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Abstract

Since the beginning of its large-scale production in the early 20th century, plastics have remained an important material
in widespread use throughout modern society. Nevertheless, despite possessing many benefits, plastics are resistant to degra-
dation and instead accumulate in the ocean and terrestrial sediments, thereby potentially affecting marine and terrestrial
ecosystems. Plastics release CO, throughout their entire lifecycle; during the extraction of materials used in their production,
through plastic-carbon leaching in the marine and terrestrial environment, and during their different end-of-life scenarios,
which include recycling, landfill, and incineration. Here, we use the University of Victoria earth system climate model to
quantity the effects on atmospheric CO, and the ocean carbon cycle by using upper-bound estimates of carbon emissions
from marine plastic-carbon leaching or land-based incineration. Despite the suggestions of some, our results indicate that
it has only a very minor influence and an insignificant effect on the earth’s global climate system. This holds even if plastic
contamination increases well beyond current levels. On the other hand, carbon emissions associated with plastic production
and incineration have a greater impact on climate while still dwarfed by emissions associated with the combustion of fossil
fuels (coal, oil, and natural gas) and other anthropogenic sources. Our results have important policy implications for ongoing

United Nations Environment Programme Intergovernmental Negotiating Committee on Plastic Pollution negotiations.
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Introduction

From 29 May to 2 June 2023, the United Nations Environ-
ment Programme Intergovernmental Negotiating Commit-
tee on Plastic Pollution (INCPP) held its second negotiating
session advancing its goal of crafting an international and
legally binding agreement targeting marine and terrestrial
plastic pollution. On the agenda are the core obligations, vol-
untary approaches, control and implementation measures,
as well as their means of implementation (UNEP/PP/INC.1/14
2022). Facing the INCPP are difficult decisions and complex
negotiations over the management of all aspects of plastics,
including their production, their transport and consump-
tion, and their post-consumer fate. It is anticipated that both
upstream (pre-consumer) and downstream (post-consumer)
control measures will eventually be codified into the result-
ing agreement. As plastics are an energy-intensive, carbon-
based product, such measures also have relevance to the reg-
ulation of fossil fuels and the mitigation of climate warming
(Bauer et al. 2022).

Although first thought to be the beginning of a “brighter
and cleaner” world (Yarsley and Couzens 1941), plastic is pol-
luting earth’s natural environments. With its strength, dura-
bility, lightweight, and low cost, plastic is one of the world’s
most versatile materials and is used across numerous indus-
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tries (Law 2017). These properties are what drove the large-
scale plastic production in the early 20th century that contin-
ues to the present (GESAMP 2016). In addition to its increased
production and usage, insufficient waste management sys-
tems and resistance to degradation are causing plastic to ac-
cumulate in terrestrial and aquatic ecosystems. Plastics ac-
count for ~80% of all debris found in the ocean (Morales-
Caselles et al. 2021). Of the 9.2 billion tonnes of global cu-
mulative production of plastics (Geyer 2020), it is estimated
that 75-199 million tonnes are present in the ocean (McGlade
et al. 2021). If the current production path continues, esti-
mates are that annual plastic production will rise to 1.1 bil-
lion tonnes per year by 2050 (Geyer 2020).

How plastic pollution might be contributing to climate
change, another pressing environmental issue that is funda-
mentally affecting humans has become a point of concern
in recent years (e.g., Royer et al. 2018; Shen et al. 2020q,
2020b). Alarms have been raised, and repeated about the pos-
sible disruption of biological carbon pumping and ocean car-
bon sequestration if marine organisms are negatively im-
pacted by widespread pollution (Galloway et al. 2017; Shen
et al. 2020a; Macleod et al. 2021; Shen et al. 2023). The con-
cern likely stems from an overestimated role of the biologi-
cal carbon export flux in moderating changes in atmospheric
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CO; (Courtene-Jones 2022; Kvale et al. 2023). However, there
also exist vague concerns that plastics are a novel source of
organic carbon in ecosystems that could rival natural ones
and therefore disrupt the ocean carbon cycle (e.g., Romera-
Castillo et al. 2018; Rillig et al. 2021; Stubbins et al. 2021;
Adyel and Macreadie 2022). Climate impacts from such direct
inputs have not been estimated.

The combustion of coal, oil, natural gas, and other fossil fu-
els, along with the production of cement as well as changes
in land use are well-established contributors to increasing at-
mospheric carbon dioxide levels (IPCC 2021). To better under-
stand how plastics contribute to overall total carbon dioxide
emissions, it is important to consider their entire lifecycle
from production to end-of-life. Emissions are released during
production processes, which involve the extraction and trans-
port of feedstock for plastic production, methane leakage and
flaring, fuel combustion when drilling for oil or gas, and land
use changes, and were recently estimated at 1085 million
tonnes of CO;-equivalent (CO;e—Hamilton and Feit 2019;
Zheng and Suh 2019). Processes involved during the refining
and manufacturing stage of plastic production include crack-
ing (whereby hydrocarbons are broken down into smaller,
lighter hydrocarbons) and the polymerization and plasticiza-
tion of these hydrocarbons into plastic resins (Hamilton and
Feit 2019); this releases an estimated 535 million tonnes of
CO;e per year (Zheng and Suh 2019). Plastics also leach dis-
solved organic carbon (DOC) into the marine environment
(Romera-Castillo et al. 2018), which effectively contributes to
the inorganic carbon pool via microbial degradation (Hansell
2013). Estimates suggest that plastics could annually leach up
to 23 600 metric tonnes of DOC into the marine environment
and contribute to 10% of the DOC in the surface microlayer of
subtropical gyres (Romera-Castillo et al. 2018). Finally, end-of-
life scenarios, which include recycling, landfill, and incinera-
tion (through processes, including pyrolysis and gasification),
contribute approximately 161 million tonnes of CO,e per
year, with incineration contributing the most (Zheng and Suh
2019).

It is important to thoroughly analyze all anthropogenic ac-
tivities that contribute to atmospheric CO, emissions to bet-
ter manage and mitigate the contributions from plastics. The
short timeframe of the ongoing INCPP negotiations, set to
conclude in 2024 (UNEP/EA.5/Res.14 2022), elevates the ur-
gency of exploring the climatic consequences of upstream
and downstream plastics pollution, as well as control mea-
sures. After the discovery that marine plastic pollution is
leaching carbon into the ocean, researchers expressed the
need to better understand the impact that this additional
source may be having on oceanic ecosystems. In particular,
Adyel and Macreadie (2022) expressed concern that the up-
take of anthropogenic atmospheric CO, within blue carbon
ecosystems could be affected by carbon leaching from plas-
tics.

Methods

The results presented in this study were obtained from ex-
periments using version 2.9 of the University of Victoria earth
system climate model (UVic ESCM; Weaver et al. 2001), includ-

ing the comprehensive carbon cycle component described in
Eby et al. (2009).

Version 2.9 of UVic earth system model

The UVic ESCM includes a two-dimensional atmospheric
energy-moisture balance model (Fanning and Weaver
1996), a three-dimensional ocean general circulation model
(Pacanowski 1995), a dynamic-thermodynamic sea ice model
(Bitz et al. 2001) with elastic visco-plastic rheology (Hunke
and Dukowicz 1997), and a land surface and dynamic-
vegetation model based on the Hadley Centre Met Office
Surface Exchange Scheme coupled to the top-down repre-
sentation of interactive foliage and flora with five plant
functional types (Cox 2001; Meissner et al. 2003). All compo-
nents of this model exhibit a spherical grid resolution of 3.6°
(in the zonal direction) and 1.8° (in the meridional direction),
and the ocean component includes 19 vertical levels, with
thickness varying from 50 m near the surface to 500 m in the
deep ocean. Radiative forcings, which are associated with
changes in atmospheric CO, concentrations, are included as
changes in outgoing planetary longwave radiation. Surface
wind stress and atmospheric winds are specified from 40 year
climatologic reanalysis data from the National Centers for
Environmental Prediction project (Kalnay et al. 1996). An
oxic-only ocean sediment model has been added to the UVic
ESCM, whereby simulations of CaCO3; preservation in deep-
sea sediments are represented (Archer 1996), in addition
to a nutrient-phytoplankton-zooplankton-detritus marine
ecosystem model component (Schmittner et al. 2008).

Experimental design

We examined the effect of upper-bound estimates of ma-
rine plastic—carbon leaching and incineration emissions on
the global climate system via five experiments in which var-
ious fluxes of carbon, based on projected marine plastic—
carbon leaching and projected plastic incineration emissions,
are added to the climate system (Table 1).

The model was initialized with a 10000 year spin up at
the year 850. From 850 to the year 2005, historical forcing
(land cover change, solar, volcanic, aerosol, and other GHGs)
was used to force the model. In addition, over the period
2005-2100, changing CO-, land surface, aerosol, and other
greenhouse gas (GHG) forcing followed representative con-
centration pathway (RCP) 8.5 (Moss et al. 2008). From 2000-
2100, the equivalent CO, emissions were diagnosed (Zickfeld
et al. 2013) and then used in subsequent sensitivity experi-
ments (GW, GWPL—see Table 1). This was done to ensure that
our plastic-carbon leaching and incineration experiments al-
lowed atmospheric CO, to freely evolve away from prescribed
RCP 8.5 values. The experiments listed in Table 1 all started
from the year 2000 initial state. This initial condition was
used to be consistent with the RCPs developed as part of the
Intergovernmental Panel on Climate Change (IPCC) 5th as-
sessment whose emissions trajectories all start from the same
base year (year 2000). Our conclusions are insensitive to this
initial starting date.

In the Control scenario (Table 1), emissions of anthro-
pogenic CO, were ceased after the year 2000, thereby pro-
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Fossil fuel Plastic-carbon Incineration
combustion leaching emissions Plastic-carbon

Scenario acronym Scenario description emissions (kgm~2 year~!) (kg m~2 year!) (Gt year™1)
== Control Control — — — —
- GW Global warming RCP 8.5 — — —

GWPL Global warming + plastic leaching RCP 8.5 7.9 x 1075 — 2.9 x 1072
= PL Plastic leaching — 7.9 x 1073 — —
== PP Incineration of projected plastic — — 1.7 x 1073 0.87

IPMP Incineration of projected marine plastic — — 5.7 x 107> 2.9 x 1072

Note: Description of the five experiments that include emissions from projected plastic—carbon leaching and incineration as well as the respective flux values
(kgm~2year~! and gigatonnes of Cyear~!). Column 3 specifies whether anthropogenic fossil fuel emissions were included past the year 2000 and what emissions

pathway was followed.

viding an estimate of the committed atmospheric CO, ad-
justment to historical forcing. The Global Warming (GW) sce-
nario includes fossil fuel emissions (diagnosed from RCP 8.5)
throughout the entirety of the 100 year integration period
(to year 2100). This scenario represents a continuing increase
in our dependence on fossil fuels throughout the 21st cen-
tury, including their use in the manufacturing of plastics. The
Global Warming + Plastic Leaching (GWPL) scenario is the same
as GW but with the addition of plastic—carbon leaching (see
Table 1). It is designed to estimate the additional climatic im-
pact of a lurking and previously not considered source of fos-
sil carbon (plastics) in the ocean in an already dramatically
altering climate state.

The plastic-carbon flux was derived from marine plastic
debris values projected for the year 2040 (29 million metric
tonnes per year; Lau et al. 2020). Although research has deter-
mined an ~90% carbon content in plastics (Zhu et al. 2020),
we assumed a 100% conversion to test the upper-bound effect
of this leaching. As noted in the introduction, plastics leach
DOC into the marine environment contributing to the inor-
ganic carbon pool via microbial degradation (Hansell 2013).
In fact, the majority of DOC is labile, meaning that it can be
rapidly broken down (within hours or days) by microbes and
bacteria for biomass production and respiration, ultimately
producing dissolved inorganic carbon (DIC). The small frac-
tion of DOC that is resistant to microbial degradation and
breaks down on time scales of thousands to tens of thousands
of years is known as recalcitrant DOC. Through the process of
respiration or decomposition, DOC is broken down into DIC,
which is composed of HCO3~, CO,, and CO5%~, with HCO3;~
making up the largest fraction of DIC. Given the rapid break-
down of DOC into DIC in ambient seawater, we assume that
all carbon being leached from the plastic debris is in the form
of DIC. This is an acceptable substitute, as natural labile DOC
breaks down rapidly and contributes to the ocean DIC pool
rather than the organic carbon pool (Hansell et al. 2009). By
assuming the complete conversion from DOC to DIC, we can
estimate the upper-bound effects of plastic-derived carbon
leaching on the global climate system. This plastic-carbon
leaching flux was added to the global ocean surface at a con-
stant rate throughout the 100 year time period, beginning in
the year 2000.

The PL scenario assumes the cessation of anthropogenic
fossil fuel combustion in the year 2000 and only includes
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emissions from marine plastic-carbon leaching beginning
in 2000. This scenario represents a global shift to carbon
neutrality that fails to address ocean plastic pollution. The
plastic—carbon flux value is the same as in GWPL. The In-
cineration of Projected Plastic (IPP) scenario assumes the cessa-
tion of anthropogenic fossil fuel emissions in the year 2000,
and zero marine plastic—carbon leaching. Instead, this exper-
iment uses an estimate of global plastic production in 2050
(1.1 billion metric tonnes; Geyer 2020) and assumes, as an
upper-bound case, that this amount of plastic is produced
and incinerated each year from 2000 to 2100. The resulting
emissions are added directly to the atmosphere. In this sce-
nario, a carbon-neutral world has widely adopted incinera-
tion through waste-to-energy systems, into their new, circu-
lar economy. Incineration produces greater emissions than
recycling (Zheng and Suh 2019; Stegmann et al. 2022); there-
fore, this scenario represents a high-end potential emission
estimate resulting from continuing plastics gasification and
pyrolysis in an otherwise carbon-neutral world. These incin-
eration emissions were calculated based on the conversion
of 1kg of low-density polyethylene (LDPE) to 2.9 kg of COe
(Benavides et al. 2020) and were added at a constant rate
throughout the 100 year time period, beginning in the year
2000.

The Incineration of Projected Marine Plastic (IPMP) scenario also
assumes the cessation of anthropogenic fossil fuel emissions
in the year 2000. Instead of adding the carbon flux (from
plastic-carbon leaching) into the ocean surface, it is assumed
that all marine plastic would be removed and incinerated
through gasification and pyrolysis, and the subsequent CO,
emissions would therefore enter the atmosphere directly. In
other words, the same amount of carbon that was added to
the ocean throughout the PL scenario is now being added di-
rectly into the atmosphere to compare the relative effects of
plastic—carbon injection in the surface ocean versus the at-
mosphere. Note that the incineration carbon flux is lower
in IPMP relative to PL only because the earth’s surface area
(5.10 x 10® km?) is greater than the ocean’s surface area
(3.57 x 108 km?).

In the GWPL and PL experiments, the calculated carbon
flux was evenly distributed as a surface flux throughout the
global ocean. This allowed for the focus to be on the ef-
fect of plastic-carbon on climate, without the need for in-
corporating the leaching process from plastic to seawater
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in the model. The projected plastic-carbon leaching value
was calculated from the annual rate reported by Lau et al.
(2020) (29 million metric tonnes), the molar mass of carbon
(12.022 gmol~?!), and the surface area of the ocean in the
model (3.57 x 10% km?). The IPP emission value was calcu-
lated from the projected annual production of plastic (1.1
billion tonnes per year by 2050; Geyer 2020), the conversion
of 1kg of LDPE to 2.9 kg of CO;e (Benavides et al. 2020), the
12:44 ratio between C and CO,, and the earth’s surface area
(5.10 x 108 km?). The calculation of emissions for IPMP was
based on the carbon emissions from plastic-carbon leaching
in GW and GWPL, but instead of dividing these emissions by
the surface area of the ocean, they were divided by the earth’s
surface area. All fluxes and additional emissions were added
into the ocean or atmosphere at a constant rate from 2000-
2100, and all model output was annually averaged.

A series of other experiments (not shown) were also con-
ducted wherein all global emissions from marine plastic-
carbon leaching were released exclusively into either the
North Pacific, North Atlantic, South Pacific, or South Atlantic
subtropical gyre (where surface convergence tends to concen-
trate marine plastics) as well as evenly along all global coast-
lines (where the majority of plastic enters the marine envi-
ronment). Our analysis and conclusions below are insensitive
to this regional distribution of marine plastic—carbon leach-
ing.

Results

All six experiments shown in Table 1 were initialized from
a transient run of the UVic ESCM that started in 850 AD and
was integrated forward in time under historical emissions un-
til year 2000 (Eby et al. 2013). The future anthropogenic emis-
sions for Control, PL, IPP, and IPMP were then set to zero from
year 2000 to 2100; GW and GWPL continued with historical
emissions until 2005, at which point diagnosed RCP 8.5 an-
thropogenic fossil emissions were used until 2100 (Moss et
al. 2008).

Despite anthropogenic emissions being turned off at year
2000, the control integration revealed a very minor increase
in overall atmospheric CO, as the system adjusted to the
transient historical forcing and abrupt elimination of ad-
ditional radiative forcing post 2000. Nevertheless, this in-
crease was smaller than in all other scenario integrations
(Fig. 1c). As expected, the greatest increase in atmospheric
CO; (by ~542 ppm) occurred in the integration, which in-
cluded both fossil fuel emissions and the addition of the
plastic—carbon flux into the global ocean (GWPL; Fig. 1a). This
was followed by GW, where the addition of anthropogenic
fossil fuel emissions increased atmospheric CO, concentra-
tions by ~541 ppm (Fig. 1a). The difference between the GW
and GWPL curves at the year 2100 was 1.11 ppm (Fig. 1b).
The addition of the plastic—carbon flux alone (PL) increased
atmospheric CO, concentrations by only 0.665 ppm when
compared to the control integration. There was a greater in-
crease (by 0.442 ppm) when the plastic-carbon leaching flux
was combined with anthropogenic fossil fuel emissions ver-
sus being added into the ocean alone.

The results of this sensitivity analysis also show that emis-
sions from plastic—carbon leaching and incineration resulted
in increases in atmospheric CO, concentrations through-
out the 100year time period; however, these were very mi-
nor. When considering scenarios with the cessation of an-
thropogenic fossil fuel CO, emissions in 2000 (PL, IPP, and
IPMP), the greatest increase in atmospheric CO, concentra-
tion (22 ppm) occurred in IPP, where we prescribed future
plastic incineration emissions to the atmosphere. For most
of the integration, the atmospheric CO, concentration with
the plastic-carbon flux added to the atmosphere (IPMP) was
slightly greater than when the flux was added to the ocean
(PL), except for the last 5years, where it was slightly less.
Overall, there was almost no difference in atmospheric CO,
between the PL and IPMP scenarios, as seen in Fig. 1. When
we compare the increase resulting from projected plastic in-
cineration (IPP) to the increase resulting from plastic-carbon
leaching in the ocean (PL), IPP increases atmospheric CO, con-
centrations by 21.7 ppm (Fig. 1c).

Discussion and conclusions

Anthropogenic activities currently produce about 36.2 Gt
of CO,e emissions per year (Yue and Gao 2018) leading to
an annual increase of the atmospheric CO, concentration by
about 2.4 ppm (Friedlingstein et al. 2022). As expected, our
results indicate that the rise in atmospheric CO, due to plas-
tic pollution-related emissions is very minor when compared
to the rise associated with fossil fuel combustion. This is con-
sistent with evidence that shows that the carbon footprint
of plastics reached 2 Gt of CO,e in 2015, accounting for only
4.5% of global GHG emissions (Cabernard et al. 2022).

Projected plastic incineration-related emissions result in
greater increases in atmospheric CO, than those from pro-
jected plastic-carbon leaching (added either into the ocean
or atmosphere). Nevertheless, plastic incineration emissions
still resulted in very minor increases in atmospheric CO, con-
centrations and are less concerning than those from other
anthropogenic activities involving the combustion of fossil
fuels. End-of-life emissions, including recycling, incineration,
and landfills, account for a minor fraction of the total carbon
footprint from plastics, whereas 96% of these emissions origi-
nate from plastic production (Cabernard et al. 2022). 1.7 Gt of
CO,e was released in 2015 as a result of fossil fuel combustion
for the global production of plastics and twice as much fossil
carbon was combusted as fuel for plastic production than is
contained within the plastics (Cabernard et al. 2022).

The emissions from plastic—carbon leaching added directly
into the atmosphere through incineration resulted in greater
atmospheric CO, than when these emissions were added into
the ocean (in the form of DIC) for most of the integration pe-
riod. These results are expected, given that when the flux is
added to the ocean, the ocean is more likely to retain some
carbon, which will then slowly enter the atmosphere through
outgassing. Although recent research has placed an empha-
sis on the negative effects that plastic-carbon leaching in the
marine environment may have on ecosystems and its biota,
our results indicate that it has only very minor and insignif-
icant effects on earth’s global climate system, and this is ex-
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Fig. 1. (a) Globally averaged annual mean atmospheric CO, concentration as a function of time for all experiments over the
100 year integration from 2000 to 2100, (b) close up of the last year of integration illustrating the distinction between GW and
GWPL, and (c) close up of the last year of integration illustrating the distinction between PL, IPP, and the control.
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pected to hold even if plastic contamination increases beyond
current levels.

The greatest threat to earth’s climate continues to be the
rise in atmospheric CO, from the combustion of fossil fuel
emissions. There are simply insignificant emissions being re-
leased from plastic-carbon leaching when compared to those
produced by incineration and the production of plastics, and
more so, from other fossil fuel-combusting anthropogenic ac-
tivities. Although plastic pollution threatens the livelihood of
many organisms and the ecosystems in which they reside, an
issue that deserves further exploration and may carry signifi-
cant nutrient and oxygen consequences for the global ocean
(Kvale et al. 2021; Kvale and Oschlies 2022); the results of
our study conclude that emissions from plastic—carbon leach-
ing are not a major concern in relation to climate change.
From a climate perspective, where greater focus is needed is
on the prevention of plastic incineration and plastic produc-
tion emissions, but most importantly, those from fossil fuel
combustion. As the INCPP consider both upstream and down-
stream control measures for mitigating plastic pollution, we
suggest that options that reduce the production of plastics
and prevent the expansion of incineration will best support
the already agreed to the United Nations climate target lim-
iting warming to 1.5 °C (UNFCCC, 2015).
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