions inventories, climate models, and
consideration/incorporation of the climate impacts of plastics
in local, national, international, and entity climate policies

The body of evidence of the impacts of plastics on climate is
growing, but incomplete. We hope researchers will continue to build
this body of evidence in future work, in order to fully understand how
these two issues interact with one another, and ultimately enable a
reasonable estimate of the cumulative effect of plastics on global
average temperature rise. Doing so will allow us to address each issue
more effectively, thereby helping to ensure the sustainability of our
wildlife, our planet, and ourselves.
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