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Center for International Environmental Law (CIEL) uses the power of
law to protect the environment, promote human rights, and ensure a just
and sustainable society. CIEL seeks a world where the law reflects the
interconnection between humans and the environment, respects the
limits of the planet, protects the dignity and equality of each person, and
encourages all of earth’s inhabitants to live in balance with each other.

Environmental Integrity Project (EIP) is a nonprofit, nonpartisan
organization that empowers communities and protects public health and
the environment by investigating polluters, holding them accountable
under the law, and strengthening public policy.

FracTracker Alliance is a nonprofit organization that studies, maps,
and communicates the risks of oil and gas development to protect our
planet and support the renewable energy transformation.

Global Alliance for Incinerator Alternatives (GAIA) is a worldwide
alliance of more than 800 grassroots groups, non-governmental organizations, and individuals in over 90 countries whose ultimate vision is 		
a just, toxic-free world without incineration.

5Gyres is a nonprofit organization focused on stopping the flow of
plastic pollution through science, education, and adventure. We employ
a science to solutions model to empower community action, engaging
our global network in leveraging science to stop plastic pollution at
the source.

#breakfreefromplastic is a global movement envisioning a future free
from plastic pollution made up of 1,400 organizations from across the
world demanding massive reductions in single-use plastic and pushing
for lasting solutions to the plastic pollution crisis.
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SR 1.5

IPCC SAR
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Glossary of Terms
Anaerobic digestion
Process of converting organic waste to biogas
in the absence of oxygen.
Biodegradable
Capable of breaking down into its chemical
constituents in the natural environment.
Business as usual
The baseline or reference case scenario that
represents the current rates of emissions
against which market, technological, and policy
initiatives to reduce emissions are measured.
Carbon budget
The total amount of carbon emissions that can
be emitted for temperatures to remain at or
below a specified limit.
Carbon dioxide equivalent
A measure used to compare the emissions
from various greenhouse gases based upon
their global warming potential.
Circular systems
Intentionally designed industrial systems in
which output from one system becomes input
for that system or another industrial system,
thereby minimizing the creation and disposal
of waste and minimizing the need for raw
material extraction.
Climate forcing
Climate forcing is the dynamic whereby 		
the varying amounts of external influences,
including surface reflectivity, atmospheric
aerosols, and human-induced changes in
greenhouse gases alter the balance of energy
entering and leaving the Earth system.
Expanded polystyrene
A lightweight foam formed from polystyrene
that is commonly misidentified as the brand
name Styrofoam. It is used for items such as
cups, food trays, and cushioning material.
Fracking
Hydraulic fracturing, a pressurized process
in which underground rock formations (shale)
are cracked, or fracked, to release trapped oil
and gas.
Gasification
The thermal decomposition and partial oxidation of waste materials at temperatures generally above 400°C using a limited amount of
air or oxygen, resulting in solid residues and
a gaseous mixture.

Gigaton
Equal to one billion metric tons.

Mixed waste
Unseparated or unsorted waste.

Hauler
Waste transporter operating truck(s) that
haul waste from point of collection to material
recovery facility (MRF), from MRF to dump
site, or both. Services are typically contracted
by local governments but often managed
directly by public authorities.

Municipal solid waste
Waste generated by households and 		
sometimes including streams of commercial
and industrial waste.

Incineration
Thermal decomposition and rapid oxidation
of waste material at temperatures generally
above 230°C with the addition of air or oxygen
at sub-stoichiometric to excess levels, resulting
in solid residues and a gaseous mixture.
Intergovernmental Panel on Climate Change
Established in 1988 by the World Meteorological Organization and United Nations Environment Programme, the Intergovernmental Panel
on Climate Change is the international body
that provides policy makers with regular 		
assessments of the scientific basis of climate
change, its impacts and risks, and options
for adaptation and mitigation.
Landfilling
Disposal of waste in a waste pile that is usually
underground and may be sanitary (i.e., measures
have been taken to prevent leachate) or 		
unsanitary (no prevention measures have 		
been taken).
Low-value plastic
Plastic waste materials that do not have value
in local recycling markets (e.g., grocery bags,
thin films, composite plastics, and residual
polypropylene). Polystyrene, polyvinyl
chloride, and polypropylene are considered
“medium value,” with approximately
25 percent being recycled locally.
Mandatory recycled content
Minimum requirement for use of recycled 		
content in products.
Material design
Redesign of products to meet specifications
intended to make the products either more
attractive for material- or energy-extraction
markets or less likely to leak into the ocean.
Material recovery facility
Facility used for separating different materials
from the waste stream.

Negative emissions
The end result of processes that remove 		
carbon dioxide from the atmosphere.
Off-gassing
The release of gases into the air as a byproduct
of a chemical process.
Petrochemicals
Fossil-fuel-derived chemicals, some of which
are used to produce plastic.
Plastic waste leakage
Movement of plastic from land-based sources
into the ocean.
Polymer
Chemical combination of smaller particles.
Pyrolysis
The thermal decomposition of waste materials
at temperatures beginning around 200°C 		
without the addition of air or oxygen, resulting
in solid and/or liquid residues as well as a
gaseous mixture.
Thin film
Mixed plastic film, typically constructed of
some variation of polyethylene.
Waste
Any discarded material, such as household
or municipal garbage, trash or refuse, food
wastes, or yard wastes, that no longer has
value in its present form but may or may 		
not be recyclable or otherwise able to be 		
repurposed.
Waste-to-energy
The process of treating waste through incineration or other thermal processing with a
purpose of generating energy (electricity 		
or heat).
Zero waste
The conservation of all resources by means
of responsible production, consumption, reuse,
and recovery of materials without incineration
or landfilling.
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Executive Summary

Plastic Proliferation Threatens
the Climate on a Global Scale

T

he plastic pollution crisis that overwhelms
our oceans is also a significant and growing
threat to the Earth’s climate. At current
levels, greenhouse gas emissions from the plastic
lifecycle threaten the ability of the global community to keep global temperature rise below 1.5°C.
With the petrochemical and plastic industries
planning a massive expansion in production,
the problem is on track to get much worse.
If plastic production and use grow as currently planned, by 2030, these emissions could
reach 1.34 gigatons per year—equivalent to
the emissions released by more than 295 new
500-megawatt coal-fired power plants. By
2050, the cumulation of these greenhouse
gas emissions from plastic could reach over
56 gigatons—10–13 percent of the entire r
emaining carbon budget.

Nearly every piece of plastic begins as a fossil
fuel, and greenhouse gases are emitted at each
of each stage of the plastic lifecycle: 1) fossil fuel
extraction and transport, 2) plastic refining and
manufacture, 3) managing plastic waste, and
4) its ongoing impact in our oceans, waterways,
and landscape.
This report examines each of these stages of the
plastic lifecycle to identify the major sources of
greenhouse gas emissions, sources of uncounted
emissions, and uncertainties that likely lead to
underestimation of plastic’s climate impacts.
The report compares greenhouse gas emissions
estimates against global carbon budgets and
emissions commitments, and it considers how
current trends and projections will impact our

Opposite: © Carroll Muffett/CIEL

At current levels, greenhouse gas emissions 		
from the plastic lifecycle threaten the ability of
the global community to keep global temperature
rise below 1.5°C degrees. By 2050, the greenhouse
gas emissions from plastic could reach over 56
gigatons—10-13 percent of the entire remaining
carbon budget.
ability to reach agreed emissions targets. 		
This report compiles data, such as downstream
emissions and future growth rates, that have not
previously been accounted for in widely used
climate models. This accounting paints a grim
picture: plastic proliferation threatens our 		
planet and the climate at a global scale.
Due to limitations in the availability and accuracy
of certain data, estimates in this report should be
considered conservative; the greenhouse gas
emissions from the plastic lifecycle are almost
certainly higher than those calculated here.
Despite these uncertainties, the data reveal that
the climate impacts of plastic are real, significant,
and require urgent attention and action to
maintain a survivable climate.
The report includes recommendations for policymakers, governments, nonprofits, funders, and
other stakeholders to help stop the expanding
carbon emissions of plastic production. The most
effective recommendation is simple: immediately
reduce the production and use of plastic. Stopping the expansion of petrochemical and plastic
production and keeping fossil fuels in the ground
is a critical element to address the climate crisis.
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metric tons of CO2e per year are attributable
to plastic production, mainly from extraction
and refining.

figure 1

Emissions from the Plastic Lifecycle

Annual Emissions from the

615

Plastic Lifecycle
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Note: Compared to 500 megawatt coal-fired
power plants operating at full capacity.

2019
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2050

Key Findings
Current Greenhouse Gas Emissions from the
Plastic Lifecycle Threaten Our Ability to Meet
Global Climate Targets
In 2019, the production and incineration of plastic
will add more than 850 million metric tons of
greenhouse gases to the atmosphere—equal to
the emissions from 189 five-hundred-megawatt
coal power plants. At present rates, these greenhouse gas emissions from the plastic lifecycle
threaten the ability of the global community
to meet carbon emissions targets.
• Extraction and Transport
The extraction and transport of fossil fuels for
plastic production produces significant greenhouse gases. Sources include direct emissions,
like methane leakage and flaring, emissions
from fuel combustion and energy consumption in the process of drilling for oil or gas, and
emissions caused by land disturbance when
forests and fields are cleared for wellpads
and pipelines.
In the United States alone in 2015, emissions
from fossil fuel (largely fracked gas) extraction
and production attributed to plastic production
were at least 9.5–10.5 million metric tons of
CO2 equivalents (CO2e) per year. Outside the
US, where oil is the primary feedstock for
plastic production, approximately 108 million

• Refining and Manufacture
Plastic refining is among the most greenhousegas-intensive industries in the manufacturing
sector—and the fastest growing. The manufacture of plastic is both energy intense and
emissions intensive in its own right, producing
significant emissions through the cracking of
alkanes into olefins, the polymerization and
plasticization of olefins into plastic resins, and
other chemical refining processes. In 2015,
24 ethylene facilities in the US produced 		
17.5 million metric tons of CO2e, emitting as
much CO2 as 3.8 million passenger vehicles.
Globally in 2015, emissions from cracking
to produce ethylene were 184.3–213.0 million
metric tons of CO2e, as much as 45 million
passenger vehicles driven for one year. These
emissions are rising rapidly: a new Shell ethane
cracker being constructed in Pennsylvania
could emit up to 2.25 million tons of CO2e each
year; a new ethylene plant at ExxonMobil’s
Baytown, Texas, refinery could release up to
1.4 million tons. Annual emissions from just
these two new facilities would be equal to
adding almost 800,000 new cars to the road.
Yet they are only two among more than 300
new petrochemical projects being built in
the US alone—primarily for the production
of plastic and plastic feedstocks. As this report
documents, moreover, these figures do not
capture the wide array of other emissions
from plastic production processes.
• Waste Management
Plastic is primarily landfilled, recycled, or
incinerated—each of which produces varying
amounts of greenhouse gas emissions. Landfilling emits the least greenhouse gases on an
absolute level, although it presents significant
other risks. Recycling has a moderate emissions profile but displaces new virgin plastic
on the market, making it advantageous from
an emissions perspective. Incineration leads
to extremely high emissions and is the primary
driver of emissions from plastic waste management. Globally, the use of incineration
in plastic waste management is poised to
grow dramatically in the coming decades.
US emissions from plastic incineration in 2015
are estimated at 5.9 million metric tons of
CO2e. For plastic packaging, which represents
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40 percent of plastic demand, global emissions
from incineration of this particular type of
plastic waste totaled 16 million metric tons of
CO2e in 2015. This estimate does not account
for 32 percent of plastic packaging waste that
is known to remain unmanaged, open burning
of plastic or incineration that occurs without
any energy recovery, or practices that are
widespread and difficult to quantify.
• Plastic in the Environment
Plastic that is unmanaged ends up in the environment, where it continues to have climate
impacts as it degrades. Efforts to quantify
those emissions are still in the early stages,
but a first-of-its-kind study from Sarah-Jeanne
Royer and her team demonstrates that plastic
at the ocean’s surface continually releases
methane and other greenhouse gases, and
that these emissions increase as the plastic
breaks down further. Current estimates address
only the one percent of plastic at the ocean’s
surface. Emissions from the 99 percent of

3

plastic that lies below the ocean’s surface
cannot yet be estimated with precision. Significantly, Royer’s research showed that plastic
on the coastlines, riverbanks, and landscapes
releases greenhouse gases at an even
higher rate.
Microplastic in the oceans may also interfere
with the ocean’s capacity to absorb and 		
sequester carbon dioxide. Earth’s oceans have
absorbed 20-40 percent of all anthropogenic
carbon emitted since the dawn of the industrial era. Microscopic plants (phytoplankton)
and animals (zooplankton) play a critical role
in the biological carbon pump that captures
carbon at the ocean’s surface and transports

In 2019, the production and incineration of plastic
will produce more than 850 million metric tons of
greenhouse gases—equal to the emissions from
189 five-hundred-megawatt coal power plants.
© iStockphoto/HHakim
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it into the deep oceans, preventing it from
reentering the atmosphere. Around the world,
these plankton are being contaminated with
microplastic. Laboratory experiments suggest
this plastic pollution can reduce the ability
of phytoplankton to fix carbon through
photosynthesis. They also suggest that plastic
pollution can reduce the metabolic rates,
reproductive success, and survival of zooplankton that transfer the carbon to the deep
ocean. Research into these impacts is still in
its infancy, but early indications that plastic
pollution may interfere with the largest natural
carbon sink on the planet should be cause
for immediate attention and serious concern.
Plastic Production Expansion and Emissions
Growth Will Exacerbate the Climate Crisis
The plastic and petrochemical industries’ plans to
expand plastic production threaten to exacerbate
plastic’s climate impacts and could make limiting
global temperature rise to 1.5°C impossible. If the
production, disposal, and incineration of plastic
continue on their present growth trajectory, by
© Jilson Tiu/Greenpeace

2030, these global emissions could reach 1.34 		
gigatons per year—equivalent to more than 295
five-hundred-megawatt coal plants. By 2050,
plastic production and incineration could emit 2.8
gigatons of CO2 per year, releasing as much emissions as 615 five-hundred-megawatt coal plants.
Critically, these annual emissions will accumulate
in the atmosphere over time. To avoid overshooting the 1.5°C target, aggregate global greenhouse
emissions must stay within a remaining (and
quickly declining) carbon budget of 420–570
gigatons of carbon.
If growth in plastic production and incineration
continue as predicted, cumulative greenhouse
gas emissions by 2050 will be over 56 gigatons
CO2e, or between 10-13 percent of the total 		
remaining carbon budget. As this report was
going to press, new research in Nature Climate
Change reinforced these findings, reaching similar
conclusions while applying less conservative
assumptions that suggest the impact could be
as high as 15 percent by 2050. By 2100, exceed-
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ingly conservative assumptions would result in
cumulative carbon emissions of nearly 260 gigatons, or well over half of the carbon budget.
Urgent, Ambitious Action is Necessary
to Stop the Climate Impacts of Plastic
This report considers a number of responses
to the plastic pollution crisis and evaluates their
effectiveness in mitigating the climate, environmental, and health impacts of plastic. There are
high-priority actions that would meaningfully
reduce greenhouse gas emissions from the 		
plastic lifecycle and also have positive benefits
for social or environmental goals. These include:
• ending the production and use of singleuse, disposable plastic;
• stopping development of new oil, gas,
and petrochemical infrastructure;
• fostering the transition to zero-waste
communities;
• implementing extended producer responsibility as a critical component of circular
economies; and
• adopting and enforcing ambitious targets
to reduce greenhouse gas emissions from
all sectors, including plastic production.

Complementary interventions may reduce 		
plastic-related greenhouse emissions and reduce
environmental and/or health-related impacts
from plastic, but fall short of the emissions reductions needed to meet climate targets. For example,
using renewable energy sources can reduce energy
emissions associated with plastic but will not
address the significant process emissions from
plastic production, nor will it stop the emissions
from plastic waste and pollution. Worse, lowambition strategies and false solutions (such
as bio-based and biodegradable plastic) fail
to address, or potentially worsen, the lifecycle
greenhouse gas impacts of plastic and may exacerbate other environmental and health impacts.
Ultimately, any solution that reduces plastic 		
production and use is a strong strategy for 		
addressing the climate impacts of the plastic
lifecycle. These solutions require urgent support
by policymakers and philanthropic funders and
action by global grassroots movements. Nothing
short of stopping the expansion of petrochemical
and plastic production and keeping fossil fuels
in the ground will create the surest and most
effective reductions in the climate impacts 		
from the plastic lifecycle.

figure
F I G U R E2

Annual Plastic Emissions to 2050
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2.5
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By 2050, annual emissions
could grow to more than
2.75 billion metric tons
of CO2e from plastic
production and
incineration.
Annual emissions
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1.5
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0.5
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Source: CIEL

Nothing short of stopping the expansion of
petrochemical and plastic production and keeping
fossil fuels in the ground will create the surest and
most effective reductions in the climate impacts
from the plastic lifecycle.
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C h a pt e r O n e

Introduction

P

lastic is one of the most ubiquitous materials
in the economy and among the most pervasive and persistent pollutants on Earth. It
has become an inescapable part of the material
world, flowing constantly through the human
experience in everything from plastic bottles,
bags, food packaging, and clothing to prosthetics,
car parts, and construction materials.

As global reliance on fossil fuels declines and
plastic production rapidly expands, that emissions
impact is poised to grow dramatically in the years
ahead. Yet the true dimensions of plastic’s contribution to the climate crisis remain poorly 		
understood, creating significant uncertainties
that threaten global efforts to avoid the most
catastrophic impacts of climate change.

Global production of plastic has increased from
two million metric tons (Mt) in 1950 to 380 million
Mt in 2015. By the end of 2015, 8,300 million Mt
of virgin plastic had been produced, of which
roughly two-thirds has been released into the
environment and remains there in some form.

Because plastic does not break down in the
environment, it has continued to accumulate in
waterways, agricultural soils, rivers, and the ocean
for decades. Amidst this concern, there’s another
largely hidden dimension of the plastic crisis:
plastic’s contribution to global greenhouse gas
emissions and climate change.

In the most general terms, plastics are synthetic
organic polymers—giant synthetic molecules
comprised of long chains of shorter molecules—
derived primarily from fossil fuels. For the sake
of simplicity, when this report refers to plastic,
it refers to an array of polymers and products
with different chemical compositions.
Because plastic does not break down in the environment, it has continued to accumulate in waterways, agricultural soils, rivers, and the ocean for
decades. The last few years have seen a growing
awareness of and concern about the urgent crisis
of plastic in the oceans. More recently, that concern has expanded to the impact of plastic on
ecosystems, on food and water supplies, and
on human health, amidst emerging evidence that
plastic is accumulating not only in our environment but also in our bodies.1 Amidst this growing
concern, there is another largely hidden dimension of the plastic crisis: plastic’s contribution to
global greenhouse gas emissions and climate
change.

Opposite: © Nick Lund, NPCA/FrackTracker Alliance

In the 2015 Paris Climate Agreement, the world
committed to work together to limit total global
temperature rise to well below 2 degrees Celsius
(°C) and pursue efforts to stay below 1.5°C. In
October 2018, the Intergovernmental Panel on
Climate Change (IPCC) further highlighted the
profound risks to humanity and the environment
if warming goes above 1.5°C. To prevent these
risks, the IPCC cautioned that we must transition
rapidly away from the fossil fuel economy and
reduce emissions by 45 percent by 2030 and to
net zero by 2050. Efforts to achieve this goal and
the strategies to do so have focused overwhelmingly on transforming energy and transportation
systems, which account for 39 percent of annual
global greenhouse gas emissions. Both of these
transitions are important. At the same time, emissions from the industrial sector, which represent
30–40 percent of total global greenhouse gas
emissions every year, have received much less
attention.
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Meeting these climate targets will demand 		
dramatic emissions reductions in this sector as
well. This report documents how plastic is among
the most significant and rapidly growing sources
of industrial greenhouse gas emissions. Emissions
from plastic emerge not only from the production
and manufacture of plastic itself, but from every
stage in the plastic lifecycle—from the extraction
and transport of the fossil fuels that are the 		
primary feedstocks for plastic, to refining and
manufacturing, to waste management, to the
plastic that enters the environment.
This report examines the sources and scale 		
of greenhouse gas emissions across the plastic
lifecycle. It builds on previous efforts to estimate
plastic’s contributions to climate change, analyzes
gaps in those previous efforts, and takes a first
step toward identifying what is known and what
remains to be analyzed about the links between
© Soojung Do/Greenpeace

plastic and climate change. This report pays particular attention to the lifecycle emissions impacts
of single-use, disposable plastic found in plastic
packaging and an array of fast-moving consumer
goods because these form the largest and most
rapidly growing segment of the plastic economy.
To calculate these climate impacts, the research
begins not in the oceans, but in the oil fields and
at the fracking drillpads where plastic begins its
life. Over 99 percent of plastic is derived from
fossil fuels; accordingly, plastic lifecycle emissions
start with the extraction of its fundamental feedstocks (Chapter 4). This report tracks those feedstocks through the pipelines to the refineries and
crackers where oil, gas, and coal are converted
from fossil fuels into fossil plastic. Greenhouse
gases are emitted in the production of plastic
resins and, although information is limited, in the
creation of products from those resins (Chapter
5). The climate impacts of plastic do not stop
when plastic is discarded. Indeed, the vast majority of plastic’s lifespan, and a large part of its
climate impacts, occur only after its useful life
ends. This next stage of life includes the impact
of various disposal methods for plastic, including
incineration and waste-to-energy processes
(Chapter 6). Finally, this report examines what
is known about the greenhouse gas impacts of
plastic once it leaks into the environment, reviewing early research showing that plastic continues
to emit greenhouse gases as it breaks down in
the oceans, on shorelines, and on land (Chapter
7). This chapter also examines the potential 		
impacts of microplastics on the ocean’s ability
to absorb carbon dioxide and store it deep in
the ocean depths.
While much of this report builds on what is 		
already known about plastic’s climate impacts
at disparate moments in the plastic lifecycle, it
also highlights the critical gaps and areas where
more research is needed to fully understand
those impacts. For example, there are substantial
gaps in reporting that make estimating the total
global emissions associated with specific and
important parts of the plastic lifecycle a challenge.
Where global figures exist, this report uses them.
Despite the limitations in data, this report 		
concludes that the climate impacts of plastic
throughout its lifecycle are overwhelming 		
and require urgent, ambitious action.
This report focuses particular attention on the
greenhouse gas emissions associated with plastic
production and the petrochemical infrastructure
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buildout fueled by the hydraulic fracturing
(fracking) boom in the United States. It does so
for three reasons. First, the statistics associated
with oil and gas extraction in the United States
are better defined than for many other aspects
of the plastic lifecycle globally. Second, the US
fracking boom and the associated petrochemical
buildout will be a major driver of plastic production and related greenhouse gas emissions in
the decades to come. Finally, the fracking-based
model of plastic production is rapidly being 		
exported to other countries around the world.
The final chapter of this report evaluates the
solutions that have been proposed to address
the climate impacts of plastic. It highlights those
solutions that offer the greatest promise and
potential benefits for both the climate and the
environment, identifies others that may benefit
the climate or the environment but perhaps not
both, identifies low-ambition solutions that do
not address the problem at the scale and speed
the climate crisis demands, and exposes false

These problems have not only a common cause
but a common solution: the urgent and complete
transition away from the fossil economy and the
pervasive disposable plastic that is a ubiquitous
part of it.
solutions that will be detrimental for the climate,
human health, and ecosystems.
This report is offered as a first step toward what
must be a larger, urgent dialogue about the role
of the plastic lifecycle in the climate crisis. It
builds on the recognition that, whether one 		
considers plastic’s impact on the oceans, on
human health, or on the climate, these are all
interwoven pieces of the same story. Unsurprisingly, therefore, these problems have not only
a common cause but a common solution: the
urgent and complete transition away from the
fossil economy and the pervasive disposable
plastic that is a ubiquitous part of it.
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lastic production is among the largest contributors to global greenhouse gas emissions
from the industrial sector. The greenhouse
gas impacts of plastic production and use are
poised to grow dramatically in the coming years,
driven by the ongoing rapid expansion of plastic
production infrastructure—and the ongoing 		
expansion in natural gas production that is fueling that plastic boom. Both the present scale and
anticipated growth of these emissions have significant implications for humanity’s efforts to rapidly
reduce such emissions and avoid the most catastrophic impacts of global temperature rise.
Despite its importance to the climate debate,
however, the climate impacts of plastic production, use, and disposal remain poorly understood
by the general public. While a handful of studies
have attempted to quantify or estimate greenhouse gas impacts associated with plastic, none
has examined those impacts across the full plastic
lifecycle, including plastic in the environment.
Moreover, and discussed more fully in the following chapters, these gaps in coverage are compounded by limitations of the available data with
respect to important emissions sources at each
stage in that lifecycle.
The present report attempts to identify these
gaps and, to the extent feasible, quantify or estimate the emissions hidden therein. It acknowledges and builds on existing research in the field
by providing the most comprehensive snapshot
of the direct and indirect sources of greenhouse
gas emissions released at each stage of production for the seven types of plastic most commonly
found in single-use plastic products. The report
does not capture the impact of emissions sources
from the broader class of petrochemicals, including
fillers, plasticizers, and additives, some of which

Opposite: © Paul Langrock/Greenpeace

are introduced in the manufacturing of single-use
plastic. Where detailed data are lacking at the
global level for key segments of the plastic lifecycle, the report draws on relevant estimates
from national or regional sources.
Comprehensive technical analysis is limited by
uneven and often unavailable data. For example,
the National Emissions Inventory (NEI), compiled
by the US Environmental Protection Agency
(USEPA), has a nearly comprehensive list of
emissions from point sources such as compressor
and metering stations. However, carbon dioxide
(CO2), methane (CH4), and other greenhouse gases are not included in their inventories, making a
comprehensive evaluation of their greenhouse
gas contributions using the NEI difficult. As a
result of data gaps like this in the sources used
in the present report, the emissions estimates
in this report are likely to underrepresent the
full emissions profile of the plastic lifecycle.
Additionally, this report adopts capacity-growth
projections for plastic as a data point for additional
sources of CO2 emissions, but the relationship
between capacity and actual production is an
imperfect measurement for future emissions.
The scale of the projected expansion of petrochemical infrastructure and the concerns about
its detrimental impacts to environmental integrity
and human health warrant policy interventions
to ensure more comparable and robust data
collection standards and access.
At each stage of the plastic lifecycle, direct 		
and indirect emissions vary according to the raw
materials—typically oil, gas, and coal—and the
inputs for electricity generation used.2 This report
focuses on emissions estimates associated with
the plastic production boom in the United States
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that is fueled by the availability and accessibility
of shale gas. As a result, this report focuses on
estimates of carbon dioxide equivalents from
activities relevant to the extraction of shale gas
by fracking; the transportation, storage, and refining
of natural gas liquids; the manufacturing of plastic; waste management; and plastic in the environment. The report does not estimate emissions
released in the use of plastic products nor does it
estimate the full emissions profile of every type of
plastic produced. To emphasize the impacts of the
plastic lifecycle on climate change, the report highlights the largest sources of atmospheric greenhouse
gases emitted to the exclusion of non-greenhouse
gas air and water emissions and pollutants.

CO2 and water vapor are the most abundant
greenhouse gases, though there is a wide array
of other gases, like methane, and processes that
also contribute to atmospheric warming and
climate change. To allow greenhouse gases and
other climate-forcing agents with dissimilar characteristics to be represented on a comparable
footing, climate scientists calculate their impact
relative to a common baseline: the CO2 equivalent
(CO2e).3 Water vapor is excluded and considered
a feedback for purposes of climate models.
This report adopts the methodology for measuring and collecting estimates of greenhouse gases
as set forth by the IPCC’s 2013 Fifth Assessment

figure 3

Greenhouse Gas Emissions by Economic Sectors
Electricity and
Heat Production
25%

Energy
1.4%

AFOLU
24%
Buildings
6.4%

Transport
14%

Industry
11%

Total: 49 Gt CO2e (2010)
Transport
0.3%

Industry
21%
Buildings
12%
Other Energy
9.6%
AFOLU
0.87%
Direct Greenhouse Gas Emissions

Indirect CO2 Emissions

Total anthropogenic greenhouse gas emissions (gigaton of CO2e per year, greenhouse gas) from economic sectors in 2010. The circle
shows the shares of direct GHG emissions (in percent of total anthropogenic greenhouse gas emissions) from five economic sectors
in 2010. The pull-out shows how shares of indirect CO2 emissions (in percent of total anthropogenic greenhouse gas emissions) from
electricity and heat production are attributed to sectors of final energy use. “Other energy” refers to all sources in the energy sector,
other than electricity and heat productions. The emission data on agriculture, forestry, and other land use (AFOLU) includes land-based
CO2 emissions from forest fires, peat fires, and peat decay that approximate to net CO2 flux from the sub-sectors of forestry and other
land use (FOLU). Emissions are converted into CO2e based on 100-year Global Warming Potential (GWP100), taken from the IPCC
Second Assessment Report.
Source: IPCC, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on
Climate Change 47 (Core Writing Team, R.K. Pachauri and L.A. Meyer eds, 2014), https://www.ipcc.ch/site/assets/uploads/2018/02/SYR_AR5_FINAL_full.pdf.
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Report (AR5) to identify greenhouse gases with
varying climate-forcing impacts at each stage of
the plastic lifecycle on comparable footing.4 The
AR5 modeled cumulative CO2 emissions from a
common starting point and over a period of 100
years, factoring in the ratio of radiative forcing
of one kilogram (Kg) greenhouse gas emitted to
the atmosphere to that from one kg CO2 over the
same period of time.5 In certain instances, values
from other IPCC reports, including the IPCC 		
Second Assessment Report (SAR) and the Fourth
Assessment Report (AR4), are included in this
report where industry’s permit data filed to 		
USEPA or US state environmental agencies 		
references those methodologies for reporting
on emissions estimates.
This report relies on several frameworks for 		
understanding the quantity of anthropogenic
greenhouse gas emissions relative to the likelihood
of attaining optimal climate stabilization targets.
The IPCC has developed several scenarios to
highlight the sources of emissions and modeled
reduction targets to limit the concentrations of
greenhouse gases to achieve climate stabilization
targets. This report also uses the framework of a
carbon budget to provide context for the emissions estimates collected at each stage of the
plastic lifecycle. A number of institutions, including International Energy Agency (IEA), the IPCC,
and Carbon Tracker, among others, have developed climate models to determine the cumulative
amount of carbon dioxide emissions permissible
over a period of time to keep within a certain
temperature threshold.6
In October 2018, the IPCC released its Special
Report on 1.5°C (SR 1.5), confirming the world
has already warmed by more than 1°C, bringing
with it dramatic changes to ecosystems, weather
patterns, extreme weather events, and communities around the world. Continued warming to
1.5°C will exacerbate these problems, resulting in
even more frequent and severe extreme weather
events, greater impacts on marine and terrestrial
ecosystems around world, and increased impacts
on human society. The IPCC issued its clearest
warning yet that allowing warming of 2°C will
lead to still greater extreme weather events and
even more catastrophic impacts.
The IPCC concluded that keeping warming to no
more than 1.5°C is both necessary and achievable,
but it emphasized that to do so requires rapid and
dramatic reductions in greenhouse gas emissions.
Specifically, it requires cutting greenhouse 		

Box 1

Greenhouse Gas Emissions
Carbon dioxide equivalents are an emissions metric that factors in
different characteristics of varying greenhouse gases and other climateforcing agents so that they can be compared. Each greenhouse gas
has a different global warming potential over 100 years (GWP100),
the measure of how much heat a greenhouse gas puts into the
atmosphere and how long it persists in the atmosphere.7
The three main greenhouse gases (excluding water vapor) and their
GWP100 compared to carbon dioxide are:8
1x
28 x
		

carbon dioxide (CO2)
methane (CH4) – Releasing 1 Mt CH4 into the atmosphere
is equivalent to releasing 28 Mt CO2

265 x nitrous oxide (N2O) – Releasing 1 Mt N2O into the
		
atmosphere is equivalent to releasing 265 Mt CO2
There are other greenhouse gases that have far greater global warming
potentials but are much less prevalent, for example, sulphur hexafluoride
(SF6), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs).
TA B L E 1

Global Warming Potentials of Greenhouse Gases
Predominant greenhouse gases (along with water vapor) and their global
warming potential (GWP) compared to carbon dioxide

Greenhouse Gases
Carbon Dioxide, CO2
Methane, CH4
Nitrous Oxide, N2O
Tetrafluoromethane, CF4
Fluorinated Gases: hydroflurocarbons
(HFCs), perfluorocarbons (PFCs),
and sulfur hexafluoride (SF6)

Cumulative
forcing over 20
years (GWP20)

Cumulative
forcing over 100
years (GWP100)

1

1

84

28

264

265

4,880

6,630

506

138

Source: IPCC, Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change 47 (Core
Writing Team, R.K. Pachauri and L.A. Meyer eds, 2014), https://www.ipcc.ch/site/assets/uploads/2018/02/SYR_AR5_FINAL_full.pdf.

gas emissions 45 percent by 2030 and reaching
net-zero emissions by no later than 2050.9 While
SR 1.5 concluded that reducing the carbon intensity of electricity generation is a key component
of cost-effective mitigation strategies in achieving
direct CO2 emissions reductions, a focus on how
to best reduce emissions from the electricity and
transportation sectors alone is not sufficient to
reach the 1.5°C target by 2100.
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Calculating the Climate Costs
of Plastic
Estimates of Cradle-to-Resin
Emissions Rates

T

his report builds on earlier attempts to		
identify and quantify the climate impacts
of plastic.

A 2011 analysis from Franklin Associates prepared
for the American Chemistry Council examined
the cradle-to-resin greenhouse gas emissions for
the major plastic resins. Cradle-to-resin estimates
include emissions from oil and gas extraction
through resin production. Franklin Associates’
estimates underwent peer review before publication in the US Department of Energy’s National
Renewable Energy Laboratory’s Life Cycle Inventory Database. Their conclusions are based on
average direct emissions and energy use reported
by 17 companies that operate 80 plants in North
America, though industry coverage varies by
resin. Since 2011, several peer-reviewed studies
have examined these estimates and used them to
estimate the potential impact of more sustainable
alternatives. One study from Posen et al. combined
the original work by Franklin Associates and
other analyses to produce midpoint estimates
for cradle-to-resin emissions intensities for North
American plastic production. These estimates
are incorporated into this analysis.
PlasticsEurope, the European industry association
for the plastic industry, hosts “Eco Profiles” of
various plastics, which are also cradle-to-resin
estimates of emissions intensity for different plastic resins. Whereas Posen et al. focused on North
American plastic production, PlasticsEurope Eco
Profiles correspond to European plastic production.
Notably, the emissions estimates for European
plastic production are greater than North-Americanmade plastic, for reasons that will be discussed
in greater detail in the following chapters.

Opposite: © iStockphoto/Marke Trawcinski

These two cradle-to-resin estimates inform this
report’s evaluation of the likely minimum emissions from the first stages of the plastic lifecycle
(extraction, transport, refining, and manufacture).
As the following chapters describe in greater
detail, these estimates are subject to substantial
undercounting of emissions. This report will 		
identify sources of greenhouse gases that are
as yet uncounted or unquantified but are nonetheless significant contributors to the overall
greenhouse gas impact of the plastic lifecycle.
For the purpose of comparing emissions over
time to the constraints of global carbon budgets,
this report will use an adjusted weighted average
of these cradle-to-resin estimates, building in
conservative assumptions that are likely to reduce
the apparent climate impact of the plastic lifecycle. Specifically, the estimates of cradle-to-resin
greenhouse gas intensity from both Posen et al.
and PlasticsEurope are averaged for the primary
plastic resins polyethylene (PE), polypropylene
(PP), polyvinyl chloride (PVC), polyethylene
terephthalate (PET), and polystyrene (PS). These
five thermoplastics represent at least 85 percent
of all plastic production and are less carbonintense to produce than more uncommon types
of plastic, though still responsible for significant
carbon emissions. As such, using this lower 		
estimate for all plastic production is likely to
underrepresent the true emissions impacts from
the growth of plastic production over time. However, without knowing the relative growth rate
of niche plastics versus primary plastics, this bias
ensures that cradle-to-resin emissions used for
the sake of carbon-budget analysis represent
likely emissions minimums.
Because North American plastic production
primarily uses natural-gas-sourced ethane as a
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feedstock, and European plastic production 		
primarily uses oil-sourced naphtha, a combination
of estimates provides a better representation of
global production. There is no reason to believe
that plastic produced in other regions is substantially less emissions-intense than plastic produced
in Europe and North America. Moreover, known
processes that rely on coal feedstocks are considerably more emissions-intensive than plastic production using oil or natural gas feedstocks. These
coal-to-olefin processes are a small but growing
share of global plastic production, and there are
no reliable projections for coal-to-olefin’s share
of plastic production in decades to come. As a
result of these data gaps, the estimates in this
report do not reflect the increased emissions from
the enormously carbon-intense coal-to-olefins
processes and applies only the lower cradle-toresin profile of North American and European
plastic. Based on the calculations described
above, this report assumes 1.89 Mt CO2e are
emitted per Mt plastic resin produced.10
A significant component of cradle-to-resin emissions for plastic derives from the electricity and
heat that power production processes, because
that electricity and heat is produced almost 		
exclusively by the combustion of fossil fuels. As
discussed in greater detail below, such processes

may be performed with renewable or low-carbon
energy sources, reducing the carbon intensity
of one stage in the plastic production process.
Both Posen et al. and Material Economics, incorporating PlasticsEurope Eco Profiles, produce estimates for the carbon intensity of resin production
using low-carbon energy. Using the same process
to average estimates for North America and
Europe, this report assumes an average cradleto-resin carbon intensity for plastic produced
with low-carbon or renewable energy sources
at 0.90 Mt CO2e per Mt of plastic produced.
There are strong reasons to doubt that plastic
production will reduce its carbon intensity quickly, even as the electricity grid shifts towards ever
greater reliance on renewable and low-carbon
energy. Many industrial facilities in the plastic
supply chain have on-site power generation for
electricity and heat,11 meaning that an increasingly
low-carbon public energy grid may have little
bearing on the energy mix used for plastic production, and these sources would need to be converted. Moreover, because fossil fuel production
and plastic production are closely linked—with
elements of both often taking place at the same
or adjacent facilities—the entrenchment of fossil
fuels in the plastic production process is even
harder to overcome. It is important to note that

P l a s t i c & c l i m at e • T he H idden C osts of a P lastic P lanet

even if fully powered by renewable energy sources,
plastic production would remain a significant
source of greenhouse gas emissions because of
the significant emissions created by the chemical
processes themselves. Fully converting electricity
and energy systems to rely on renewables will not
address these emissions from plastic production
and do not address emissions from end-of-life
treatment.
The assumptions described above, coupled 		
with the uncounted emissions described herein,
strongly indicate that the true impact of plastic
on atmospheric greenhouse gas concentrations is
considerably greater than the numeric estimates
this report suggests. Nonetheless, the calculable
impact is of great concern, and the limiting 		
assumptions only underscore the need for greater
attention to plastic’s large and rapidly growing
climate impacts.
Previous Efforts to Measure
Plastic’s Lifecycle Impact
This report also draws on an analysis of present
and future plastic lifecycle emissions prepared
by the research group Material Economics. 		
Significantly, in its report The Circular Economy,
Material Economics examines the critical importance of reducing emissions from industrial
sources to achieve agreed climate goals.
To reconcile the impacts of the plastic lifecycle
with established carbon budgets, Material 		
Economics addresses not only the emissions
associated with plastic production itself, but
associated emissions from plastic waste and the
effect on emissions trajectories from the growth
of plastic production through the end of the century. In combination with emissions intensities for
plastic resin production based on PlasticEurope’s
Eco Profiles, Material Economics measures the
potential cumulative climate impact of plastic
through 2100.
This report builds on Material Economics’ analysis
in several ways. As described above, this report
uses a conservative estimate of global emissions
intensity for cradle-to-resin plastic production to
account for both geographic differences in plastic
feedstocks and the comparatively rapid growth
of lower-emission plastic resin types.
For end-of-life plastic, Material Economics uses
a gross figure of embedded carbon, the carbon
content of solid plastic that could be released into
the environment. In the subsequent chapters on
Waste Management and Plastic in the Environment,

the present report details the pathways through
which such embedded carbon may be released
into the atmosphere, quantifies the potential
scale of those emissions, and highlights significant
unknowns and data gaps that may influence and
dramatically undervalue those measurements.

The assumptions described here strongly indicate
that the true impact of plastic on atmospheric
greenhouse gas concentrations is considerably
greater than the numeric estimates this report
suggests.
This report also assumes growth rates in line with
estimates from the World Economic Forum, Mitsubishi Chemical Techno-Research, and analyses
of American Chemistry Council data on investment in and growth of plastic and petrochemical
production capacity. This growth rate, of 3.8 percent until 2030 and 3.5 percent at least through
2050, is perhaps the biggest indicator of the urgency of understanding the climate impacts of
the current and planned expansion of plastic production. Taking into account the speed and scale
of the ongoing buildout of plastic infrastructure,
the growth rate through 2030 should be considered extremely conservative and is likely a significant underestimate of future growth if industry
expansion plans are fully implemented.
Plastic Production Growth
Estimates 2015–2100
As noted in the introduction, plastic production
is growing rapidly and investments in new capacity have accelerated dramatically in recent years.
Accordingly, any projection of the long-term
contribution of plastic to greenhouse gas emissions must make assumptions about the pace
and scale of this growth.
The World Economic Forum (WEF) projects that
plastic production and use will grow 3.8 percent
per year through 2030. WEF assumes this rate
of growth will slow to 3.5 percent per year from
2030 through 2050.12 WEF does not provide estimated plastic industry growth rates after 2050.
A separate analysis of potential plastic-related
emissions prepared by Material Economics takes
a different approach, assuming that plastic production will grow at a relatively constant rate
of approximately 1.6% from now until 2100.
The present report applies WEF growth estimates
on the grounds that these estimates better reflect
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the available data on current and projected industry growth in the near to medium term. Indeed,
there is a strong likelihood that WEF’s estimate
may understate the actual rate of industry growth,
particularly during the critical period between
now and 2030.

According to the American Chemistry Council, in
the space of one year, the planned investments and
the number of new or expanded petrochemical
production facilities grew by more than 25 percent.
In September 2017, the Center for International
Environmental Law (CIEL) released a report
examining how the fracking boom in the United
States and beyond is fueling a dramatic buildout
of new infrastructure for the production of plastic.13
In that analysis, CIEL projected that the production
capacity for ethylene and propylene—the two
most important plastic feedstocks—would grow
by 33–36 percent by 2025.14
This conclusion was based on an earlier analysis
by Mitsubishi Chemical Techno-Research Corporation, which projected a 35 percent growth in
ethylene production capacity and a 33 percent
growth in propylene production capacity between
2016 and 2025.15 In the period since Mitsubishi’s
and CIEL’s reports were released, the pace of
industry investment in expanding plastic infrastructure has further accelerated. For example,
in September 2017, the American Chemistry
Council reported a total of $164 billion of investment in 260 new or expanded production facilities
for petrochemicals (calculating from a 2010 baseline). By September 2018, it reported total investments of over $200 billion in more than 330 new
or expanded facilities. In the space of a year, both
the planned investments and the number of new or
expanded facilities grew by more than 25 percent.
For some kinds of plastic, the pace of growth is
dramatically greater. In February 2018, for example,
the Houston Chronicle projected that ethane consumption, primarily for use in ethylene, would
grow 30 percent by 2019. It reported that “ICIS,
a global energy and petrochemical research firm
with offices in Houston, has forecast that by 2022,
US producers of polyethylene, the most common
plastic, will have further increased their production
capacity by as much as 75 percent, with much of
the new production exported to foreign markets.”16

In its Global Ethylene Capacity and Expenditure
Outlook in the fourth quarter of 2018, the research
firm Research and Markets projected that global
production capacity for ethylene will grow from
180 million Mt in 2017 to 270 million Mt in 2026.17
A parallel report on propylene projected that
capacity will grow from approximately 120 million
Mt per year in 2017 to more than 150 by 2026.18
Combining the figures for ethylene and propylene
yields a growth in production capacity of these
feedstocks from 300 million tons per year in 2017
to 420 million tons in 2026. This represents a 40
percent growth in production capacity by 2026.
To ensure consistency in calculations, this report
assumes that production capacity for key plastic
feedstocks will grow by 33–36 percent by 2025.
For growth estimates spanning the full period
between 2015 to 2050, it applies the growth rates
used by WEF. In light of the rapid economic and
social transitions necessitated by both the plastic
crisis and the climate crisis, this report does not
attempt a growth projection for plastic production
after 2050. Instead, it assumes that plastic production remains stable from 2050 through 2100.
On the basis of the foregoing information, the
authors consider each of these growth estimates
to be conservative and a likely underestimate
of the long-term growth in this industry under
business-as-usual scenarios.
Estimating Plastic’s Impact on
Global Carbon Budgets
Drawing on data from the IPCC AR5 database,
Material Economics concluded that to have even
a 66 percent chance of keeping warming below
2°C, cumulative emissions from the energy and
industrial sectors as a whole cannot exceed 800
gigatons (Gt) by 2100. To have any chance of
keeping within 1.5°C, emissions must be lower
still, and net global emissions must fall to zero
by 2050. An analysis of the IPCC’s SR 1.5 report
by Carbon Brief concludes that the total remaining carbon budget limit warning to 1.5°C is as
little as 420 Gt CO2e and no more than 570 Gt.19
Of the 800 Gt CO2e carbon budget for energy
and industry sectors through 2100 under a 2°C
scenario, Material Economics allocates 300 Gt
for industry.20 Industrial sources comprised 		
40 percent of global greenhouse gas emissions
in 2014.21 Just four sectors—steel, plastic, cement,
and aluminum—account for fully three quarters
of these emissions. Of the four sectors, plastic is
witnessing the most rapid and sustained growth,
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and it is projected to have the largest growth in
emissions under business-as-usual scenarios.22
In 2015, 380 million Mt of plastic resins and 		
fibers were produced. Using WEF’s growth rate
estimates—3.8 percent growth per year through
2030 and 3.5 percent growth per year at least
through 2050—annual plastic production in 2050
is expected to reach 1,323 million Mt, or nearly
3.5 times as much as was produced in 2015.
Applying the cradle-to-resin emissions estimate
above of 1.89 tons CO2e/ton of plastic resin produced, plastic production could emit 1.26 Gt CO2e
per year by 2030—equivalent to the emissions
from 277 five-hundred-megawatt coal plants.
Even assuming the current expansion slows after
2030, annual emissions from plastic production
could rise to 2.5 Gt by 2050—emitting as much
CO2 as 549 five-hundred-megawatt coal plants.
Cumulative emissions between 2015 and 2050
would exceed 52 Gt, equal to nearly 30 years of
emissions from all the coal, gas, and oil plants in
the United States.23 On its present trajectory, plastic production alone could consume more than 12
percent of the earth’s remaining carbon budget
by 2050 and 111 Gt or more if emissions continue
through the end of the century.
Powering energy-intense plastic production processes with 100 percent renewable energy could
reduce these production-related emissions by
half, but they would not address the significant
greenhouse emissions produced by the chemical
conversion processes themselves. More importantly, whether and on what timeline such a conversion to renewable energy could be achieved
is highly uncertain. Facilities would have to alter
their on-site energy production process, and the
electricity grid would need to evolve as well.
While the latter is already happening to a certain
extent, the challenges to the former, as explained
above, are substantial.
Projections of this kind are subject to a range
of uncertainties, especially as those projections
apply further into the future. The scale of the
plastic problem is so severe, however, that even
conservative projections about emissions from
plastic from 2050 to 2100 are dire. For example,
even if plastic production stopped growing from
2050 to 2100, and assuming renewable energy
were fully integrated into the production process,
cradle-to-resin emissions for the second half of
the century would still amount to an additional

© Soojung Do/Greenpeace

cumulative 59.5 Gt CO2e by 2100. Assuming any
higher level of emissions or a moderate growth
rate further accelerates the greenhouse gas impacts.
24

Applying conservative growth projections between now and 2050, and assuming production
stabilizes and is fueled completely by renewable
energy through the latter half of the century,
emissions from plastic production alone could
generate more than 111 Gt CO2e by 2100—even
before the substantial and growing emissions
from plastic waste incineration are taken 		
into account.
As documented in Chapter 6, greenhouse gas
emissions from plastic incineration could add
another 4.2 Gt CO2e to the atmosphere by 2050,
bringing total emissions production and incineration alone to more than 56 Gt CO2e. Thus, plastic
alone could consume from 10-13 percent of the
earth’s remaining carbon budget, undermining
urgent global efforts to keep warming below
1.5°C and making even a 2°C target nearly
impossible.
These projections demonstrate the magnitude
of the climate threat posed by the ongoing rapid
expansion in plastic production. As the following
chapters demonstrate, moreover, the plastics
lifecycle includes a wide array of emissions sources
and emissions pathways that are almost certainly
being overlooked in current assessments of plastic’s climate impacts, and in the business and
policy decisions based on those assessments.
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lmost all plastic, including resins, fibers,
and additives, is derived from fossil fuels.
The molecules or monomers used to make
plastic, like ethylene and propylene, are derived
from oil, gas, and coal. While not all fossil-fuelderived chemicals (petrochemicals) become
plastic, nearly all plastic begins as fossil fuels.
The Origins of Plastic: Olefins
The process for producing plastic is similar for
each feedstock material, though there are important
differences. In general, after oil and gas are extracted
from wells, they undergo a process to separate
them into component parts, some of which are used
for plastic production. Those chemical components
are sent to facilities, usually “cracking” plants, where
they are turned into olefins, organic chemicals that
form the base for most plastic. The two most 		
important olefins are ethylene and propylene.
Olefins are monomers, small molecules that can
be bound together to make much longer chains.
To become plastic, olefins get stitched together to
form extremely long chain molecules, or polymers,
in a process called polymerization. If necessary,
they are also mixed with plasticizers. Then they
are cooled and shredded into pellets called nurdles.
Those nurdles form the virgin plastic sold to 		
manufacturers, who then melt and reshape those
materials into products like bottles, bags, and
household items.
Olefins are commodity chemicals, so ethylene made
from gas is no different than ethylene made from oil
or coal. The process after olefin production, therefore, depends on what is being produced, not upon
the feedstock from which the olefin originated. The
path from fossil fuel to olefin is different, however,
depending on which fossil fuel feedstock is producing the olefin.

Opposite: © FrackTracker Alliance

Producing Olefins
Oil derivatives are the primary feedstock for plastic
production worldwide. After crude oil is extracted
from the ground, it is transported to a refinery. The
oil refining process produces, among other things,
naphtha, a combination of hydrocarbons that can
be turned into olefins via a process called steam
cracking. Olefins can also be produced directly
via fluid catalytic cracking at oil refineries, although
this process is less common.
Natural gas is especially important in the production of ethylene. Natural gas is primarily methane,
though heavier hydrocarbons in the form of natural
gas liquids (NGLs) are produced from gas wells
as well. The most common NGL is ethane. Ethane,
once separated from the rest of the gas, is processed in a steam cracker to produce ethylene.
Whereas steam cracking of naphtha can produce
ethylene and propylene, ethane crackers are designed to optimize ethylene production. Propane
may also be processed into propylene in separate
facilities called propane dehydration plants.
Coal is also used to make olefins, although the process is considerably more expensive and less cost
effective than olefins derived from oil and gas. Coal
can be turned into synthetic natural gas (syngas)
through the process of coal gasification. Once gasified, this syngas, which is methane, can be turned
to methanol, which can then be turned into olefins.
This process is sometimes called coal-to-olefins or
methanol-to-olefins.25
Whether olefin producers use oil, gas, or coal as
a feedstock depends on cost and availability. Companies in the Middle East and North America rely
primarily on ethane from natural gas, whereas
producers in Europe and Asia rely primarily on
oil, with some in China also relying on coal.26

21

22

c h a pt e r f o u r • e x traction and transport

Box 2

Plastic Resins
Mass-produced plastic includes polymer resins,
synthetic fibers, and additives. While there are
many kinds of plastic, the most prevalent resins
and fibers include PE, PP, PET, PVC, PS, and polyurethane (PUR) resins; and polyester, polyamide,
and acrylic (PP&A) fibers. The largest group of
non-fiber plastic production (PE, PP, PET, PVC,
and PS) constitute over 85 percent of all plastic
produced by weight.27 Understanding these materials and their supply chains is critical to understanding not only the greenhouse gas emissions
traceable to single-use plastic and plastic packaging, but also the impacts of plastic in general.

figure 4
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PE accounts for 36.3 percent of all plastic 		
produced.28 It is often segmented into highdensity polyethylene (HDPE) and low-density
polyethylene (LDPE), as well as sometimes linear
low-density polyethylene (LLDPE), which have
different applications. HDPE is used for products
like milk and shampoo bottles, pipes, and houseware, while LDPE is used to make products such
as plastic bags, food packaging films, and various
kinds of trays and containers.29 In both cases,
packaging makes up the largest single-use 		
category of polyethylene use.30
PP accounts for 21 percent of plastic produced.31
PP is used for food packaging, snack and candy
wrapping, and microwavable containers, among
other uses.32 Similar to PE, packaging represents
the largest single-use category for polypropylene.33
PVC accounts for 11.8 percent of plastic 		
produced.34 While it is used in packaging, PVC
is primarily used as a building and construction
material, and it is found in pipes, window frames,
and floor and wall coverings, among other uses.35
PET accounts for 10.2 percent of plastic produced.
PET is nearly exclusively used for plastic packaging, particularly in water bottles, soft drinks, and
cleaning products.36

PP 21%

Use of non-fiber
plastic resin
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Building/
Construction

39% Other
electrical
and electronics,
transporation,
and industrial
machinery

42%
Plastic
Packaging

Source: Roland Geyer, Jenna R. Jambeck and Kara Lavender, Law, Production,
use, and fate of all plastics ever made.

Finally, PS accounts for 7.6 percent of plastic produced.
Polystyrene is used for products like glasses frames
and cups. It is more familiar in its expanded form,
expanded polystyrene (EPS), commonly misidentified
as the brand name Styrofoam, which is used for items
such as cups, food trays, and cushioning material.37
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The Growth of Petrochemical Production
Analyses of the plastic and petrochemical industries are largely consistent in forecasting significant growth in both production and consumption
of plastic over the next several decades. WEF
predicts growth in plastic production of 3.5–3.8
percent per year through 2050.38 Material Economics projects plastic production to more than
double, from just over 320 million Mt per year in
2015 to over 800 million Mt per year by 2050.39

IEA predicts slightly slower growth, but still 		
projects a nearly 70 percent increase in key thermoplastic production between 2017 and 2050.40
Consistent with the growth in plastic production,
estimates from Mitsubishi Chemical TechnoResearch project growth in the production of
ethylene and propylene, the key feedstocks for
the main thermoplastics, of 2.6 percent and 4.0
percent per year, respectively, through 2025.41

F igure 5
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(on file with authors).
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These projections not only forecast an impending
acceleration of plastic production and waste,
but also underscore the importance of growing
plastic production as a driver of increased fossil
fuel demand. According to WEF, plastic production
accounts for 4–8 percent of global oil consumption annually, with roughly half used for material

If growth trends continue, plastic will account for
20 percent of global oil consumption by 2050.
Box 3

The Truth about Bioplastic
Bioplastic—or biopolymers—is distinct from conventional plastic
because it is made from renewable plant feedstocks such as
corn, cassava, sugar beet, or sugar cane and not petrochemicals.
Some products labeled as bioplastic contain a combination of
plant-based and petrochemical feedstocks. Bioplastic can be
as versatile as conventional plastic and is used to manufacture
a variety of commercial products. Food-packaging uses include
coffee cups, bottles, plates, cutlery, and vegetable bags; medical
applications include surgical sutures, implants, and fracture 		
fixation; other commercial applications include fabrics. Bioplastic
includes polylactic acid (PLA), plant-derived PET, and poly-		
hydroxyalkanoate (PHA) and can be mixtures of biopolymers,
petrochemical-derived plastic, and fibers.
Bioplastic is not inherently biodegradable. The material used
in plant-based PET is indistinguishable from its petrochemical
equivalent. Plant-based PET, like petrochemical PET, will not
decompose, but it can be recycled with conventional PET. Plantderived PET thus has the same environmental impact as conventional plastic through its use and end of life. PLA is not suitable
for home composting; biodegradation requires an industrial
composting process that uses high temperatures (over 58˚C)
and 50 percent relative humidity (most home composters 		
operate at less than 60˚C and only rarely reach temperatures
greater than this).
Pure bioplastic will release carbon dioxide (or methane) and
water when it breaks down. However, if additives or toxins have
been added during the manufacturing process, as is generally
the case, these may be released during degradation. As with
fossil-fuel-based plastic, chemicals may be added to a bioplastic to add strength, prevent wrinkling, or confer breathability.
Further research and lifecycle analyses will help to understand
the role and impacts of different bioplastics.

feedstock and half used for energy in the production process.42 WEF estimates that, if growth
trends continue, plastic will account for 20 percent of global oil consumption by 2050.43 IEA’s
The Future of Petrochemicals report predicts
that petrochemicals will account for more than a
third of oil production growth through 2030 and
more than half of oil production growth through
2050.44
Plastic production is expected to grow for 		
decades, and those projections extend further
into the future than current plans to construct
new petrochemical and plastic production 		
facilities. Current plans for rapid expansion 		
of production capacity are concentrated in 		
the United States, China, and the Middle East,
but also include expansions of petrochemical
capacity in Europe and South America.
As a result of the shale gas boom in the United
States, firms are investing heavily in new production capacity near shale formations. As of
September 2018, projected investments in US
petrochemical buildout linked to fracked shale
gas amounted to over $202 billion for 333 		
new facilities or expansion projects.45
The fracking boom in the United States has led
suppliers to seek long-term supply contracts and
export oversupplied gas. Liquefied natural gas
(LNG) facilities—and the pipelines, coastal terminals, and ships that service them—have accordingly become a growing component of fracking
infrastructure to support these efforts.
This internationalization of the fracking boom
has already started and is set to accelerate. In
Argentina’s Vaca Muerta region, oil, gas, and
petrochemical companies are working to open
the second-largest fracking frontier on the planet
and attract major petrochemical investments to
exploit the fracked gas. In July 2017, the United
Kingdom received its first delivery of LNG from
the Sabine Pass export terminal in the US state
of Louisiana. The Cove Point LNG export facility
in Maryland is now a point of transport for 		
Marcellus Shale gas destined for Japan and India.
As of the drafting of this report, five additional
LNG export terminals are in the planning stages
in the United States.46
Greenhouse Gas Emissions from
Oil and Gas Feedstocks
The extraction and transport analysis in this
report focuses primarily on emissions from the
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US natural gas sector. This focus ensured that a
robust profile of emissions could be produced,
whereas limitations in data access and variability
in regional emissions data would make such
global measurements extremely difficult. Nonetheless, a description of the global oil market
and its emissions is warranted to provide a rough
estimate of the scale of emissions from oil production, as well as an understanding of the
limitations in constructing emissions analyses.
The CO2e emissions per barrel of oil produced
varies greatly between sources of oil. According
to a 2015 report from the Carnegie Endowment
for International Peace, the carbon intensity of oil
can vary by over 80 percent per barrel between
the lowest- and highest-emitting oils.47 A recent
analysis of nearly 9,000 oil fields determined a
weighted-average carbon intensity for “well-torefinery” oil production and concluded that global
well-to-refinery emissions in 2015 were approximately 1.7 Gt CO2e.48 Apportioned for the approximately four percent of oil used as chemical feedstock for plastic,49 an estimate of 68 million 		
Mt CO2e can be produced for the contribution
of emissions from oil production to plastic 		
production in 2015.
This estimate has significant limitations, however.
While it is true that approximately four percent
of oil is used as material feedstock for plastic
production, that contribution is not distributed
evenly. The carbon intensity of the specific oil
sourced will affect the carbon intensity of the
subsequent plastic produced, and as noted 		
earlier, that carbon intensity can vary greatly.
Moreover, because crude oil is widely traded,
plastic production and oil production are not as
geographically tied as is the production of plastic
from natural gas. Nonetheless, while this estimate
should not be relied on for formal greenhouse
gas accounting, it demonstrates the scale of
emissions from plastic production.
After extraction and transportation, oil is refined.
The refining process produces naphtha, which can
then be cracked to produce olefins for plastic
production, and may also directly produce olefins
through the fluid catalytic cracking of lighter
elements in the oil. Global emissions from steam
cracking for both ethane and naphtha are 		
addressed in the next section.
Calculating the exact greenhouse gas emissions
from oil refining is challenging, but estimates may
be made. One from Moody’s places greenhouse
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Box 4

Coal-to-Chemicals and Greenhouse Gas Emissions
It is possible to make olefins, the base chemicals for plastic production,
from coal feedstocks. This process is sometimes called coal-to-olefins,
coal-to-chemical, or methanol-to-olefins (as methanol is often made
from coal feedstocks). This process is typically not cost competitive
with plastic production from oil or gas feedstocks and is only used 		
in China.
Converting coal into methanol and subsequently converting methanol
into olefins is an extremely energy-, water-, and emissions-intense
process. Ethane and naphtha cracking release 1.0–1.2 and 1.6–1.8 Mt
CO2e per Mt olefin produced, respectively. According to an estimate
from HSBC Bank, coal-to-olefins processes, in contrast, emit 7.1–10.6
Mt CO2 per Mt of olefin produced.50 It is unsurprising, then, that Olivier
Thorel, an executive at Shell Chemicals, described the process as
“massive CO2 machines that make chemicals as a sidestream.”51
The future of the coal-to-olefins process is not clear. Massive investments in new coal-to-olefins capacity have been announced, although
competing shipments of US natural gas and naphtha feedstocks may
affect those plans. Either way, this form of producing plastic is a profound climate problem above and beyond the already problematic
lifecycle of plastic produced from oil or gas. From a climate, energyuse, and water-use perspective, preventing the construction of additional coal-to-olefins production plants should be a high priority.
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gas emissions from oil refining at approximately
one Gt CO2e per year.52 This appears consistent
with other estimates measuring the carbon 		
intensity of refining or the emissions from refining
in one region.53 Applying the same four percent
attribution ratio as above, emissions of approximately 40 million Mt CO2e per year may be 		
applied to plastic production.

This report estimates that 12.5–13.5 million
Mt CO2e are emitted per year by the extraction and
transportation of natural gas in the United States
for the creation of plastic feedstocks.
Again, this estimate is subject to significant 		
uncertainty. Emissions vary by refinery and kind
of oil refined, and it is beyond the scope of this
report to try to trace emissions with that degree
of specificity. Still, it is possible to produce a
reasonably reliable present estimate of emissions
from oil production and refining attributable to
plastic production, at 108 million Mt CO2e per year.
Conservative assumptions built into the estimates
here suggest no reason to believe the actual
number is materially smaller; to the contrary,
the actual number may be considerably larger.
Additional emissions from natural gas extraction
and transformation in the Middle East, which
primarily uses ethane for plastic production,
are omitted from this analysis due to the inaccessibility of adequate data. Nonetheless, those
emissions are not insignificant and should be
understood as an additional element of the
greenhouse gas impact of plastic production.
The next several sections identify and quantify
the various sources of emissions from the natural
gas production and transportation process in the
United States and apportion those emissions
to plastic production.
Natural Gas in the United States
Plastic can be made from a variety of hydrocarbon feedstocks,54 but one of the principal raw
materials begins with ethane gas that produces
ethylene through steam cracking.55 After methane,
ethane is usually the most common component
of natural gas. It is considered a natural gas liquid;
natural gas high in NGLs is called “wet gas.”
According to IEA, natural gas in the US accounts
for around 40 percent of global capacity to 		

produce low-cost ethane, and the fracking boom
in the United States led to increases in the US
share of ethane-based chemical exports globally.56
Although Saudi Arabia and Iran are significant
producers of petrochemicals sourced from ethane,
there is not much publicly available information
from those and other Middle Eastern countries.
In contrast, the available information from the US
shale gas boom provides a useful look into the
greenhouse gas emissions from the first stages
of the plastic lifecycle.57
The oil and gas industry is the largest industrial
source of methane emissions, according to the
USEPA.58 Estimating the portion of greenhouse
gas emissions from the gas industry attributable
to the production of plastic requires making
several assumptions due to industry variability,
demand-side fluctuations, and numerous data
gaps. However, because approximately 4.2 percent of the natural gas stream is composed of
ethane, and 44 percent of ethane is used for
petrochemical production, 1.8 percent of emissions from the natural gas production process
will be applied to the plastic lifecycle. This 		
report estimates that 9.5-10.5 million Mt CO2e
are emitted per year by the extraction and transportation of natural gas in the United States for
the creation of plastic feedstocks.
Ethane Production Estimates
In 2015, 790,968 active oil and gas wells in the US
produced over 32.9 trillion cubic feet of natural gas.
Some of the ethane from the natural gas remains
in the natural gas stream to be burned by industrial,
commercial, and residential consumers in a process
known as ethane rejection.59 This practice is likely
to increase as new pipelines and crackers come
online and more ethane can be used.
It is impossible to say at this time exactly how
much ethane comes out of the ground in the
United States because of ethane rejection and the
high variability of ethane in different oil and gas
formations.60 Union Gas, a supplier that receives
gas from Canadian and American wells, however,
indicates that ethane comprises between 1.5
and nine percent of natural gas, with an average
of 4.2 percent.61 Applying that figure to total
gas production results in an estimate of around
1.34 trillion cubic feet of ethane (or 934 million
42-gallon barrels) produced in the United States
in 2015.62
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The amount of NGLs produced at gas facilities
in the United States has nearly doubled to more
than 1.2 billion barrels in the ten years between
2005 and 2015, mainly due to large increases
in production from shale gas and tight oil formations.63 Ethane is the most common of these
NGLs, accounting for 412 million barrels in 2015.64
Using the Union Gas estimate of natural gas containing 4.2 percent ethane,65 about 44 percent
of the ethane produced is used as a plastic feedstock, totaling 589.6 million cubic feet (MMcf) of
used ethane—with the balance rejected into the
natural gas stream, vented, flared, or wasted in
some other fashion.
Globally, 134 million Mt of ethylene were produced
in 2014, including 25 million Mt in the United
States.66 Propylene, the second most common
petrochemical feedstock after ethylene, had an
estimated production of 89 million Mt in 2014
and is the source of polypropylene plastic.67 Such
plastic is co-produced at some petrochemical
cracker facilities, along with smaller amounts
of polybutylene from butane feedstocks.68
As noted above, this report apportions just 1.8
percent of greenhouse gas emissions from natural
gas production to the development of plastic.

As new NGL pipelines and facilities are built,
however, this percentage is expected to rise, as
less ethane is rejected into the natural gas stream,
flared, or vented. Additionally, many industry
analysts69 consider the development of NGLs to
be a driving force in the extraction industry. High
production values in recent years have meant
that natural gas prices remain low70 as supplies
remain strong. Now, NGL prices are rebounding,71
making production more profitable.
Greenhouse Gases
from Natural Gas Extraction
Estimating the greenhouse gas footprint of the
natural gas industry is a complex process, with
many data gaps. The USEPA’s 2017 report Inventory
of US Greenhouse Gas Emissions and Sinks (hereinafter Inventory of US Greenhouse Gas) provides
some clues, including estimates of CO2e from
the production phase of oil and gas. The report
estimates that 204.8 million Mt CO2e were emitted into the atmosphere from natural gas systems
in 2015.72 These emissions are largely methane
and include emissions from venting, flaring, leaking tanks and pipelines, gas engines, and other
sources.73 Sixty-six percent of these emissions
occurred in the field production stage, followed
by transmission and storage, which accounted
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for 21 percent of emissions, and processing and
distribution, which produced roughly seven
percent of total emissions.74
Applying the 1.8 percent attribution factor, 3.69
million Mt CO2e can be applied to the production
of plastic. However, as will be detailed in this section, this estimate likely significantly underestimates
the greenhouse gas emissions from natural gas
production and transportation—and therefore
the climate impact of plastic as well.

Estimating the greenhouse gas footprint of the
natural gas industry is a complex process, with
many data gaps. In 2015, 204.8 million Mt CO2e were
emitted from natural gas systems. These emissions
are largely methane and include emissions from
venting, flaring, leaking tanks and pipelines, gas
engines, and other sources.
In the United States, oil and gas drilling began in
185975 using conventional drilling, which consists
of drilling a vertical well.76 This process made oil
and gas extraction relatively easy because tapping
shallow producing fields allowed the product to
be either pumped or brought to the surface under
its own pressure.77 Later processes introduced
unconventional drilling, in which a well is drilled
vertically and then horizontally for more than
two miles.

© Ted Auch/FracTracker Alliance

Some studies have estimated the amount of
methane lost from a shale gas well (barring any
accidents or emergency venting) to be between
3.6 and 7.9 percent of its total production, which
is much higher than conventional wells.78 A recent
study by Robert Howarth using satellite data estimates that even more methane is released from
well development to delivery of gas: 12 percent of
total production.79 These varied estimates and the
numerous data gaps demonstrate the challenge
of assessing the greenhouse gas emissions from
natural gas extraction. In the US, the extraction
process is regulated at the state level, so reporting
requirements for drilling companies vary significantly, if they exist at all. There are also no 		
national reporting requirements for greenhouse
gas emissions from this industry. In fact, in 2017,
the USEPA removed its request to existing oil
and gas operations for information about oil and
gas equipment and emissions.80 Requiring the
industry to report greenhouse gases to states
and/or the USEPA would help overcome this
significant data gap.
Because of these data gaps, greenhouse gas
emissions from the oil and gas industry can be
estimated by looking instead at emissions sources,
including those assessed in Inventory of US
Greenhouse Gas.
Hydraulic Fracturing
The advent of new hydraulic fracturing (fracking)
technologies at the turn of the 21st century 		
enabled access to natural gas reserves that were
previously unavailable for exploitation. Together,
unconventional drilling and hydraulic fracturing
have led to a massive oil and gas boom in recent
years, which has, in turn, fueled a plastic production boom.81
Fracking is a pressurized process in which 		
underground rock formations (shale) are cracked,
or fracked, to release trapped oil and gas. Drilling
a natural gas well today involves two key steps:
directional drilling (drilling vertically into the
ground, then turning the well 90 degrees to
access certain hydrocarbon-containing formations) and then stimulating the formation using
a mixture of chemicals, sand, and fresh water
to prop open cracked shale rock. This causes oil
and gas to flow out of the drilled well. One study
of five unconventional wells from 2011 estimated
between 0.6 and 3.2 percent methane was
emitted as a proportion of lifetime production.
These estimates do not include accidents or
emergency venting.82
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figure 7

Unconventional Oil and Gas Production

Source: Earthworks Hazards in the Air Report
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Significant greenhouse gases can be emitted
during horizontal drilling due to the extreme
distances underground that wells are being drilled
today. Some wells have a total bore hole length
of more than 5.2 miles per well, including horizontal portions that exceed 3.7 miles. The record
for longest total well is broken every year.83
In 2010, the oil and gas industry drilled a cumulative distance of 45,312 miles of vertical and lateral
well bores.84 Drill site operators use a variety of
heavy equipment, running either on diesel, natural
gas, or electricity. One of the key pieces of equipment is the drilling rig, which comes in various
sizes. Rigs capable of drilling very long laterals
in a deep formation are enormous and involve
multiple heavy machines.85 Despite significant
fuel consumption and attendant emissions from
its operation, much of this equipment is not covered by air emissions regulations and accordingly
its precise emissions, while likely significant,
are not publicly reported.86
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Fracking involves injecting water and chemicals
into the well bore at very high pressures, to 		
fracture the shale or other tight formation rock,
along with proppants (usually sand) to keep
those fissures open, allowing the hydrocarbons
to escape. The process has been in use for more
than 60 years, and it is now used in the majority
of wells in the United States. In shale and other
tight formations, the fluid volumes injected into
the well for hydraulic fracturing are orders of
magnitude above what are used in conventional
oil and gas drilling operations. According to
FracFocus, an industry registry site, in 2015, 		
wells were reported to average nearly 5.5 million
gallons of water injected per tap, a figure that
increased to over 9.5 million gallons in 2017.87
Many conventional wells are stimulated with
much less hydraulic fracturing fluid, between
10,000 and 300,000 gallons.88
These water volumes impact greenhouse gas
emissions for a number of reasons. Not only must
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the water be sourced and transported to the
site (as discussed below), but the engines used
to pressurize and inject the fluids and proppants
also emit greenhouse gases. The hydraulic 		
fracturing stage of the operation often requires
dozens of frac pumps,89 each of which may run
on 2,500-horsepower engines.90 Additional 		
on-site equipment must mix the hydraulic 		
fracturing chemicals.

Some states are moving away from open-air
impoundments to more tightly controlled storage
containers, which could reduce greenhouse gas
emissions from this component of the oil and
gas drilling process or transfer the burden to
storage tanks.
Lacking specific details on the amount and type
of fuel used to operate this machinery industrywide, the present report relies on the assumption
that the petroleum and natural gas sections of
USEPA’s Inventory of US Greenhouse Gas report
adequately account for these greenhouse gas
emissions. As noted above, however, the lack
of emissions certifications for key pieces of 		
heavy equipment make it more likely than not
that emissions from fracking operations are 		
underestimated.
Box 5

Storage and Transmission Systems
The natural gas system in the United States includes hundreds
of thousands of wells, hundreds of processing facilities, and
over a million miles of transmission and distribution pipelines.
According to US Central Intelligence Agency data, in 2013 the
United States had more miles of pipelines than any other country, with 1,232,999 miles in natural gas transport and 149,570
miles in petroleum products. The next closest countries were
Russia (101,825 miles) and Canada (62,137 miles).91 Pipeline
data from the Pipeline and Hazardous Materials Safety Administration notes more than 2.5 million miles of distribution and
transmission pipelines for natural gas, and the associated
number of known compressor station facilities exceeds 10,000,
significantly more than the “hundreds” cited in the Inventory
of US Greenhouse Gas report.92 It is therefore likely that the
greenhouse gas emissions of natural gas storage and transmission systems are significantly under-calculated for 2015. The
USEPA should re-examine these figures in subsequent reports.

When wastewater is temporarily stored in 		
open impoundments on site, these ponds emit a
number of volatile organic compounds, including
methane. There is insufficient data to adequately
estimate the total volume of liquids in these
impoundments that off-gas into the atmosphere,
and thus it is impossible to measure the impoundments’ greenhouse gas contributions. Some states
are moving away from open-air impoundments to
more tightly controlled storage containers, which
could reduce greenhouse gas emissions from this
component of the oil and gas drilling process or
transfer the burden to storage tanks. These large
wastewater volumes must be transported off site
for waste disposal after hydraulic fracturing is
completed and gas production begins.
Venting and Flaring
As more fluid is injected for well stimulation,
greater volumes of flowback return to the surface.
Not all of the hydrocarbons produced by oil and
gas operators enter the production stream. For a
variety of reasons, including natural gas production
that exceeds the capacity of pipelines and fractionators in predominately oil-producing regions
and the periodic spikes in pressure in the fracking
process, large quantities of gas are routinely
emitted into the atmosphere (venting) or intentionally burned (flaring).93 According to the Energy
Information Administration (EIA), 289.5 billion
cubic feet of natural gas, about 0.9 percent of
total gas produced,94 was vented or flared in
2015.95
Given that 53 Kg CO2 are released from the 		
combustion of one million British thermal units
of natural gas, flaring this volume of natural gas
would release 15.9 million Mt CO2 into the atmosphere. This figure excludes venting, when natural
gas is emitted but not combusted. In USEPA’s
Inventory of US Greenhouse Gas report, associated
gas venting and flaring is listed at 3.7 million Mt
CO2e for petroleum systems. However, the report
includes flaring from all onshore oil and gas production in the natural gas systems section,96
where figures for flaring at the wellhead are not
delineated from the broader category of field
production emissions from the natural gas 		
systems. Because of this, and because the percentage of gas vented instead of flared does not
appear in the EIA flaring data, it is not possible
to assess whether the USEPA’s Inventory of US
Greenhouse Gas report adequately represents
the atmospheric carbon impacts of venting and
flaring in 2015. More detailed data from both EIA
and USEPA would be helpful for greater precision.
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Raw natural gas is often not ready to be pressurized and distributed directly into the pipeline
network. Prior to that process, and dependent on
the formation being accessed, the raw gas must
first be processed to remove other hydrocarbons
(such as pentane and butane) and sulfur gases.97
Leaking Tanks and Pipelines
After a well is completed, it can still emit greenhouse gases both intentionally and unintentionally. Pneumatic pumps and dehydrators are the
major sources of leakage, though leaks can also
occur from the site’s meters and vapor recovery
units.98 Storage tanks, a familiar sight on the
oil and gas landscape, typically contain raw and
refined liquid petroleum products and associated
liquid waste products. USEPA’s Inventory of US
Greenhouse Gas estimates that emissions from
natural gas systems, including pipeline emissions,
were an estimated 33.7 million Mt CO2e for transmission and storage in 2015.99 The discussion
that follows examines whether and to what 		
extent these emissions estimates are complete.
Pipeline and Hazardous Materials Safety Administration (PHMSA) reports indicate that pipeline
system leaks are rather commonplace, with 585
known leaks in transmission line systems and 25
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leaks in gathering line systems awaiting repair
in March 2019.100 Volumes of escaped gases are
not tracked in this context, however, so the CO2e
of these leaks cannot be calculated. Some studies
have looked into pipeline emissions, but the estimates vary substantially. Globally, a review of previous research suggested that 2.5 to ten percent
of the total amount of methane pumped through
pipelines leaks out of the system.101 The upper
level is due in large part to leaking infrastructure
in Russia, but significant leakage rates have been
documented in other countries. In the United
Kingdom, soil gas measurements of methane
from high-pressure gas pipelines indicated a total
flux of 62,600 Mt per year, or 2.9 percent of the
country’s total annual methane emissions.102 In
the US, a direct monitoring study on Texas pipeline emissions indicated leakage rates between
2.3 and 4.9 percent.103 If this figure is applied to
the 28.8 trillion cubic feet of marked gas in the
US in 2015, the amount of gas leaked would be
between 661.8 billion cubic feet and 1.4 trillion
cubic feet of methane released in pipeline leaks,
or between 36 and 77 million Mt CO2e.104 The proportion of this attributable to plastic would be
between 648,000 Mt and 1.4 million Mt. The industry should make additional research into the quantity of gas released in pipeline leaks a priority.
© Sierra Shamer/FracTracker Alliance
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Transport
The considerable use of trucks to service well
sites is another source of greenhouse gases in oil
and gas extraction. Thousands of trucks of various
sizes and capacities emit greenhouse gases to
both haul water and dispose of waste.
Water Hauling
If temporary water pipelines are not constructed,
water hauling is a major source of truck traffic.
Average water use per injection for new wells
in 2015 was approximately 5.5 million gallons.105
Due to the varied sizes of water hauling trucks,
estimates of the number of trucks required for
high-volume hydraulic fracturing operations vary
significantly. One source estimates 320 trucks
would be required to supply two million gallons
of water, with up to 1,440 trucks needed for nine
million gallons. This works out to 6,250 gallons
per truck, meaning that 5.5 million gallons for
stimulating one well for one injection would
require 846 trips.106
While 6,250-gallon tankers exist, 4,000-gallon
water haulers are more typical.107 Using 4,000gallon tankers would require 1,375 trips for a
5.5-million-gallon fracking operation. These trip
calculations assume each truck must make a
round trip from its water source.

Waste Disposal
Waste disposal, too, varies tremendously depending on the target formation and the amount of
fluid injected into a well. A 2016 analysis from
Duke University calculated 449,000-3.8 million
gallons of liquid waste flowback during the life
of a well in various shale plays around the United
States.108 That would require an additional 112-950
truck trips to dispose of the brine and flowback
fluid. There are also a number of other waste
streams to consider, including drill cuttings and
drilling mud, spent lubricants and chemical containers, and earth that has been contaminated
on site.109
Other Traffic
Trucks carrying chemicals, proppant, and equipment must also be taken to and from the site.110
Workers, contractors, and inspectors must access
the well site on a regular basis, as well. One estimate from 2011 puts the total number of truck
trips accessing a horizontal well site at 3,950
heavy-duty trucks and 2,840 light trucks, totaling
6,790 trips per injection.111 Since 2011, extraction
techniques have become substantially more
intensive, meaning that more recent wells require
transporting even more chemicals, equipment,
water, and waste.
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Calculating the greenhouse gas emissions of all
this traffic conclusively is difficult due to variability.
However, using estimates of the CO2 emissions
of heavy-duty trucks based on Mt-miles—the
product of Mt hauled multiplied by miles driven—
multiplied by average freight emissions at 161.8
grams CO2 provides a ballpark estimate. Dividing
by 1,000 yields results in kilograms.
Light-duty trucks are calculated based on average
fuel efficiency. For this analysis, the Ford F-250
will represent an average between vehicles used
by workers to access rugged well sites, as well as
the delivery of smaller items to the site that would
not require heavy-duty delivery. Real-world
analysis of the 2015 model of Ford F-250s 		
average 13.7 miles per gallon. While some of
these lighter-duty vehicles would likely use diesel,
which emits 10,180 grams of CO2 per gallon, this
report makes the calculation with gasoline (8,887
grams) for a more conservative estimate.
Given the rapid and continuing growth of the
fracking boom and associated transport activity,
the 2011 estimate of 3,950 heavy-duty trucks and
2,840 light trucks does not reflect the dramatic
increase in water, waste, sand, and chemicals
associated with unconventional drilling in more
recent years. Accordingly, any estimate based
on these figures will almost certainly understate
the current scale of transport-related emissions.
In the absence of more current figures, however,
this report incorporates the 2011 numbers to
calculate a very conservative baseline.
The total emissions from trucks servicing a single
unconventional well in Pennsylvania is estimated
between 708–3,728 Mt CO2, depending on the
average round-trip distance. One fundamental
variable to calculate the emissions related to
truck traffic is the number of unconventional
wells drilled in a given year. In the early days
of fracking the Marcellus Shale formation, the
growth rate in wells drilled per year was exponential. However, as of publication, this peaked
in 2011 with 1,958 wells, before falling to barely
one quarter that figure in 2016.112
The cumulative CO2 emissions from trucks servicing
unconventional oil and gas wells in Pennsylvania
are therefore likely to be between 8.1-40.5 million
Mt, depending on the distances driven. In 2015, the
CO2e emissions are between 555,000-2,774,000
Mt. It is worth noting that the 4.8 trillion cubic
feet produced in Pennsylvania in 2015 represented
16.7 percent of the natural gas in the United States
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that year. If the state is representative of truck
traffic in other regions, then the national figure
of CO2 emitted in 2015 by servicing trucks would
have been between 3.2–16.4 million Mt, a figure
not accounted for in Inventory of US Greenhouse
Gas. Between 57,000–295,000 Mt CO2e of these
emissions would be attributable to plastic.

The considerable use of trucks to service well sites 		
is another source of greenhouse gases in oil and gas
extraction. Thousands of trucks of various sizes and
capacities emit greenhouse gases to both haul
water and dispose of waste.
Pipeline Construction
and Compressor Stations
Pipeline construction is an intensive process.
US federal pipeline safety regulator PHMSA estimates that there are more than 2.5 million miles
of natural gas pipelines (excluding gathering
lines) and more than 68,000 additional miles of
natural gas liquid pipelines in the United States.
In addition to their construction, pipelines require
significant infrastructure to keep running, in particular compressor stations and metering stations.
The National Emissions Inventory, compiled by
the USEPA, maintains a detailed list of emissions
from point sources such as compressor and 		
metering stations. In a significant omission, however, CO2, methane, and other greenhouse gases
are not included in the inventory for these sources,
making a comprehensive evaluation of the greenhouse gas contribution of these facilities using
the NEI difficult.
Replace first sentence with: Federal Energy Regulatory Commission (FERC) Environmental Impact
Statements outline the potential greenhouse gas
impacts of recently proposed pipeline projects.113
For the 600-mile Atlantic Coast pipeline system
stretching from North Carolina to West Virginia,
an estimated one million Mt CO2 were released
during the construction phase of the project, plus
an additional 973,865 Mt per year between seven
associated compressor stations and 248,145 Mt
from seven metering stations. In comparison,
FERC documents suggest the that construction
emissions for the Sabal Trail project, spanning
515 miles from Alabama to Florida, will be 200,215
Mt CO2e. Operating emissions, blowdowns, and
leaks are expected to contribute 31,104 Mt CO2e
annually. Five compressors are associated with
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the project, contributing 858,030 Mt per year,
along with one metering station, adding 7,985
Mt.114 The 303-mile Mountain Valley Pipeline, running from Virginia to West Virginia, is expected
to generate 877,620 Mt of greenhouse gas emissions during construction, followed by 673,621 Mt
annually from three compressors. Assuming these
compressors are representative, these measurements suggest an average of 167,034 Mt CO2e
per year per compressor station.115

Annual emissions from natural gas compressor
stations in the United States are almost certainly
greater than 256 million Mt CO2e, 4.6 million of
which are applicable to plastic production.
Between the three projects, there are over two
million Mt of greenhouse gas emissions from the
construction of 1,418 miles of pipelines, along
with 2.5 million Mt from 15 compressor stations
and 2.856 million Mt from eight metering stations.
One of the three includes an annual figure of
31,104 Mt from various sources. The average
per-mile contribution annually includes 1,469 Mt
for construction, 1,767 Mt from associated compressors, 181 Mt from metering stations, and 22
Mt from operation, leaks, and blowdowns. Based
on this data, a compressor station is needed
every 95 miles on average, and a metering 		
station is required every 177 miles.116
Pipeline construction is booming, a trend that
is expected to continue as more midstream infrastructure comes online. According to data from
PHMSA, an average of 14,127 miles of pipeline were
installed between 2000 and 2009, compared
to 35,436 miles per year in the current decade.117
Using the figures above as a guide, this calculates
to over 52 million Mt CO2e for pipeline construction per year in the current decade, in addition
to bringing 362 compressors (over 60 million
Mt annually) and 200 metering stations (over
six million Mt annually) online every year. Collectively, this amounts to over 118 million Mt CO2e
emitted per year, of which 2.1 million Mt are 		
attributable to plastic.
The 2014 version of the NEI includes emissions data
for 1,532 compressor stations across the United
States.118 If the data from the new compressors
are representative, this would indicate a baseline
of nearly 256 million Mt CO2e per year. This is

similar to the 1,367 compressor stations in a dataset published by the US Department of Homeland
Security (DHS). However, both of these are likely
missing large numbers of compressor stations
associated with gathering lines. The Oil & Gas
Threat Map, a project of Earthworks, Clean Air
Task Force, and FracTracker Alliance, identified
10,472 compressor stations, clustered in oil-andgas-producing regions. These stations do not
overlap significantly with the compressors reported by DHS, which are spread throughout long distribution pipeline networks. The Oil & Gas Threat
Map compressor dataset is also likely to be incomplete, as 6,486 of the facilities (62 percent)
are in the state of Louisiana alone. While Louisiana
is a major oil-and-gas-producing area, it is not the
biggest, and compressors in other states are likely
to be significantly underrepresented.
The NEI data has some overlap with the Oil & Gas
Threat Map and DHS maps. While it is incomplete
in scope, the NEI data has some dense clusters
of gathering line compressors in geographies not
covered by the Oil & Gas Threat Map, notably in
Kansas and southern Appalachia. The lack of a
comprehensive dataset of compressor stations
in the United States is a significant data gap for
understanding the aggregate greenhouse gas
emissions from this segment of the supply chain
for natural gas and, accordingly, for plastic.
Applying the average calculated above to the
compressor stations included in the NEI dataset
results in annual emissions of 256 million Mt CO2e,
with 4.6 million Mt attributable to plastic. This
figure, however, fails to consider the majority
of compressor stations as indicated in the Oil
& Gas Threat Map. Those stations in the Oil &
Gas Threat Map likely have smaller per-station
emissions, and the emissions average calculated
above cannot reliably be applied to those stations.
As such, annual emissions from natural gas 		
compressor stations in the United States are
almost certainly greater than 256 million Mt
CO2e, 4.6 million of which are applicable to 		
plastic production.
Land Disturbance
Oil and gas extraction, pipelines, and processing
facilities inherently require intensive use of the
landscape. This is especially true for modern, industrial-scale unconventional drilling operations.
This land disturbance impacts the industry’s
greenhouse gas footprint.
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Based on analysis conducted in 2010 and 2011
with respect to fracking operations in Pennsylvania, the Nature Conservancy estimated that while
a Marcellus Shale well pad might only measure
three acres on average, it also requires an additional 25 acres of land disturbance for related
infrastructure, or 28 acres including gathering
lines to take the gas to processing facilities, the
construction of access roads, water impoundments, and related infrastructure.119 Gathering
pipelines require the greatest proportion of
ground clearing, averaging 19 acres per site,
assuming the gathering lines average 3.1 miles
in length and include a 50-foot right of way.

A recent report looked at the land footprint 		
of natural gas extraction from more than a half
million producing gas wells in 2015, reasoning
that the average between conventional and 		
unconventional well pad construction would be
five wells on a five-acre site, or an acre per well.121
This figure did not include gathering lines. If
the Nature Conservancy’s estimate of clearing
19 acres of gathering line per well site can be
extrapolated across the United States, gathering
lines would account for 2,110,383 acres of cleared
land connecting 111,073 drilling sites, and the
combined gathering line and well pad area
would include 2,665,747 acres of cleared land.

Assessing the total impact of land-clearing 		
activities related to oil and gas extraction is 		
impeded by lack of clarity around which oil and
gas wells are on multi-acre pads and how many
are conventional operations, which may involve
a cleared area of a quarter acre or less, not counting gathering line routes. There are now some
well pads with 30 or more wells, although this
is relatively rare, and the pad size in those cases
are closer to ten acres than the three acres 		
calculated by the Nature Conservancy.120

These calculations are subject to a number of
assumptions, and a comprehensive study on the
footprint of oil and gas extraction and transmission operations would increase confidence in
these findings substantially.
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The estimated 28 total acres of land disturbance
for unconventional oil and gas well pads, including the associated gathering lines, is only a small
portion of the overall land disturbed. Distribution
pipelines are the single largest cause of ground
© Ted Auch/FrackTracker Alliance
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disturbance in oil and gas extraction processes.
PHMSA estimates there are 2.7 million miles of
gas- and petroleum-related pipelines in the United
States, not counting gathering lines.122 The width
of a typical pipeline right of way is 50–100 feet,
and 50 feet is more common for a permanent
easement.123 At that width, a pipeline would 		
disturb 6.06 acres per linear mile,124 meaning
the aggregate disturbance would be 16.6 million
acres, an area slightly larger than the combined
size of West Virginia and Rhode Island.125
The greenhouse gas contribution of that cleared
land can be considerable, depending on the vegetation profile of the land in question. The focus
here will be on forested land, which represents
about 33 percent of land cover in the US.126 		
The average forested land in the United States
contains 158,000 pounds of organic carbon per
acre,127 which when disturbed will mostly be
released into the atmosphere as 263 Mt CO2
per acre.128 In addition to this one-time release
of carbon, most of this land would need to remain
free from tree growth for the duration of the
pipeline’s existence, and would therefore cease
absorbing carbon129 from the atmosphere on a
continuing basis. In 2015, US forests removed
778.7 million Mt CO2 e130 from an inventory of

766 million forested acres,131 or about 1.02 Mt
CO2 e removal per acre per year.
In total, approximately 19.2 million acres of land
have been cleared for oil and gas development
in the United States. Assuming that a third of
this land impacted is forested, this amounts to
a one-time release of 1.686 billion Mt CO2 into
the atmosphere, along with the removal of 6.5
million Mt of carbon sink capacity on an annual
basis. Recognizing that this land disturbance
reflects a wide array of oil and gas development
and distribution infrastructure developed over
the course of many decades, it is neither feasible
nor appropriate to apportion the emissions from
historic land disturbance to recent or ongoing
plastic production. It is nonetheless important to
acknowledge the scale of emissions from a source
that receives little attention. New pipelines associated with natural gas production are actively
being constructed or proposed, and still more
expansions are projected in the years to come.
As discussed more fully later, these pipelines
are increasingly driven not only by demand for
natural gas in energy production, but by the rapid
expansion of infrastructure for the production
and export of plastic, plastic resins, and plastic
feedstocks.

© Savanna Lenker/FracTracker Alliance
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As mentioned above, PHMSA data indicate an
average of 6,194 miles of pipelines built per year
in the current decade, resulting in an estimated
37,573 new acres cleared, of which 12,512 were
likely forested. This means the eventual release
of 3.3 million Mt CO2 into the atmosphere from
land-disturbing activities in 2015, plus the permanent loss of forest carbon sinks capable of
absorbing 13,000 Mt CO2 per year. With respect to
plastic, this would yield an estimated contribution
of 59,461 Mt of new carbon in 2015 and a failure
to remove existing carbon due to land clearing
associated with oil and gas development.
Natural Gas Storage and Disposal
Natural gas storage (temporary) and waste disposal sites (permanent) are two often overlooked
areas in accounting for the oil and gas industry’s
emissions footprint. Accidents, leaks, and unplanned releases are difficult to quantify but still
significant sources of emissions for the industry.
The high-profile example of Aliso Canyon can
serve as a case study.
In October 2015, a gas leak was noticed in one
of 115 wells servicing Aliso Canyon,132 an enormous
gas storage facility in the Los Angeles, California,
area. By the following February, when the leak
was finally sealed, an estimated 90,300–108,950
Mt of methane had been released into the atmosphere.133 This range corresponds to 2.53–3.05
million Mt CO2e. This single emissions event 		
released more than one percent of the total
emissions from natural gas systems reported
by the USEPA in 2015.
The Aliso Canyon accident was the largest natural
gas leak in US history. While this release was
unique in its scale, releases of this kind happen
with alarming frequency across the oil, gas, and
petrochemical industries. Additional high-profile
accidents, including those in Crosby and Deer
Park, Texas,134 are drawing attention to sudden,
accidental, and unaccounted for releases of
greenhouse gases that exceed permissible
amounts of emissions under the permits filed
with regulators and further distort the total
amount of emissions released in petrochemical
processes. Smaller accidents, leaks, and unplanned releases remain harder still to document
and quantify.
Gas Processing
Natural gas and crude oil are rarely useable without some degree of processing. Natural gas is
processed and separated into methane gas and

natural gas liquids like ethane, propane, butane,
condensate, and gasoline at natural gas plants
and fractionators. Oil is processed into products
such as gasoline, jet fuel, lubricants, and naphtha
at petroleum refineries. This section focuses on
emissions from natural gas processing plants.

The Aliso Canyon accident was the largest
natural gas leak in US history. While this release
was unique in its scale, releases of this kind happen
with alarming frequency across the oil, gas, and
petrochemical industries.
The USEPA requires gas processing plants to
measure and report greenhouse gas emissions
if they process at least 25 MMcf of gas per day.
In 2015, 467 gas processing plants reported 		
releasing 59 million Mt CO2 e (roughly 55 million
Mt CO2 and 4.08 million Mt methane as CO2 e).
A large share of these emissions were from 		
fossil fuel combustion, while the rest were from
processes that include acid gas removal units,
other flare stacks, compressors, blowdown vent
stacks, dehydrators, and equipment leaks.135
One industry analysis reviewed emissions intensity—the amount of CO 2e released for each MMcf
of gas processed—at ten plants based on natural
gas throughput and greenhouse gas emissions
from 2012. Emissions rates ranged from 0.6163.387 Mt CO2e per MMcf processed, with an average of 1.668 Mt per MMcf and a median of 1.546
Mt per MMcf. Emissions intensities based on NGL
production ranged between roughly 0.01 to just
over 0.07 Mt per gallon.136
Facilities that start up, shut down, or malfunction
unexpectedly may emit more greenhouse gases
than a plant that is operating safely and efficiently.
For instance, in 2014, DCP Midstream’s Goldsmith
gas plant in Ector County, Texas, reported processing an average of 60 MMcf of gas and releasing
239 million Mt CO2e, meaning that it released 10.9
Mt CO2e per MMcf of gas processed.137 That year,
the plant also reported unauthorized emissions
from one startup event, two maintenance events,
and 99 other emissions events to the Texas 		
Commission on Environmental Quality.138 These
unplanned emissions events suggest operational
problems at the plant, and they often result in
higher emissions due to leaks and/or increases
in venting and flaring. Preventing and avoiding
unplanned emissions events can reduce greenhouse gas emissions and emissions of other
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dangerous pollutants, but in the absence of better
controls, these incidents provide an additional
and unpredictable source of greenhouse gas
impacts from the plastic lifecycle.
Case Study: Pennsylvania
As noted throughout this chapter, sources of
detailed and reliable emissions data are lacking at
the national and global level for many important
links in the supply chain for oil, gas, natural gas
liquids, and plastic. Because the oil and gas 		
industry is regulated state by state, much of this
data is published at the state level. For some
producing states, regulations and emissions data
are as or more limited than data from federal
sources. Pennsylvania releases more comprehensive oil and gas data than most and therefore
serves as a good example for understanding the
industry’s carbon impacts.139 Accordingly, this
data can shed additional light on the nature and
scale of potential emissions from this sector.
Wells and Production
According to EIA, Pennsylvania produced 4.81
trillion cubic feet of natural gas in 2015, ranking
second only to Texas in total quantity of gas.140
Pennsylvania also ranked second to Texas in the
number of producing gas wells that year, with
70,051 wells.141 Records from the Pennsylvania
Department of Environmental Protection are
different, although in the same ballpark. Total
gas production for the year is listed at 4.77 		
trillion cubic feet from 79,216 producing wells.
From the numbers, it is clear that the vast majority
of production comes from a limited number of
unconventional wells. Accounting for just nine
percent of the state’s producing well inventory,
unconventional wells produce over 96 percent

of Pennsylvania’s natural gas.142 The average unconventional well produced 277 times the amount
of gas as its conventional counterpart in 2015.143
As a result, it is safe to extrapolate that unconventional drilling from formations such as the Marcellus
Shale is the largest contributor to Pennsylvania’s
gas extraction industry.
Water, Proppant, and Chemical Usage
Unconventional well operators in Pennsylvania
are required to submit information to the national
registry known as FracFocus about the quantity
of materials injected into the well bore during
the hydraulic fracturing stage of operations.144
Reports have been submitted for 932 wells in
Pennsylvania in 2015,145 in which fracking operations used a total of 8.5 billion gallons of water,
averaging about 9.15 million gallons of water
per well. An unknown quantity of the water may
have been piped into the well pads, but if it were
all trucked to the well site, it would have required
2,132,051 water haulers with a 4,000-gallon 		
capacity.
The same source also reports on the ingredient
mass (excluding water) injected into the well.146
The most common ingredient is fine sand (e.g.
frac sand) mined in the upper Midwest, which
props open the shale fractures. Other ingredients
include chemicals that are designed to increase
production and eliminate problems in the well
bore. These arrive via intermodal routes that may
include trucks, rail, and river barges, with trucks
required to bring the material the final distance
to the well site. Pennsylvania wells completed
in 2015 used nearly 28.5 million Mt of these
materials,147 which would require 994,415 trucks
hauling loads of 28.75 Mt of material. Some wells
reported the use of water but no amount of
sand or chemicals.148
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Waste
According to the self-reported data that oil and gas
operators submitted to the Pennsylvania Department of Environmental Protection, 49,397,351
barrels (2.1 billion gallons) of liquid waste were
produced from oil and gas wells in the state in
2015, along with 1,117,351 tons of solid waste.149
Hauling that waste would require nearly 519,000
full, 4,000-gallon liquid waste haulers.150 For solid
waste, the amount of waste that can be carried
depends significantly on local roads, as some
roads and overpasses have weight restrictions
that are more stringent than Pennsylvania’s statewide gross weight limit of 40 tons.151 The weight
of a large, empty dump truck is variable, but
weights ranging from 11.25–13.5 tons are common.152
This makes 28.75 tons an extremely heavy load,
and the solid waste generated in Pennsylvania in
2015 would require a minimum of 38,865 trucks
of this capacity.153

According to the self-reported data that oil and gas
operators submitted to the Pennsylvania Department
of Environmental Protection, 49,397,351 barrels
(2.1 billion gallons) of liquid waste were produced
from oil and gas wells in the state in 2015, along
with 1,117,351 tons of solid waste.

The principal source of greenhouse gases for
injection wells is traffic to and from the site. A
paper by Chesapeake Energy discussed the idea
of treating and reusing deep formation brines
produced in Pennsylvania in other oil and gas
wells, indicating that the process would save
52,500 road miles of transportation of waste to
distant injection wells per production well drilled.
According to their calculations, this would save
88 Mt CO2 emissions per well.154 Using, as a point
of comparison, Duke University’s high-end figure
of 3.8 million gallons of flowback per unconventional well and using 4,000-gallon trucks
generates an estimate of 950 trucks travelling
an average round trip of 55 miles, the truck 		
mileage estimates presented in the present 		
report are reasonable.

Ingredients Injected into Pennsylvania Gas Wells
by Mass and Volume

TA B L E 2

Pennsylvania Production Figures, 2015
Category

Conventional

Unconventional

169,695,753

4,600,905,454

4,770,601,207

Well Count

72,147

7,069

79,216

Average Production (Mcf/Well)

2,352

650,857

2,142

Production (Mcf)

All Wells

Source: Pennsylvania Department of Environmental Protection.

TA B L E 3

Item

Ingredient Mass (pounds)

Water Volume (gallons)

Sum of Values

57,178,881,364

8,528,204,586

Count of Wells

630

932

Average Values per Well

90,760,129

9,150,434

Source: Pennsylvania Department of Environmental Protection.

Land Use
Using the figure of 28 acres of impact per well
pad, including access roads, impoundments,
gathering lines, and staging areas, Pennsylvania’s
unconventional wells are situated on 3,715 well
pads, meaning the total disturbed area would
be 104,020 acres. In addition, Pennsylvania has
91,302 miles of oil and gas pipelines according
to PHMSA, excluding gathering lines, which are
calculated above. With a 50-foot right of way,
the disturbed area for pipelines is an additional
553,290 acres.
According to research from Pennsylvania State
University, forests cover approximately 59 percent
of land area in Pennsylvania.155 It is likely that the
areas in which unconventional oil and gas are

© Garth Lenz/iLCP
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developed are at least this forested, as they avoid
urban and suburban Philadelphia, most of the
urban and suburban Pittsburgh region, and significant portions of farmland in the south-central
part of the state. Therefore, it is reasonable to
assume that about 387,813 of the 657,310 acres
impacted by unconventional oil and gas and
pipelines in the state were originally forested.
This works against the natural role of the forest
as a carbon sink. Nationally, forests store about
14 percent of all carbon emissions, and forested
land in the US stores an average of 71.7 Mt of
organic carbon per acre, so this is an important
function. This would mean a disruption of 27.8
million Mt of organic carbon in Pennsylvania’s
forests. Forests in the state absorb an average of
528 kg of carbon per acre per year, meaning that
the carbon sink in the state has been reduced
by a total capacity of 451,414 Mt per year.
Projected Buildout
Public statements by industry and governmental sources alike project continued buildout in
the Marcellus shale region over the next three
© Ted Auch/FracTracker Alliance

decades. The EIA projects that Appalachian natural
gas production will see an increase of more than
350 percent from 2013 to 2040. Specifically,
NGL production is projected to increase over 700
percent by 2023 compared to 2013 figures.156
In line with those projections, the CNA Corporation
forecasts 47,600 additional wells drilled from
2015 to 2045, in the Marcellus Shale formation in
Pennsylvania.157 Cumulatively, this buildout would
require 583 billion gallons of fresh water and 386
million tons of sand, based on a 2018 analysis of
2017 data.158 According to a 2011 estimate of 6,790
truck trips per well, the cumulative requirement
would exceed 323 million truck trips.159 These
wells would produce an estimated 1.7 billion
gallons of liquid waste and 588,000 tons of solid
waste. Between existing, proposed, and projected
well pads and pipelines, the total area impacted
by oil and gas extraction and midstream operations
would approach 800,000 acres.
Reducing Emissions
Some USEPA estimates project that up to 90
percent of methane emissions could be reduced
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per unconventional well using technologies 		
associated with reduced emissions (reduced
emissions technologies, or RECs), also known
as “reduced flaring completions” or “green completions.”160 RECs include sand traps, separators,
portable compressors, membrane acid gas 		
removal units, and desiccant dehydrators. For
wells that require fracking, RECs may be a viable
way to recover natural gas and condensate during
well completion, since operators can offset the
costs by selling the captured gas. However, RECs
cannot be conducted without access to pipelines
prior to well completion, which is not always
possible for exploratory wells or in newly developed extraction areas.161 If pipelines are not available to direct the processed gases, flare tanks
can be used to combust the waste gases and
can be transported from site to site.162 RECs are
currently required for new or modified wells,
but not existing ones.
Beyond fracking bans and other measures to limit
production, one of the best ways to reduce emissions from the extraction and transport of natural
gas products is to detect the sources of leaks
and unnecessary releases. However, in September
2018, the Trump administration proposed weakening two rules that require companies to test
for and repair methane leaks, among other 		
measures, on federal lands via a finalized rule163
from the US Department of Interior and on 		
private lands through a USEPA amendment.164
Some estimates suggest that because of the
USEPA’s proposed rule change, methane emissions could increase by a total of 344.73 Mt over
USEPA’s baseline, between 2019 and 2025.165 The
Department of Interior’s rule change is currently
being contested in court, and the public comment
period for the USEPA’s amendment ended in
October 2018. Considering the already detrimental greenhouse gas contributions from the
industry, these rule changes will only serve to
increase emissions.
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Beyond fracking bans and other measures to limit
production, one of the best ways to reduce emissions
from the extraction and transport of natural gas
products is to detect the sources of leaks and
unnecessary releases. However, in September 2018,
the Trump administration proposed weakening two
rules that require companies to test for and repair
methane leaks.
Extraction and Transport
Emissions Gaps
Inventory of US Greenhouse Gas cites substantial
greenhouse gas emissions from the oil and gas
industry, with natural gas systems ranking second
on the report for methane emissions and fourth
among all categories for CO2 emissions.
However, the lifecycle greenhouse gas impact of
oil and gas development associated with the plastic industry remains inadequately documented
and poorly understood. There are instances where
there is little data, such as total emissions from
machinery at the well site. There are also items
that seem to underrepresent other known sources
of data, including the total mileage of the US
pipeline system and the number of compressor
stations. Finally, there are impacts that are not
considered at all, including truck traffic and other
intermodal transportation requirements, as well
as the effects of land clearing for wells, pipelines,
and related infrastructure on releasing carbon
into the atmosphere and hindering the forest’s
ability to act as a carbon sink.
Taken together, the total greenhouse gas impact
of oil and gas extraction substantially exceeds the
already alarming totals in Inventory of US Greenhouse Gas. Meaningful reductions in greenhouse
gas emissions are unlikely to happen without
making significant reductions in these massive
industries, which are just the first steps in plastic
production.
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Refining and Manufacture

T

he majority of research estimating greenhouse gas emissions has primarily focused
on indirect and direct emissions from the
point of plastic manufacturing onward.166 This
includes emissions from cracking natural gas and
petroleum-based feedstocks like ethane, propane,
and naphtha into ethylene, propylene, and other
monomers. With further processing and the
addition of catalysts, the bulk of these monomers
are converted into plastics like PE, PP, and PS,
which are pelletized and sold as resins. Petrochemical and resin manufacturing capacity is
currently expanding globally, with a wave of new
or expanded capacity slated to come online
between 2019 and 2023.
This chapter does not attempt to provide a firm
estimate for all emissions from the production
and manufacture of plastic. The diversity of processes and their emissions profiles makes such
estimates extremely difficult. Rather, this section
does five things. First, it explains the challenges
of making such estimates and outlines the major
sources of greenhouse gas emissions from the
various stages of plastic production and manufacture. Second, using United States ethylene
production as a case study, it tabulates current
and future US emissions from this major source
of emissions that is expected to increase significantly in the next several years. Third, this chapter
provides current and future global estimates for
emissions from the cracking process as applicable
to the production of ethylene. Fourth, it compares
existing cradle-to-resin lifecycle estimates for
emissions intensity, noting where emissions may
be undercounted. Finally, this section provides
recommendations for reducing greenhouse 		
gas emissions from plastic production and 		
manufacture.

Opposite: © Carroll Muffett/CIEL

Challenges of Calculating
Emissions from Refining 			
and Manufacture
Emissions from the refining and manufacturing
stage of the plastic lifecycle are considered industrial emissions. While overall sectoral emissions
are reasonably well understood and quantified,
apportioning those emissions to the refining and
manufacture of plastic presents challenges.
Industrial sources accounted for 15.4 Gt of CO2e
emissions, or 32 percent of global CO2e emissions,
in 2010.167 Industry emissions were calculated
based on direct energy-related emissions, indirect
emissions from electricity and heat, process CO2
emissions, emissions of non-CO2 greenhouse
gases, and direct emissions from waste and
wastewater. Manufacturing accounts for roughly
98 percent of total direct CO2e emissions from
the industrial sector, with most of these emissions
arising from the chemical reactions and fossil fuel
combustion needed to produce the intense heat
needed for these reactions.168 These emissions
are dominated by a handful of energy-intensive,
high-emitting industries, including chemicals and
petrochemicals, iron and steel, cement, pulp and
paper, and aluminum.169 The chemical sector is
second only to steel among industrial emissions
sources, accounting for 15 percent of all direct
emissions from industrial sources170 and 1.5 Gt
CO2e emissions in 2010.171
As the IPCC notes, calculating emissions from
the chemical sector poses significant “methodological and data collection challenges.”172 It
recognizes, however, that greenhouse gas emissions from chemical production are dominated
by a small number of key outputs.173 Of the five
key chemical outputs identified by IPCC, three
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(ethylene, adipic acid, and caprolactam) are used
primarily in the production of plastic and synthetic
fibers. Ammonia and nitric acid are used principally for fertilizer production, with about five percent of ammonia also used in synthetic fibers.174

The myriad industrial processes and pathways from
which fossil fuels become plastic, and the number of
stages of such production, make specific attribution
of industrial emissions of greenhouse gases to
plastic production extremely difficult.
In addition to direct emissions from chemical
processes, chemical manufacturing is profoundly
energy intensive, and the production of plastic
feedstocks and resins is the most energy-intensive
sub-sector of the chemical industry. As the IPCC
notes, “[s]team cracking for the production of
light olefins such as ethylene and propylene is the
most energy consuming process in the chemical
industry.”175
Even when only process and indirect-energy
emissions are considered, calculating emissions
from plastic production poses unique challenges
because of the heavy integration between the
production of plastic monomers and resins, and
the production and combustion of the fossil fuels
that provide both the primary feedstocks and energy
source for plastic production. For example, a
2008 analysis of energy use in the petrochemical
sector noted that basic chemicals and plastic
resins accounted for 60 percent and more than
20 percent, respectively, of all energy expenditures
in the chemicals industry.176 The largest market for
basic chemicals themselves is plastic production.
In the United States, for example, 70 percent of
all petrochemicals become plastic resins, synthetic
rubber, or manufactured fibers.177 Indeed, as noted
in a 2008 report by Lawrence Berkeley National
Laboratories, emissions calculations for plastic
are further complicated because the two most
important of these basic chemicals, ethylene
and propylene, are classified as energy products
(rather than chemicals) under some, but not all,
classification schemes.178 A more recent analysis
by the American Chemistry Council reported
that 77 percent of all energy consumed by the
chemistry sector was used in the manufacture
of petrochemicals or plastic.179
The myriad industrial processes and pathways
from which fossil fuels become plastic, and the

number of stages of such production, make 		
specific attribution of industrial emissions of
greenhouse gases to plastic production extremely
difficult. Despite these challenges, this chapter
attempts to identify and, where possible, quantify
the major sources of greenhouse gas emissions
in the refining and manufacture stages of the
plastic lifecycle.
Emissions Sources
Known and quantifiable emissions from plastic
production and manufacture are mostly direct,
meaning they are owned or controlled by the
manufacturing facilities themselves. Studies that
evaluate greenhouse gas emissions from petrochemical production typically group emissions
into two source categories: those from fuel combustion and those from manufacturing processes
(process emissions).180 Emissions from fuel combustion include those from burning natural gas,
oil, coal, or other fuels for the purpose of providing power or heat for industrial processes.
Process emissions include emissions that occur
when natural gas liquids and other petrochemical
feedstocks are converted into usable products,
like ethylene, propylene, and plastic resins. Fuel
combustion accounts for the bulk of emissions.
For instance, according to the International 		
Energy Agency, 85 percent of the global petrochemical industry’s carbon dioxide emissions
come from fuel combustion, while 15 percent
comes from processes.181
Direct greenhouse gas emissions from petrochemical and resin manufacturers typically depend on facility efficiency, configuration, and age,
the desired end product or product mix, preferred
feedstocks, fuel sources, and regulatory constraints
and compliance (such as emissions limits, requirements for emissions control technologies or practices, and enforcement). Some of these emissions
are relatively straightforward to quantify, while
others are more difficult or involve greater 		
uncertainty. For instance, emissions that occur
during routine operations or where permits 		
require monitoring are usually easier to quantify,
while direct emissions from accidents, malfunctions, and leaks involve more speculation.
Industrial expansions have already and will 		
continue to release greenhouse gases during
construction, modification, or expansion of 		
manufacturing plants, as these projects can take
several years to complete due to their enormous
complexity, size, and cost. However, the greenhouse gas impact from this industrial buildout
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is also difficult to accurately quantify without
policies that require robust emissions accounting
and environmental impact assessments. New and
expanded ethane crackers and resin manufacturing plants in the United States are not required
to estimate construction emissions to obtain
an air permit.
The transportation of intermediate and final
products, and the associated infrastructure expansion to get those products to new markets,
also result in greenhouse gas emissions.
Some indirect emissions associated with petrochemical and resin manufacturing stem from displaced land use, like deforestation or filling wetlands, which accompanies both new construction
and expansion projects that are often massive
in order to provide economies of scale. Other
indirect emissions come from the generation
and use of co-products that are not typically
considered part of the plastic lifecycle, like 		
residual fuel or coke from oil refineries that also
crack naphtha into ethylene and other products.
Indirect emissions can also result from downstream market changes that reinforce dependency on fossil fuels—like cheap plastic pricing
other packaging materials out of the market,
though these are difficult to estimate.182
Steam Cracking
Ethylene cracking, or steam cracking, is by far the
largest direct source of emissions at this stage in
the plastic lifecycle. Steam cracking is a multi-step,
energy-intensive process. It involves sending
feedstocks like ethane or naphtha through steam
cracker furnaces, where it is heated to between
750°C and 1,100°C and mixed with steam to split
the feedstock into smaller hydrocarbon molecules.
Chemical reactions occur before the output from
this step is sent to quenching and heat recovery,
where products are partially condensed, and
steam and pyrolysis gas are recovered. From
there, products are compressed to around 3,500
kilopascals (kPa) (for comparison, a car tire 		
requires between 196 and 234 kPa) and acid gas,
CO2, and water are removed. Next, the cracked
gas is refrigerated and molecules of different
weights are separated, through a process called
fractionation, into salable products like ethylene,
propylene, butadiene, hydrogen, and benzene
and other aromatics.183
The first step in this process—heating and providing
steam for the steam cracker furnaces—is the largest
source of emissions in steam cracking because of

the huge amount of energy it requires. For 		
example, emissions from steam crackers often
account for two-thirds of the greenhouse gas
emissions associated with newly permitted ethylene manufacturing units in the United States.
Five recently permitted cracking furnaces at
a new ethylene unit at Occidental Chemical 		
Corporation’s Ingleside, Texas, plant account for
62 percent of the 474,976 tons of CO2e per year
that the facility is authorized to release under
the Clean Air Act. A new, larger ethylene facility
at ExxonMobil’s Baytown, Texas, olefin plant runs
Box 6

Pennsylvania Production Case Study
Recent developments in the US state of Pennsylvania provide
a useful snapshot of these dynamics and the variety of
emissions sources.
Ethane and natural gas liquids fracked from the Marcellus and
Utica Shale formations in Pennsylvania are fueling the construction of a major new Shell ethane cracker in Beaver County,
Pennsylvania, where they are cracked into ethylene to be 		
exported for use in plastic production. The construction and 		
operation of infrastructure required to support this new trade
route has a significant environmental and climate impact.184
Exporting ethane and propane from the Marcellus formation
involved reconfiguring an idled refinery outside of Philadelphia
into an export terminal for natural gas liquids (now called the
Marcus Hook Industrial Complex), constructing the Mariner East
pipeline(s) and associated compressor stations to carry fracked
gas across Pennsylvania,185 constructing and operating seven
180-240-meter-long “Dragon” ships that carry 800,000 Mt of
ethane per year across the Atlantic Ocean,186 and upgrading and
operating two INEOS petrochemical facilities in Grangemouth,
Scotland, and Rafnes, Norway, which collectively released
967,093 Mt CO2 in 2016.
Ethylene and petrochemicals from these facilities are used 		
as feedstocks to manufacture plastic on site and elsewhere 		
in Europe. Sunoco, the operator of the Marcus Hook Industrial
Complex and Mariner East pipeline, is currently trying to complete construction of an additional pipeline alongside the original
Mariner East pipeline called Mariner East II, and has plans to 		
add a third called Mariner East 2x.187 This new pipeline project
has already violated environmental laws, and Sunoco has been
required to pay millions of dollars in civil penalties assessed by
the Pennsylvania Department of Environmental Protection.188
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eight steam cracker furnaces that account for
67 percent of the facility’s 1.45 million tons authorized for its annual CO2e emissions.189 The emissions estimates are based on maximum annual
permit limits that are set with the assumption
that facilities will use the best available (and
affordable) emissions-control technologies 		
and practices to keep emissions “low.”

Naphtha cracking is more energy intensive than
ethane cracking, which results in more greenhouse
gas emissions. It requires higher temperatures
compared to ethane and propane, though the
process generates more opportunities to recover
steam that can be used as a heat source in other
processes or recycled.
Emissions from steam cracking are generally
higher when naphtha, instead of ethane, is used
as a primary feedstock. Most ethylene crackers
in the US and the Middle East use ethane as
the primary feedstock, while those in Western
Europe, Japan, and China use naphtha.190 Naphtha
cracking is more energy intensive than ethane
cracking, which results in more greenhouse 		
gas emissions. It requires higher temperatures
TA B L E 4

Estimated Annual Global CO2 Emissions from
Steam Cracking, 2015–2030
2015

2030

Global ethylene capacity
(million Mt per year)

143.8

191.2–195.5

Feedstock mix

35% ethane, 47%
naphtha, 18% other

38.5% ethane, 44%
naphtha, 17.5% other

Feedstock-based emission
factors (Mt CO2/Mt ethylene)

1–1.2 (ethane)
1.6–1.8 (naphtha)
1 (other)*

Estimated CO2 emissions from
global steam cracking (million
Mt per year)

184.3–213.0

241.7–286.2

Coal-plant equivalency

45–52

59–69

Note: Baseline feedstock mix is for 2017, and future feedstock mix is estimated for 2027. Coal plant
equivalency assumes a new base-load coal plant running at all times emits 4.13 million Mt of CO2e
per year.
Sources: Philip Reeder, Analysis: Naphtha’s Challenge in the Age of Petrochemical Feedstock
Boom, S&P Global Platts (Mar. 15, 2018, 2:04 AM), https://www.spglobal.com/platts/en/marketinsights/latest-news/petrochemicals/031518-analysis-naphthas-challenge-in-the-age-of-petrochemical-feedstock-boom; Oil & Gas Journal, Special Report: International Survey of Ethylene
from Steam Crackers (2015), https://www.ogj.com/content/dam/ogj/print-articles/volume-113/
jul-6/International-survey-of-ethylene-from-steam-crackers--2015.pdf; Tao Ren et al., Olefins from
Conventional and Heavy Feedstocks: Energy Use in Steam Cracking and Alternative Processes,
31 Energy 425 (2006), https://www.researchgate.net/publication/222578401_Olefins_from_conventional_and_heavy_feedstocks_Energy_use_in_steam_cracking_and_alternative_processes.

compared to ethane and propane, though the
process generates more opportunities to recover
steam that can be used as a heat source in other
processes or recycled.191
According to one estimate, ethane cracking 		
generates 1-1.2 Mt CO2 per Mt ethylene produced,
while naphtha cracking generates 1.8-2 Mt CO2
per Mt ethylene or 1.6–1.8 Mt CO2 per Mt highvalue chemicals (other than ethylene).192 This
suggests that naphtha cracking generates 		
73 percent more CO2 per Mt of ethylene than
ethane cracking.193
In 2017, 47 percent of the world’s ethylene was
manufactured using naphtha, 35 percent from
ethane, and 17 percent from other feedstocks.194
This mix is expected to shift by 2027 to 44 percent
naphtha and 38.5 percent ethane.195 Total global
ethylene production capacity was 143.7 million
Mt in 2015.196 Capacity is expected to increase by
33-36 percent by 2030, to between 191 million
Mt and 195 million Mt per year. Potential CO2
emissions are between 241.7 and 286.2 million
Mt per year by 2030, a growth of up to 		
34 percent in 15 years.
Case Study: Greenhouse
Gas Emissions from US Ethylene
Production and Projected 		
Expansions
In 2015, 28 industrial facilities in the US were
home to ethylene crackers, according to Oil and
Gas Journal’s International Survey of Ethylene
from Steam Crackers. These facilities were capable
of producing 28.4 million Mt of ethylene per year.
Six of the 28 primarily used naphtha as a feedstock,
accounting for about 20 percent of capacity.197
The remainder relied on mixtures of ethane,
propane, and butane, with one facility relying
on 100 percent refinery gas.
These industrial facilities reported emitting a
total of 53 million Mt CO2e in 2015 to the USEPA’s
Greenhouse Gas Reporting Program.198 Only 24
of the 28 facilities reported enough information
to determine the portion of emissions that could
be attributed to ethylene production: 17.5 million
Mt CO2e per year, or one third of their total 		
reported emissions. Emission rates varied 		
between 0.03 to 1.88 Mt CO2e per Mt of ethylene
capacity, with an average of 0.74 Mt CO2e per
Mt of ethylene capacity.
US ethylene capacity is expected to grow rapidly
over the next several years. Twelve cracker projects
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TA B L E 5

Greenhouse Gas Emissions from US Ethylene Producers

Plant (location)

2015
Capacity
(Mt per year)

Feedstock Mix

Total CO2e
Emissions
Reported (Mt)

% from Ethane
Cracking

Emissions Rate
(CO2e from ethylene/
ethylene capacity)

BASF Fina Petrochemicals
(Port Arthur, TX)

860,000

Naphtha (100%)

1,659,452

97%

1.88

Chevron Phillips Chemical
(Cedar Bayou, TX)

835,000

Ethane (30%), Propane (20%),
Butane (25%), Naphtha (25%)

1,031,152

90%

1.1

Chevron Phillips Chemical
(Port Arthur, TX)

855,000

Ethane (80%), Propane (15%),
Butane (5%)

784,276

72%

0.66

Chevron Phillips Chemical
(Sweeny, TX)

1,950,113

Not reported

1,411,258

96%

0.69

Dow Chemical (Freeport, TX)

1,640,000

LHC 7: Ethane (50%),
Propane (50%)
LHC 8: Ethane (10%),
Propane (20%), Naphtha (70%)

2,656,304

N/A

N/A

Dow Chemical
(Plaquemine, LA)

1,260,000

LHC 2: Ethane (75%),
Propane (25%)
LHC 3: Propane (70%),
Butane (10%), Naphtha (20%)

2,318,118

58%

1.07

Dow Chemical (Taft, LA)

1,000,000

Unit 1: Ethane (20%),
Propane (40%), Naphtha (40%)
Unit 2: Not reported

2,343,557

44%

1.03

993,914

17%

0.25

DuPont (Orange, TX)

680,000

Ethane (100%)

Eastman Chemical
(Longview, TX)

781,000

Ethane (25%), Propane (67%),
Butane (7%), Naphtha (1%)

2,262,549

32%

0.93

Ethane (5%), Naphtha (95%)

1,886,325

71%

0.76

Equistar Chemicals
(LyondellBasell) (Channelview, TX)

1,750,000

Equistar Chemicals
(LyondellBasell) (Clinton, IA)

476,000

Ethane (80%), Propane (20%)

421,998

43%

0.39

Equistar Chemicals
(LyondellBasell) (Corpus Christi, TX)

771,000

Ethane (10%), Propane (30%),
Naphtha (60%)

1,170,011

58%

0.88

1,189,000

Ethane (60%), Propane (20%),
Naphtha (20%)

1,113,490

94%

0.88

550,000

Ethane (80%), Propane (20%)

391,192

79%

0.56

ExxonMobil Chemical
(Baton Rouge, LA)

1,000,000

Ethane (9%), Propane (8%),
Butane (8%), Naphtha (25%),
Gas Oil (25%), Other-Residue
(25%)

4,425,161

15%

0.65

ExxonMobil Chemical
(Baytown, TX)

2,200,000

Ethane (58%), Propane (8%),
Butane (9%), Naphtha (25%)

7,797,812

3%

0.08

ExxonMobil Chemical
(Beaumont, TX)

900,000

Ethane (8%), Propane (8%),
Butane (9%), Naphtha (75%)

4,708,198

9%

0.47

Flint Hills (Port Arthur, TX)

634,921

Naphtha (60%), Other-LPG (40%)

783,141

53%

0.66

3,721,786

41%

0.99

902,951

18%

0.89

2,296,932

53%

0.70

Equistar Chemicals
(LyondellBasell) (LaPorte, TX)
Equistar Chemicals
(LyondellBasell) (Morris, IL)

Formosa Plastics
(Point Comfort, TX)
Huntsman (Port Neches, TX)
INEOS Olefins and Polymers USA
(Chocolate Bayou, TX)

1,541,000
180,000
1,752,000

Ethane (45%), Propane (15%),
Naphtha (40%)
Not reported
Ethane (50%), Propane (35%),
Naphtha (15%)

( continued )
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T A B L E 5 ( continued )

Greenhouse Gas Emissions from US Ethylene Producers
2015
Capacity
(Mt per year)

Plant (location)

Total CO2e
Emissions
Reported (Mt)

Feedstock mix

Javelina (Corpus Christi, TX)

151,000

Other-Ref. Gas (100%)

Sasol (Lake Charles, LA)

471,655

Ethane (100%)

% from Ethane
Cracking

Emission Rate
(CO2e from ethylene/
ethylene capacity)

35,393

N/A

N/A

636,129

N/A

N/A

Shell Chemicals (Deer Park, TX)

1,179,138

Not reported

3,336,201

25%

0.71

Shell Chemicals Ltd. (Norco, LA)

1,451,247

Ethane (5%), Naphtha (35%),
Gas Oil (60%)

2,337,013

26%

0.41

Ethane (100%)

373,022

2%

0.03

Unit 1: Ethane (100%)
Unit 2: Ethane (70%),
Propane (30%)

857,886

22%

0.16

Ethane (92%), Propane (8%)

347,774

N/A

N/A

Westlake Petrochemicals
(Calvert City, KY)

285,714

Westlake Petrochemicals
(Sulphur, LA)

1,197,844

Williams Olefins (Geismar, LA)

884,354

Source: USEPA Permits.
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Of 128 existing or potential facilities that are part of a vast buildout of the petroleum and
petrochemical industry in the Ohio River Valley, 38 have data available on permitted
emissions increases. Shown below, these increases would add 21,866,924 tons per year of
CO2e emissions.
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Sources: Proprietary databases and reports from industry and trade press, and datasets maintained by environmental advocacy groups.
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are already underway to expand US capacity by
at least 13.6 million Mt per year (see Table 6). Six
of the 12 projects also involve expanding capacity
of other downstream products, like PVC and PE.
All but one of these projects (PTT Global Chemical
America) have been authorized to begin construction under the Clean Air Act. These projects have
the potential to directly emit a total of 21.2 million
Mt CO2e per year.199 The majority of these new
cracker projects are being built along the Gulf
Coast of Texas and Louisiana, which is already
a major global petrochemical hub. Two of the
new projects are located near the Marcellus shale
formation in Pennsylvania and Ohio, where the
fracking boom is fueling industry plans to create
a major new petrochemical hub in the region.200
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Box 7

Manufacturing Emissions Daily
The US Department of Energy’s National Renewable Energy
Laboratory estimated that daily CO2e emissions from the 		
average petrochemical manufacturing facility were about
1,252 Mt per day in 2014, and 643 Mt per day for plastic 		
manufacturing. Petrochemical manufacturing required average
process heat temperatures of 875°C, while plastic material and
resin manufacturing required temperatures of 291°C.201 In total
for 2014, 35 petrochemical (ethylene) facilities released 43,806
Mt per day, and 72 plastic manufacturing facilities released
46,324 Mt CO2 per day.202

TA B L E 6

US Ethylene Expansions and Potential Emissions Increases

Company (Location)

2015 Ethylene
Capacity
(Mt/year)

2015 GHG
Emissions
(tons CO2e)

N/A

Dow Chemical (Freeport, TX)

666,800

2,928,091

1,500,000

2,942,218

2,200,000

8,596,932

1,500,000

1,453,293

835,000

1,137,171

1,500,000

1,615,000

1,541,000

4,103,006

1,250,000

3,868,872

471,655

701,239

1,600,000
LDPE: 450,000
LLDPE: 450,000
EO/EG: 300,000
Ethoxylates and detergent
alcohols: 300,000

3,955,120

Chevron Phillips Chemical (Cedar Bayou, TX)
Formosa Plastics (Point Comfort, TX)
Sasol (Lake Charles, LA)

544,000

Potential CO2e
Increase (tons/year)

OxyChem/Mexichem (Ingleside, TX)

ExxonMobil Chemical (Baytown, TX)

N/A

New Capacity (Mt ethylene/year,
other products specified)

474,976

Westlake (Axiall)/Lotte (St. Charles, LA)

N/A

N/A

1,000,000
MEG: 771,617

1,155,059

Shintech (Plaquemine, LA)

N/A

N/A

500,000
PVC: 407,500
Caustic Soda: 800,000
Chlorine: 700,000
Vinyl chloride monomer: 1,200,000
Ethylene dichloride: 750,000

1,403,807

Shell (Monaca, PA)

N/A

N/A

1,500,000
HDPE/LLDPE: 1,100,000
HDPE: 500,000

2,248,293

Total/Borealis/Nova (Port Arthur, TX)

N/A

N/A

1,000,000

1,396,476

PTT Global Chemicals America
(Dilles Bottom, OH)

N/A

N/A

1,500,000
HDPE: 650,000
LLDPE: 900,000

1,764,765

Exxon/SABIC (Gregory, TX)

N/A

N/A

1,800,000
PE: 1,300,000
MEG: TBD

2,933,595

Total
Note: CO2e increases are from permits and permit applications,
which were calculated using AR4 global warming potentials, not
AR5. They are also in US short tons, not metric tons.

13,694,000 (Ethylene only)

23,446,709

Sources: USEPA permits; Insights from First Wave of US Ethylene Projects Drive Second Wave
Decisions, Petrochemical Update (May 5, 2017), http://analysis.petchem-update.com/engineeringand-construction/insights-first-wave-us-ethylene-projects-drive-second-wave-decisions.
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from
Gulf Coast
Petrochemical
The US had 28 industrial facilities with ethylene crackers in 2015, capable of producing 28.4
million metric tons of ethylene a year. These sites reported total emisions of 53 million metric
tons of CO2e in 2015, though many make of a range of products, so not all of those emissions
can be attributed to steam cracking. All but three of these sites were near the Gulf Coast.

Ft. Worth

Dallas

ALABAMA

Shreeveport

Longview

LOUISIANA
TEXAS
Baton Rouge
Lake Charles

Austin

Houston

Port Arthur

Freeport

New Orleans

CO2e EMISSIONS
7,800,000 TONS
2,300,000 TONS

Corpus Christi

900,000 TONS

Sources: Oil & Gas Journal, Special Report: International Survey of Ethylene from Steam Crackers (2015),
https://www.ogj.com/content/dam/ogj/print-articles/volume-113/jul-6/International-survey-of-ethylene-from-steam-crackers--2015.pdf;
US EPA, Greenhouse Gas Reporting Program (2015).

Resin Manufacturing
Resin manufacturing processes and energy requirements vary by product and so do their emissions.
Certain types of plastic—such as PS and PET—are
more energy intensive to produce than others—
such as LLDPE, LDPE, HDPE, and PP—because
of the additives or catalysts needed in the manufacturing process. Like in cracking, emissions and
energy requirements vary by production method
and efficiency, as well as plant age and the types
of emissions controls used. Growth in US ethylene
is fueling an increase in polyethylene production,
which is expected to increase from 17 million Mt
in 2015 to 23 million Mt (a 35-percent increase)
by 2020.203 US PET production was three million
Mt in 2012, with increases expected as a new
plant in Corpus Christi, Texas, will add another
1.1 million Mt per year when constructed.
LDPE requires compression to 100-300 megapascals, interstage cooling, and reactor temperatures

between 130°C and 330°C. Some process heat
can be collected and reused. PET, in contrast,
requires additional inputs and energy to produce.
Its building blocks are ethylene glycol and terephthalic acid. The former is created from ethylene, and the latter is produced from xylene, 		
hydrogen, and acetic acid. Two processes can
be used to create PET: esterification and transesterification. Each process relies on ethylene
glycol but different forms of terephthalic acid
(purified or dimethyl) and it yields either water
or methanol as a byproduct. Polymerization is
a two-step reaction that requires temperatures
of 260°C and 260-300°C.204
Existing Cradle-to-Resin Lifecycle
Analysis Estimates
As noted in Chapter 3, the most recent research
into cradle-to-resin greenhouse gas emissions
for plastic are modeled on emissions factors prepared by Franklin Associates in 2011.205 Table 7
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shows annual greenhouse gas emissions estimates
based on 2015 North American resin production,
scaled up by 33–36 percent through 2030, holding all else equal. Using these CO2e emission
rates, the production of 38 million Mt of the seven
most common plastic resins likely resulted in the
release of 67.9 million Mt of greenhouse gases
in 2015, including emissions from oil and natural
gas extraction. This is roughly the equivalent of
15 five-hundred-megawatt coal plants running
around the clock for a full year. By 2030, total
annual greenhouse gas emissions could expand
to as much as 92.4 million Mt, or the equivalent
of 20 five-hundred-megawatt coal plants.206
As detailed above, these estimates likely underestimate the actual greenhouse gases emitted in
2015. They do not include any indirect emissions,
direct emissions associated with plant leaks
and malfunctions, or other situations in which
emissions may be higher than normal, such 		
as natural disasters.
Opportunities to Reduce Emissions
from Plastic Production
Several studies have examined ways to reduce
greenhouse gas emissions during this step in the
process. Posen et al. argue that manufacturing
plants could source their energy from renewable
sources where possible and reduce overall greenhouse gas emissions by 50–75 percent at a cost
of $85 per Mt of plastic. They could also transition
to using bio-based feedstocks, which, in the case
of corn-based plastic, could reduce emissions by
25 percent at a cost of $3,000 per Mt of plastic.207
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These are, at best, incomplete solutions. For
example, a 2018 analysis by Material Economics
suggested that even powering plastic production
with 100 percent zero-carbon energy sources
would reduce overall emissions by only half.208

A 2018 analysis by Material Economics suggested
that even powering plastic production with 		
100 percent zero-carbon energy sources would
reduce overall emissions by only half.
IEA makes several broad policy recommendations
that might reduce greenhouse gas emissions from
petrochemical manufacturing in the long term,
assuming that production does not increase from
current levels. These include: directly stimulating
research and development of sustainable production and methods for limiting risks; establishing
and extending plant-level benchmarking, including
parameters like energy efficiency and CO2 emissions; creating policies that reduce CO2 emissions;
setting stringent air quality standards; and structuring fuel and feedstock subsidies so that they
do not inhibit the use of more sustainable alternatives to fossil fuels and feedstocks. Under the
best-case scenario outlined by the IEA, reducing
greenhouse gases in the long term will also involve increased recycling rates to reduce demand
for primary chemicals and feedstocks. Companies
will also have to shift to lighter feedstocks and
improve energy efficiency by using new technologies

TA B L E 7

Cradle-to-Resin Greenhouse Gas Emissions Estimates Based on US Resin Production

Resin

Mean Emissions
Factor (unit CO2e/
unit plastic/year)

North American
Production (million
metric tons, 2015)

2015 CO2e Emissions
(million metric tons,
2015)

Assuming 33–36% Production
increase (million metric tons
per year by 2030)

Polystyrene (PS)

3.1

2

6.2

8.2–8.4

Polyethylene Terephthalate (PET)*

2.4

2.8*

6.7

8.9–9.1

Polyvinyl Chloride (PVC)

2.2

6.7

14.7

19.6–20.0

Low-Density Polyethylene (LDPE)

1.8

3.2

5.8

7.7–7.8

Linear Low-Density Polyethylene
(LLDPE)

1.5

6.6

9.9

13.2–13.5

High-Density Polyethylene (HDPE)

1.5

8.6

12.9

17.2–17.5

Polypropylene (PP)

1.5

7.8

11.6

15.6–15.9

38

67.9

90.3-92.4

Total
* PET production is from 2012

Source: Daniel Posen et al., Greenhouse Gas Mitigation for U.S. Plastics Production: Energy First, Feedstocks Later, 12(3) Envtl Res. Letters (Mar. 16, 2017),
https://iopscience.iop.org/article/10.1088/1748-9326/aa60a7/pdf.
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Plastic packaging represents 40 percent of total
production of plastic products.213 Plastic packaging
is typically single-use, ubiquitous, and extremely
difficult to recycle. Bottles, bags, wraps, and films
comprise the largest packaging segments by
revenue.214 According to the United Nations 		
Environment Programme (UNEP), the negative
impacts of plastic packaging are estimated at
$40 billion and expected to increase with significantly expanded production under a businessas-usual scenario.215

© Carroll Muffett/CIEL

like naphtha catalytic cracking, which requires
less naphtha than steam cracking.209
IEA also suggests that further integration of
petrochemical and plastic manufacturing within
existing natural gas, oil, and fossil fuel industries
would improve efficiency and allow expanded
use of carbon capture, usage, and storage (CCUS)
technologies.210 However, CCUS technologies
impose significant energy penalties that limit the
emissions reduction benefits. Moreover, the most
economic uses of carbon capture are likely to
result in increased production of oil or combustible fuels that exacerbate emissions.211 Finally,
developing and deploying CCUS projects at 		
scale will require significant new investments
in long-lived fossil fuel infrastructure, which is
incompatible with the rapid phaseout of fossil
fuels required to keep climate change to 		
below 1.5°C of temperature rise.212
Plastic Product Manufacturing
The plastic manufacturing process is the stage
in the lifecycle in which a thermoplastic or resin
in pellet form undergoes a series of molding
processes to create final products, like singleuse containers for fast-moving, consumer-facing
brands. For the key plastic manufacturing processes, emissions are released as part of the direct emissions from processing, as well as the indirect emissions from processes that contribute
to finished polymers, including PE, PP, and PS.

Recommendations for Reducing Emissions
in Plastic Manufacturing
Proponents of the circular economy advocate
for developing business models and industry
structures to greatly increase the usable lifespan
of products and materials, dramatically reduce
material production and the consumption of raw
materials, and reduce the greenhouse gas emissions that arise from unnecessary production,
consumption, and waste disposal.216 For the 		
manufacturing of plastic, this includes policies
and initiatives that address:
Materials Reduction: Curtail and reduce the
unnecessary or excessive use of materials, through
changes in processes, products, or behaviors. In
the plastic context, this would include initiatives
to ban or curtail the use of non-essential plastic,
including single-use disposable plastic commonly
found in packaging, food and beverage service,
and fast-moving consumer goods.
Materials Recirculation: Develop the policies,
technologies, and systems necessary to reduce
waste and decrease reliance on virgin materials
by ensuring products are designed and managed
throughout their lifecycles for reuse and continual
recycling (rather than downcycling). These processes include setting and reinforcing standards
to regulate waste and improving the design 		
and end-of-life handling of products. At present,
strategies for materials recirculation face significant systemic challenges, which are discussed
in Chapter 6. Accordingly, simple pledges to
increase recycling rates, even dramatically, are
unlikely to address either the material or the
climate impacts of growing plastic production.
Product Material Efficiencies: Ensure greater use
for materials and incentivize reuse and recycling
through target initiatives intended to improve
product materials through greater transparency,
technology, and information.
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Circular Business Models: Stimulate reuse as
a way to support fewer products for the same
benefit, service, or output. Developing business
models that increase use while prolonging the
lifetime of materials-intensive assets could reduce
emissions by 62 million Mt CO2 per year. 217
These processes include adopting greater energy
efficiency technologies in the manufacturing
process, improving design and management of
raw materials, and fostering greater use and reuse
by the largest consumer-facing producers. Reducing waste in production, extending the lifetime
of products, and deploying new business models
could produce rapid and significant improvements
in both waste streams and greenhouse gas emissions. Adopting circular economy strategies
alone, however, is unlikely to outpace the scale
and rate of petrochemical infrastructure expansion.
For example, the American Chemistry Council is

© Ted Auch/FracTracker Alliance

On average, the production of one ton of plastic
resin will emit 1.89 Mt CO2e. When the differing
emission profiles in the US and Europe are taken
into account, producing a ton of PE will release
1.675 Mt CO2e; PP, 1.55 Mt; PET, 2.275 Mt; PVC,
2.095 Mt; and PS, 3.2 Mt.
also ostensibly embracing the circular economy
approach by making statements that resin producers aim to recycle or recover 100 percent of
plastic packaging by 2040.218 Such statements
obscure the fact that the intended path towards
achieving such goals include accelerating plastic
production that would be “balanced out” by
dramatically increasing incineration, as a form
of plastic “recovery.”
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C h a pt e r SIX

Plastic Waste Management
“End of Life” is Not End of Impact
s previous chapters demonstrate, the
direct and indirect greenhouse gas emissions from plastic production, transport,
refining, and manufacture are significant. Yet the
climate impact of plastic does not end after the
plastic has been used and is discarded. Depending on how it is handled, plastic can pose just as
significant a threat to the climate when it reaches
the waste phase of its lifecycle. For most materials,
this stage is often referred to as “end of life.” In
truth, because plastic continues to pollute long
after its useful “life” is over, there is increasing
understanding that there is no such thing as
an “end of life” for plastic.

A

This chapter aims to shed light on the climate
impact of plastic after it is used, examining direct
and indirect greenhouse gas emissions and emissions offsets at the disposal stage of the plastic
lifecycle. As no contemporary research provides
quantitative estimates for greenhouse gas emissions from different plastic waste management
methods, Sound Resource Management Group
undertook modeling and data analysis specifically
for this report. The analysis provides the current
status and future prospects of greenhouse gas
emissions from incineration, disposal at landfills,
and recycling, based on existing estimates of
worldwide plastic generation and disposal. The
scope of this analysis is adjusted to plastic packaging, due to the lack of data on the composition
of all plastic waste at a global level. A detailed
description of the research methodology and
relevant sources are online at http://www.noburn.org/plastic-climate-appendix.
Known Paths of Plastic Waste
While some plastic can be recycled, doing
so involves many steps that require separate

Opposite: © Claire Mortimer/Greenpeace

figure 1 1

Global Plastic Packaging Waste Management, 2015
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Management Methods

(breakdown of 39.9% packaging)

collection, long-distance transportation, processing, and re-manufacture. The high costs of these
steps, the low commercial value of recycled plastic,
and the low cost of virgin material mean that
plastic recycling is rarely profitable and requires
considerable government subsidies. Due to these
limitations, only nine percent of all plastic ever
discarded since 1950 has been recycled, while
another 12 percent has been incinerated.219 The
remaining plastic has been buried or ended up
in open yards for burning and dumping, in oceans
and other waterways, and scattered across 		
human and natural landscapes worldwide.
Regardless of disposal method, all discarded
plastic represents a danger to human health and
the environment. Whenever plastic is burned, it
emits greenhouse gases, principally CO2. Plastic
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figure 1 2

Generation, Recycling, and Disposal of Plastic in the US, 2015
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TA B L E 8

1960–2015 Data on Plastics in MSW by Weight (in thousands of US tons)
Management
Pathway
Generation

1960

1970

1980

1990

2000

2005

2010

2014

2015

390

2,900

6,830

17,130

25,550

29,380

31,400

33,390

34,500

20

370

1,480

1,780

2,500

3,190

3,140

—

—

—

—

—

—

Recycled

—

—

Composted

—

—

—

Combustion with
Energy Recovery

—

—

140

2,980

4,120

4,330

4,530

5,010

5,350

6,670

13,780

19,950

23,270

24,370

25,190

26,010

Landfilled

390

2,900

Sources: American Chemistry Council and the National Association for PET Container Resources. A dash in the table means that data is not
available.

also contains hazardous chemicals in the form
of additives that are released into the environment. Concentrations and quantities of these
pollutants vary depending on how plastic waste
is handled. The human health impacts of plastic
incineration are reviewed in greater detail in the
companion report Plastic & Health: The Hidden
Costs of a Plastic Planet.
In the US, plastic waste in municipal solid waste
(MSW) streams is managed by recycling, landfilling, and burning in waste-to-energy facilities.
Plastic waste managed in MSW amounted to 34.5
million tons in 2015, comprising about 13 percent
of total MSW generated that year.220 As indicated
by the estimates from USEPA for 2015 shown in
Figure 12,221 landfilling was the primary handling
method for plastic waste, accounting for 75.4
percent. The remainder was either incinerated

(15.5 percent) or recycled (9.1 percent). For
non-durable and container/packaging plastic,
the proportion incinerated was greater than
for durable plastic.
An unknown amount of plastic packaging waste
in the United States is mismanaged, primarily
via littering and open burning.222 The mismanagement rate is relatively low, compared to other
countries with lower waste collection and processing capacity, which often leads to an assumption that low-income countries are responsible for
unmanaged waste leaking into oceans and lands.
However, high per-capita waste generation and
large coastal populations result in a large mass
of uncontrolled plastic waste even when rates of
mismanagement are low, as shown in one study
that estimated that the US is among the major
contributors to plastic ocean leakage.223
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Plastic Packaging Waste
Plastic packaging represents 40 percent of total
production of plastic products.224 Packaging is
one of the most problematic types of plastic
waste, as it is typically designed for single use,
ubiquitous in trash, and extremely difficult to
recycle. A constant increase in the use of flexible
and multi-layered packaging has been adding
challenges to collection, separation, and recycling.
Figure 10 on page 55 shows current plastic packaging waste management methods in use worldwide. While 40 percent of plastic packaging
waste is disposed of at sanitary landfills, 14 percent goes to incineration facilities, and only 14
percent was collected for recycling, 12 percent
of which failed to be recycled into the same or
similar quality of the original form.225 The remaining 32 percent follows other pathways, including
open dumping, open burning, and uncontrolled
release onto land and into water.226
In Europe, efforts to divert plastic packaging
waste from landfills have accelerated over the
past decade, showing an increase in recycling
and incineration with energy recovery.227 The
trend is more distinct among countries that 		
implement bans on landfilling recyclable waste,
most of which tend to heavily rely on waste incineration with energy recovery.228 In the following
sections, the climate impact of growing dependence on waste incineration is examined under
a series of possible future scenarios.
Greenhouse Gas Emissions
from Plastic Waste Disposal
There are several ways of managing plastic waste,
each of which has clear implications for the climate.
As stated earlier, this analysis compares greenhouse gas emissions from recycling, landfilling,
and incineration with energy recovery, based on
the data available for plastic packaging waste.
Key parameters and estimates factored into
this analysis include annual plastic production
in 2015, plastic packaging portion of total plastic
production (39.9 percent in 2015), polymeric
composition, and combustible carbon content
plastic packaging, which enable estimating of
carbon emissions from power generation and
potential emissions offsets though energy 		
recovery. Indirect greenhouse gas emissions
from energy use for materials handling and waste
collection were calculated to quantify the climate
impact of plastic waste throughout the disposal
process. In order to estimate net greenhouse gas
emissions from plastic recycling, emissions offsets
from replacing virgin material production with

recycled content were calculated. For estimates
of greenhouse gas emissions offsets resulting
from energy recovery, the analysis applies a
conservative estimate from the EIA of the current
and future ratios of natural gas and renewable
energy in the energy mix. Detailed references
and assumptions are available at: http://www.
no-burn.org/plastic-climate-appendix.
As shown in Figure 13, incineration, including
waste-to-energy, creates the most CO2 emissions
among the plastic waste management methods.
Waste collection, hauling, and processing also
create climate-changing greenhouse gas emissions, mainly due to energy use. These various
waste management methods are discussed in
more detail in the following sections, beginning
with the most intensive emissions-producing
processes first.
Waste Incineration and Waste-to-Energy
Incineration is often thought of as an easy 		
answer to large-scale, land-based plastic pollution. Frequently touted for its ability to turn waste
to energy, incineration converts waste into air
pollutants, bottom ash, fly ash, combustion gases,
wastewater, wastewater treatment sludge, and
heat by burning. In urban areas, incineration of
waste occurs at waste-to-energy (WTE) facilities
and other industrial facilities, including utility

© Soojung Do/Greenpeace
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boilers, paper mills, and cement kilns, in which
collected wastes are burned with coal or biomass
in a process known as co-incineration.
As Figure 13 depicts, one Mt of plastic burned
results in 0.9 Mt of net CO2e emissions, even after
taking into account the electricity generated by
the combustion process. On average, one Mt of
plastic packaging contains 79 percent combustible carbon content,229 which would release
790 kg of carbon, or about 2.9 Mt of CO2, into
the atmosphere.230 The USEPA recognizes that net
greenhouse gas emissions can be reduced through
energy recovery by offsetting the need for energy
from fossil sources. Accordingly, USEPA’s analysis
quantified the power generation potential for plastic packaging burned in MSW in a WTE facility
by multiplying average energy content of plastic
packaging waste by an average electricity output
efficiency for WTE incinerators of 17.8 percent.231
The estimated power generation potential of
less than 2,000 kilowatt hours (kWh) per Mt was
further converted to natural gas and renewable
energy offsets based on EIA estimates for worldwide electricity generation, to reach a conclusion
that incineration of plastic packaging waste will
still result in 0.9 Mt of CO2e emissions, even when
two Mt of CO2e can be offset by energy recovery.
The greenhouse gas emissions offset potential
can vary depending on a number of factors,

including the type of energy used in the incinerators and the composition of waste feedstock that
is burned. When municipal solid waste is too low
in calorific value and/or too high in moisture content, additional fossil fuels are required to sustain
the combustion. For example, in China, the ratio
of coal in the fuel used in MSW incinerators is as
high as 50-70 percent due to the large portion
of organic waste.232
According to our analysis, net greenhouse gas
emissions attributable to the incineration of plastic packaging are estimated to be 16 million Mt
in 2015. These figures are based on the estimated
amount of plastic packaging waste (40 percent
of all plastic waste) collected for management
(64 percent); thus, it reflects only 25 percent
of all plastic waste. For a broader plastic waste
stream, including plastic packaging and nonpackaging plastic waste, USEPA reported that
waste incineration released 11 million Mt CO2e
in the US, more than half of which came from
plastic waste (5.9 million Mt) in 2015.233 The 		
climate impact of plastic waste incineration in
the US is equivalent to 1.26 million passenger
vehicles driven for one year, or more than half
a billion gallons of gasoline consumed.234
When plastic packaging waste commingled in
MSW is burned in a WTE incinerator, the generated
electricity replaces power generated from other

FIGURE 13

Climate Impacts of Plastic Packaging Waste Disposal Options (kg CO2e/metric ton)
Activities/Processes
Collection/Self-Haul
Material Handling
Virgin Material Offset

Recycling

Landfill

Incineration

45

35

35

800

650

25

38

600

–2,090

Biodegradation

898

400

0

Incineration

2,894

200

60

0

With Energy Recovery
Natural Gas Offsets
Renewable Energy Offsets
Total

1,000

–1,395

60

–2,040

–200

–30

–400

898

Note: This analysis assumes that all incineration is conducted with energy recovery, as exact
data on the ratio of incineration without energy recovery is currently not available. While incineration without energy recovery does exist, it results in 2,894 kg CO2e of greenhouse gases
per Mt of plastic burned, which is the same as open burning. US EIA, International Energy Outlook,
2017 (data for 2015) estimates that renewable energy accounted for 17 percent of worldwide
electricity generation in 2015.
Source: Sound Resource Management Group, Inc provided this analysis based on the sources
available at https://www.no-burn.org/plastic-climate-appendix.
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fuels. In many cases, this will be natural gas 		
because natural gas turbines are often used
for peaking power on electrical power grids, or
are often the type of energy used in power generation facilities that are the next in line for construction. To an ever greater degree, new power
production also comes from renewable solar or
wind energy facilities. According to the EIA, in
2015, natural gas combustion produced almost
five times as much electricity worldwide as did
renewable solar, wind, and geothermal energy.235
This ratio was used to calculate the WTE greenhouse gas offsets for natural gas and renewable
solar. Those calculations also take into account
the relative fossil carbon footprints of electricity
generated from renewable solar, natural gas,
and packaging plastic waste.236 As the proportion
of renewable energy in the energy mix continues
to grow over the coming decades, the net emissions from incinerating plastic will increase as
electricity production will be less dependent
on fossil fuels, resulting in smaller emissions
offsets. An analysis of lifecycle plastic emissions
in Europe undertaken by Material Economics
concluded that, as this energy transition occurs,

In 2015, USEPA reported plastic waste incineration
released 5.9 million Mt CO2e. As the energy transition
occurs, the incineration of plastic waste will become
one of the largest sources of fossil fuel emissions
in Europe’s energy sector.
the incineration of plastic waste will become
one of the largest sources of fossil fuel emissions
in Europe’s energy sector.
The climate impact of plastic waste management
will increase even more dramatically if industry’s
plans to increase incineration and expand petrochemical buildout by 2030 and 2050 come to
fruition. The continuing decarbonization of the
energy mix will also result in an increase in the
proportion of net greenhouse gas emissions from
the incineration of plastic packaging. As a result,
greenhouse gas emissions from plastic packaging
waste are projected to reach 84 million Mt and
309 million Mt by 2030 and 2050, respectively.
(See Figure 14.)

60

c h a pt e r SIX • plastic waste management

Box 8

Future Scenarios of Greenhouse Gas Emissions from Plastic
Packaging Waste Incineration with Energy Recovery
The industrial outlook
This scenario factors in the growth in plastic packaging
production and the expansion of incineration capacity
based on industry projections. According to several
sources, plastic packaging production is expected to
nearly double by 2030 or 2035 and nearly quadruple by
2050.237 The present analysis estimates that this growth
would increase plastic packaging waste from 128 million
Mt in 2015 to 219 million Mt by 2030 and 435 million
Mt by 2050. Greenhouse gas emissions from incineration
of plastic packaging waste would grow correspondingly
to 84 million metric tons by 2030 and 309 million metric
tons by 2050. The faster growth in carbon emissions
relative to plastic packaging waste is due entirely to
faster growth in electricity generated from solar, wind,
and geothermal energy versus natural gas and the 		

corresponding fall in the carbon offsets for WTE,
which was applied to all of the following cases.
Increased incineration with
no growth in plastic production
A recent study on world energy resources by the World
Energy Council projected a greater than ten percent
compound annual growth rate for waste-to-energy 		
incineration between 2015 and 2025.238 Assuming that
WTE grows at above ten percent through 2030, WTE
incineration would increase to 31 percent of treatment
for all plastic packaging waste by 2030. Extending		
this scenario to 2050 assumes a somewhat slower
growth of WTE after 2030, in which case 50 percent
of plastic packaging waste is managed by WTE by 2050.
This case shows that greenhouse gas emissions from

figure 1 4

Future Scenarios of Greenhouse Gas Emissions from Plastic Packaging
Waste Incineration with Energy Recovery
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Source: Material Economics, The Circular
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the Facts 2016. The same data and estimates
compiled for Figure 13were used for this
calculation. 				
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Box 9

Future Outlook on the US Energy Grid and the Implications
on Greenhouse Gas Emissions Offsets
plastic incineration would increase to
49 million Mt by 2030 and 91 million Mt
by 2050, even when the total amount of
plastic produced stays at the current level.
Increased plastic production
with similar incineration rate
Greenhouse gas emissions from plastic
incineration would grow at a similar rate
as the previous case if plastic production
increases in line with industry projections,
along with a slower growth of WTE. The
present analysis assumes that the ratio of
waste incineration as a waste management
method will remain at 14 percent, which
means WTE facilities expand proportionately to the growth rate of plastic production; this is less growth than the “industrial
outlook” scenario. In this scenario, greenhouse gas emissions from plastic incineration
will increase to 38 million Mt by 2030 and
87 million Mt by 2050.
The best-case scenario with
significant decrease in plastic
production and incineration
These projections also include a best-case
scenario for a future in which the use of
plastic packaging is cut in half by 2030
and reaches zero by 2050, ultimately
resulting in zero emissions from incineration of plastic packaging. The greenhouse
gas emissions from this scenario would
be as low as six million Mt by 2030 and zero
by 2050. This last set of projections are
guided by targets set as part of the New
Plastics Economy Global Commitment—
which was signed by more than 290 companies to eliminate problematic or unnecessary plastic packaging by 2025239—and
Break Free From Plastic’s goal of drastically eliminating all non-essential uses of
plastic by 2035, following a peak of plastic
packaging and other single-use disposable
applications in 2025.240

Electricity generation methods gradually evolve. That is, based on US
Energy Information Administration projections for worldwide electricity
generation through 2040,241 the relative amounts of electricity produced
from renewable solar, wind, and geothermal energy will rise relative to
electricity production from natural gas. Currently, natural gas fuel generates 4.9 times as much electricity as the aforementioned renewables.
In a conservative manner, EIA projects that this ratio will decrease to 		
2.1 by 2030 and continue decreasing at a slower rate through 2040.
Assuming this slowdown continues, by 2050 natural gas would generate only 150 percent more electricity than the three renewables. This
decreases the energy offset for waste-to-energy incineration of plastic
packaging wastes, lowering the natural gas and renewables weighted
average offset from 2,070 kg CO2e per Mt of incinerated plastic in
2015 to 1,728 kg CO2e by 2030 and 1,545 kg CO2e by 2050.
In a future with 100 percent renewable electricity, there would be almost
no carbon offsets for WTE electricity generation from burning plastic
packaging waste. Even at present, carbon emissions per kilowatt generated from WTE incineration of plastic waste are not low enough to beat
natural gas carbon emissions per kilowatt hour. That is, WTE incineration
of plastic packaging waste is over 20 percent higher in carbon emissions
per kilowatt hour than natural gas. Compared to renewables, the carbon
emissions from WTE are greater by an order of magnitude. For example,
solar electricity is almost 17 times more efficient than WTE incineration
of plastic packaging waste for generating electricity. Thus, as electricity
supplied to the power grid by renewables increases relative to naturalgas-fueled power, the net emissions from WTE incineration of plastic
packaging increases from about 900 kg CO2e per Mt of incinerated
plastic at present to over 1,400 kg CO2e per Mt of incinerated plastic 		
by 2050.
It is likely that the net emissions from WTE will be significantly greater
because the offsets of natural gas are almost certainly overestimated.
Over the last decade or more, renewable energy deployments have
routinely and substantially exceeded long-term forecasts by both EIA
and IEA.242 This trend has continued in recent years, suggesting that the
proportion of fossil fuels in the global energy mix may decline much
faster than EIA estimates. Moreover, as noted in the introduction to 		
this report, the IPCC warns that global net emissions of CO2 must fall 		
to zero by 2050. The IPCC noted that achieving this goal will require the
near complete elimination of fossil fuels from energy production and 		
a transition to a renewable energy economy in the coming decades.243
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Box 10

Unknown Climate Impact of Plastic-to-Fuel
Gasification, pyrolysis, and plasma arc are other forms of
waste incineration, which convert waste into synthetic gas or
oils through combustion or other thermal processing. Plastic-tofuel is a common name for these undefined technologies, which
aim to convert all carbon-based materials into energy.244 Studies
sponsored by the American Chemistry Council argue that there
are energy and environmental benefits associated with producing high-quality fuels in this manner.245 Despite aggressive
public relations campaigns and construction attempts, there
are few facilities successfully operating on a commercial scale.
Industry has recorded years of delays and high-profile failures
due to operational inexperience, high costs, lack of financing,
and environmental concerns around the globe.246 Due to a lack
of empirical data from commercial operations, the greenhouse
gas emissions remain unquantified. The fuel produced through
this technology is yet another fossil fuel, and the industry 		
will need to prove self-claimed climate benefits by measuring
indirect emissions from energy use and the emissions from
burning final fuel products, as well as direct greenhouse gas
emissions from the combustion process.

© Yat Yin/Greenpeace

Landfilling
In this analysis, landfills refer to sanitary landfills
that typically use a clay and/or plastic liner to
isolate waste from groundwater and add a daily
covering of soil to reduce the waste’s exposure
to air. Greenhouse gas emissions from landfills
are mainly derived from organic waste, such as
discarded food, yard trimmings, paper, and wood
as they decompose. Landfill wastes of fossil origin
have not been documented to emit greenhouse
gases, nor are they counted as a carbon sink.
Therefore, emissions related to landfilling plastic
packaging result primarily from the fossil fuel use
associated with the sorting and handling of the
wastes prior to landfilling and the transportation
of the waste from the collection point to the landfill. This does not exclude the possibility of greenhouse gas emissions from fires in the landfills,
however, as an average of 8,300 fires are reported
from landfills in the US alone each year.247
While landfilling poses significant environmental
health risks due to toxic substances leaching
into soil and waterways and its emissions from
biogenic waste degradation, landfilling plastic
waste has lower climate impacts than incineration,
as shown in Figure 13. In some cases, landfilling—
or dumping waste in an open yard—may be the
only option for waste management when there is
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no collection system and no proper material
recovery infrastructure in place. However, landfills produce acids by decomposing organics and
leach heavy metals out of plastic into the groundwater and therefore cannot be viewed as a longterm solution for plastic waste management.248

packaging is particularly difficult to separate and
process, which explains why the major plasticconsuming nations in Europe and North America
have relied on international trade for plastic
recycling, rather than processing plastic scrap
at their own labor and environmental cost.256

Recycling
Plastic recycling refers to physical processes that
recover materials without altering the molecular
structure of the polymers. As Figure 13 demonstrates,
plastic recycling has outstanding greenhouse
gas benefits compared to other existing waste
disposal methods. Making new products from
recycled plastic packaging materials is more than
three times more efficient in terms of greenhouse
gas emissions than manufacturing those same
products with virgin raw materials, mainly because
of the energy savings in recycled versus virgincontent product manufacturing. For the 3.17 Mt
of plastic waste recycled in the US in 2014, USEPA
estimates 3.2 million Mt of CO2e savings, which is
equivalent to 670,000 less cars on the road over
the course of a year.249 Recycling a metric ton of
plastic packaging into new products conserves
almost 1.4 Mt CO2e.

With these limitations, recycling alone will not
reduce greenhouse gas emissions from the plastic
lifecycle commensurate with the reductions necessary to meet the Paris Agreement. Nevertheless,

Theoretically, increased recycling results in negative greenhouse gas emissions by reducing raw
material extraction and avoiding emissions from
manufacturing an equivalent amount of material
from virgin inputs. Emissions per ton of virgin
plastic produced are estimated to be 3.6 times
higher compared to recycling as of 2017.250 This
gap is estimated to widen to as much as 48 times
higher by 2050, as efficiency in both plastic
production and recycling improves.251
In reality, only a fraction of “recyclable” used
plastic is recycled into the products for which
they were originally produced, even in the case
of the most readily recyclable plastic such as PET
and HDPE.252 The challenges are due to colorants,
additives, and fillers used during plastic production, contamination from consumer use, and yield
losses during the recycling process.253 The low
price of overproduced virgin plastic further limits
the recyclability of plastic by lowering the economic value of recycled plastic and hindering investments in proper infrastructure and markets.254
Even if plastic were recycled despite all the barriers
above, each cycle of the recycling process shortens the length of polymer chains, resulting in
quality loss and, eventually, the need to dispose of
the material.255 Lower-grade plastic waste, including post-consumer and multi-layered plastic

Box 11

Opportunities and Threats of China’s Waste Import Ban
In January 2018, the Chinese government banned the import of
waste to stop the overwhelming flow of low-grade plastic scrap
being shipped to China from the Global North.257 This ban has
had a significant impact throughout the world and highlighted
the urgent need to reshape local recycling systems and global
policies on plastic production and disposal. The new waste
policy bans imports of 24 types of solid waste, including postconsumer plastic, and strengthens contamination control rules
for recyclables, rendering much plastic scrap sub-standard.
Local recycling systems, as well as the global recycling trade,
have experienced upheaval since the ban was implemented,
especially in countries that relied heavily on exporting lowgrade plastic scrap for processing. In the United States, facilities
in Arizona, Arkansas, Colorado, Hawaii, Maryland, Missouri, and
New Jersey reported that they have stopped accepting mixed
plastic scrap or have restricted collection to certain types
of plastic (mostly PET and HDPE).258 Scheduled shipments
have been held, and material recovery facilities are stockpiling
collected waste in many places. Instead of using the ban as 		
an opportunity to consider building a domestically sustained
recycling system and working to phase out single-use plastic
and plastic packaging, many cities are exploring alternative
destinations that can accommodate their waste, which prompted
Vietnam, Thailand, and Malaysia to announce their own restrictions on plastic scrap imports.259 Waste incineration has also
been an option for some cities in the US, sparking community
organizing against sending recyclables to incinerators.260
Furthermore, communities are actively guiding cities to respond
to the current disruption in domestic plastic recycling with zerowaste approaches focused on reduce and reuse. One example
is an ordinance that was recently passed by the City Council 		
of Berkeley, California, to curb disposable foodware.261
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many studies continue to rely on plastic recycling
as a primary solution to the plastic crisis. The
Material Economics report states that the ideal
scenario for plastic waste management in 2050
can be achieved by increasing plastic recycling
capacity by 4.6 times, enabled by a collection
rate of 85 percent for the five most common
types of plastic, along with a six percent increase
of waste-to-energy and more reuse practices.
A recent report published by the Organisation
for Economic Co-operation and Development and
IEA also projects a 65 percent increase in production of recycled plastic compared to the baseline

Box 12

Plastic Chemical Recycling:
A False Solution to the Plastic Waste Crisis
Chemical recycling is a process that chemically transforms
materials into their basic components with the purpose of
reproducing the same material. While thermochemical and
catalytic conversion technologies have been developed for
some waste plastic, it is hard to estimate the greenhouse gas
emissions associated with the use of high-temperature treatment and plastic solvents. In addition, the plastic industry often
conflates chemical recycling with plastic-to-fuel technologies
under the guise of terms like “plastic recovery.”
For example, in May 2018, the American Chemistry Council
announced a plan to ensure 100 percent of plastic packaging
would be reused, recycled, or recovered by 2040, with an
interim goal of making plastic packaging recyclable or recoverable by 2030.262 This pledge, while appearing to be a step
toward sustainability at face value, raises more questions than
answers. The American Chemistry Council’s plan to recover
plastic includes a variety of technologies, such as pyrolysis,
gasification, and other plastic-to-fuel systems (see Box 10:
Unknown Climate Impact of Plastic-to-Fuel). Since this technology is relatively new and commercial operations are extremely
limited, the greenhouse gas emissions impact of this form of
plastic recycling remains unknown. In addition to unanswered
questions about the feasibility of these techno-fixes, managing
plastic waste through energy-intensive thermal processing to
produce more oil and gas is hardly a solution that fits into a
circular economy, and it does not recover materials to their
original form. Furthermore, as the volume of unrecyclable
plastic grows, a timeline much shorter than 2040 is needed 		
to immediately curb plastic pollution.

scenario by 2030 and an increase of more than
double by 2050.263
Other Known Unknowns
The analysis above only covers plastic packaging
that is collected for management, leaving the
climate impact of almost one-third of world
plastic packaging undefined. There are several
possibilities for the unmanaged 32 percent of
plastic packaging, including open burning, open
dumping, and littering, which are more prevalent
in rural areas or places with less developed waste
management infrastructure.
Open burning, a practice of burning unwanted
combustible materials in nature or in open
dumps, has severe climate and health impacts
because it is undertaken in the absence of air
pollution controls and because it generally occurs
at much lower temperatures compared to closed
combustion environments.264 Plastic packaging
burned in the open releases 2.9 Mt CO2e of greenhouse gases into air per ton of plastic packaging.
The climate impact of dumping waste into an
open hole in the ground (open dumps) without
extra effort to compact or cover it up is less
defined. As discussed in Chapter 7, degrading
plastic exposed to sunlight in terrestrial environments may off-gas greenhouse gases at a higher
rate than plastic at the ocean’s surface. Consistent
with these findings, research conducted in 2018
showed that plastic packaging waste in open
dumps or littered onto land or in water emits
greenhouse gases over time due to exposure to
ambient solar radiation.265 However, as the annual
rate and magnitude of these releases have not
as yet been well researched, this study does not
include an estimate for these greenhouse gas
emissions.
Despite evident data gaps with respect to many
of these disposal pathways, exploring a range
of added greenhouse gas emissions from the unmanaged portion can cast light on the full scope
of threats caused by plastic packaging waste.
The climate impact of unmanaged plastic waste
largely depends on the proportion that is burned,
which can result in 118 million Mt of additional
emissions in the case of 100 percent open burning of all unmanaged plastic packaging waste.
On the other end of the range, a case of 100 percent littering or open dumping will result in slow
but potentially continuous greenhouse gas emissions, and contribute to other areas of environmental concern.
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An Alternative Path: Zero Waste
The industry’s plans to massively expand the
petrochemical buildout and increasingly rely on
incinerators are incompatible with the urgent
need for dramatic global reductions in greenhouse
gas emissions. Fortunately, burning waste is not
the only path forward, and the zero-waste approach
is gaining traction. Zero waste refers to a systemic
approach to waste prevention and reduction. Key
components of this approach include decentralized separated collection, sorting and reuse of
waste, and an iterative evaluation process that
enables communities to assess the waste stream
and implement policies to reduce the production
and consumption of materials that are hard to
recover, such as bans on single-use plastic items.
Zero-waste systems aim to return all materials
to the community as a resource without being
processed in incinerators or landfilled.
The climate benefits of zero waste are clear: nonessential plastic packaging would be eliminated
entirely,266 resulting in no emissions from downstream waste management. The following section
outlines three recommendations for alternative
zero-waste implementation as part of climate
change mitigation strategies.
Use Less Plastic
Plastic packaging, which continues to be produced,
used, and discarded at alarming rates, already
outpaces all existing waste processing methods
due to the unprecedented amount produced, its
complex multi-layer construction, and consumer
use contamination. Due to the limitations of plastic recycling, phasing out plastic packaging must
be prioritized to prevent today’s substitution from
becoming tomorrow’s problems.267 A boom of
investment in the construction and expansion
of plastic recycling infrastructure could unintentionally sustain a single-use, linear economy by
providing downstream measures to deal with
current or even increased plastic production and
use. Plastic recycling should, therefore, only be
used as a bridge to greater plastic reduction,
and as the production of plastic decreases over
time, so too should recycling. The highest priority
should be developing zero-waste systems where
all materials are produced and consumed
respon-sibly within ecological limits.
Waste prevention coupled with reduced plastic
production is by far the most effective way to
reduce greenhouse gas emissions from plastic
waste.268 Source reduction—the waste industry
term for less production and consumption—
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greatly contributes to reducing greenhouse gas
emissions from raw material acquisition and
manufacturing, resulting in no emissions from
waste management.

Plastic packaging, which continues to be produced,
used, and discarded at alarming rates, already
outpaces all existing waste processing methods due
to the unprecedented amount produced, its complex
multi-layer construction, and consumer use
contamination.
Source reduction avoids greenhouse gas emissions throughout the lifecycle. The USEPA has
examined the greenhouse gas benefits of halving
the annual generation of plastic packaging in
2006. If, instead of producing 14 million Mt of
plastic packaging, only seven million Mt had
been produced, 14.85 million Mt CO2e could 		
have been avoided.269
Another USEPA study compared the climate
change benefits of different waste management
methods, including waste prevention, recycling,
composting, incineration, and landfilling, through
an investigation of 16 types of waste materials,
including three types of plastic (HDPE, LDPE, and
PET).270 Waste prevention showed the biggest
climate benefits, with 18 million Mt of CO2e reduction if waste generation dropped to 1990 levels.
The study also concluded that source reduction
and recycling result in negative net greenhouse
gas emissions, while combustion adds to the
climate burden by increasing emissions.271
It is important to note that source reduction
often refers not only to replacing plastic packaging with reusable and refill-friendly alternatives,
but also to substituting plastic with other materials
to serve the same function. While the former
addresses the root causes of the current waste
crisis, the latter continues the reliance on disposable items, lightweight plastic, and bioplastic.
Continued use of single-use products that are
outside a closed-loop system for their end-of-life
phase perpetuates a linear, throw-away economy
by providing the means to sustain current production and consumption patterns and undermining
the transformation needed in plastic production
and consumption systems as a whole. In this
regard, effective strategies for plastic source
reduction are those that use reusable and
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refill-friendly alternatives in order to avoid waste
generation in the first place.
Phase Out Waste Incineration
As this chapter suggests, incineration is the 		
primary source of greenhouse gas emissions from
the management of plastic waste. As reliance on
incineration grows, so do emissions from plastic
waste. Even when waste incinerators generate
electricity that might otherwise have been generated by burning natural gas, incineration still
consumes more energy, resulting in greater
greenhouse gas emissions compared to other
management options.272 Moreover, the offset
greenhouse gas emissions will decrease over time
as fossil fuels for electricity generation are phased
out. As this energy mix shifts to incorporate more
renewable sources, using plastic incineration for
energy production will become a much greater
percentage of net CO2 emissions from the
energy sector.273
In Europe, the total greenhouse gas emissions
from plastic—estimated at 132 Mt in 2017—and an
additional 90 Mt of CO2 will be released each year
based on the current trend of increased incineration in the region.274 This projection highlights
the urgent need to end the use of incineration
as a waste management strategy. This conclusion
runs counter to the dangerous trend of new and
expanded investments in incineration in Asia,
Latin America, and Africa.
The climate impacts of using waste-to-energy
incineration for municipal solid waste do not end

with increased greenhouse gas emissions from
the incineration of plastic. In municipal solid
waste incinerators, mixed plastic is treated with
food waste that is high in water content, resulting
in energy loss and thus higher greenhouse gas
emissions.275 Waste incineration also has many
other drawbacks. Evidence demonstrates significant acute and residual environmental health
risks related to incineration. High construction
and maintenance costs leave nearby communities
indebted. Incinerators experience a lock-in effect,
creating a constant demand for feedstock for
facilities to stay operational. Significantly, incineration facilities are disproportionately located
near communities of color and low-income and
marginalized communities. Experience demonstrates that such communities often lack both
the necessary resources and meaningful opportunities to challenge these siting decisions, even
when the projects involved are likely to negatively
impact their environment and health.276
Increasingly, policy directives are acknowledging
the dangers of waste incineration. In 2017, the
European Commission released a communication
on the role of WTE in the circular economy that
recommended introducing measures to phase
out landfilling and other forms of residual waste
treatment, including incineration, pyrolysis, gasification, and plasma processes.277 It also recommended providing economic incentives and
co-financing for waste prevention, reuse, and
recycling performance. Similarly, the New Plastics
Economy Global Commitment explicitly excludes
waste incineration by stating, “No plastic should

figure 1 5

Annual Greenhouse Gas Benefit of 50% Source Reduction
of Plastic Packaging Products in MSW in 2006
1,671,655,227

3.8
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coal-fired power plants
in one year

3,154,140

passenger vehicles driven
for one year

Greenhouse gas impact of 50% source reduction in the US = 14,856,000 Mt CO2e saved
Source: U.S. EPA (2009). Opportunities to Reduce Greenhouse Gas Emissions through Materials and Land Management Practices.
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator.						
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figure 1 6

Net Greenhouse Gas Emissions from Source Reduction and MSW Management Options
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Source: U.S. EPA (2006). Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of Emissions and Sinks Report.
Third edition.				

end up in the environment. Landfill, incineration,
and waste-to-energy are not part of the circular
economy target state.”278 In 2017, 250 mayors
across the United States unanimously agreed
to a resolution on transitioning to 100 percent
renewable energy, affirming that waste-to-energy
must not be classified nor subsidized as a renewable energy.279 At a global level, the C40 Cities’
Advancing Towards Zero Waste Declaration is
another good example of cities pledging to tackle
the waste crisis at the source, by reducing municipal solid waste generation per capita by at least
15 percent by 2030 compared to 2015, reducing
the amount of municipal solid waste disposed
to landfill and incineration by at least 50 percent
on the same timeline, and increasing the diversion
rate away from landfill and incineration to at
least 70 percent.280
Maximize Reuse and Recyclability
for Other Waste Streams
In addition to calling for an end to incineration
and the elimination of single-use plastic packaging, zero waste has the added benefit of identifying the best use for all waste streams, not just
plastic. This is achieved by careful separation of
waste streams at the source, such as a household
or business. Separated streams of food waste and

In addition to calling for an end to incineration and
the elimination of single-use plastic packaging, zero
waste has the added benefit of identifying the best
use for all waste streams, not just plastic. This is
achieved by careful separation of waste streams
at the source, such as a household or business.
other organic compounds can be used for composting or anaerobic digestion, which can lower
greenhouse gas emissions from biogenic waste
by diverting it from landfills.281 Non-organic waste
streams have considerable value when recycled,
reused, or otherwise redeployed back into a circular
economy, and such measures can further reduce
greenhouse gas emissions by reducing the need
for extracting virgin materials. The elimination of
single-use plastic packaging augments recycling
efforts by increasing the quality of recycled waste
streams, which are currently contaminated with
unrecyclable plastic waste. In addition, contaminated mixed waste creates the perception of
a much greater stream of residual waste than
actually exists, thereby artificially increasing the
perceived demand for industrial-scale waste
management solutions like incineration.
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Plastic in the Environment

A

s the preceding chapter suggests, the
greenhouse gas impacts of plastic do not
stop when plastic is discarded. For the majority of all plastic ever made, its use and disposal
is only the first and shortest phase of a lifecycle
that will span centuries or more. Notwithstanding
the significant role of plastic in the global economy,
in global waste streams, and to the global climate,
this report demonstrates that climate impacts
from the plastic lifecycle remain poorly quantified
and poorly understood. The least studied and, as
yet, least understood of these impacts arise once
plastic has been released into the environment,
starting as pre- and post-consumer waste contaminating urban streets, farmlands, landfills,
natural areas, coastal zones, and waterways,
and making their way via freshwater rivers 		
and streams to the ocean.
The relatively modest amount of climate-relevant
research to date has focused primarily on the
impacts of plastic and microplastic within oceanic
environments and aquatic ecosystems. This chapter
provides a brief introduction to that research. It
briefly reviews emerging evidence of the various
pathways through which climate impacts are or
may be occurring. It acknowledges the significant
data gaps and uncertainties with respect to those
pathways. Lastly, it highlights the potentially
profound risks should those gaps remain unfilled.
Plastic in the Ocean
Until recently, the science of plastic pollution in
the ocean has focused on its global abundance,
distribution, and evidence of ecological harm.
Anecdotal reports of plastic being ingested by
sea turtles appeared soon after plastic production
began expanding in the 1950s, and by the 1960s,
researchers had documented plastic in the stomachs of sea birds.282 Significant amounts of plastic

Opposite: © Sarah-Jeanne Royer

debris were also reported in the proceedings of
a workshop on oil pollution convened by the US
National Academy of Sciences in 1973, including
reports that plastic debris was aggregating other
toxics and being routinely ingested by ocean
wildlife.283 A second workshop held the same year
on potential ocean pollutants identified similar
concerns with the potential impacts of plastic
in the environment.284

A team led by Sarah-Jeanne Royer of the University
of Hawaii released a study documenting that the
growing volume of plastic accumulating in the
environment may be contributing to climate change.
The first targeted research into the environmental
impacts of ocean plastic began in 1972 when
EJ Carpenter and KL Smith documented plastic
floating on the Sargasso Sea surface.285 By the
early 1980s, the issue began to attract growing
attention and more targeted research.286
To date, research on marine plastic pollution has
reached three main conclusions. First, plastic
breaks into smaller pieces that can now be found
in the most far-flung corners of the globe, including
the deepest area of the ocean. Second, attached
to these plastic pieces are a mix of toxic chemicals
that are harmful to humans and animals, known
as persistent organic pollutants. Third, and finally,
plastic harms aquatic animals through entanglement and ingestion at all levels of the food chain,
and humans in turn ingest plastic through a 		
variety of pathways.287
In August 2018, a team led by Sarah-Jeanne
Royer of the University of Hawaii released a study
documenting that the growing volume of plastic
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accumulating in the environment may be contributing to climate change.288 These impacts are a
result of the exposure of plastic to solar radiation
and the slow breakdown, or degradation, of
plastic in the environment.

The degradation and breakdown of plastic
represents a previously unrecognized source of
greenhouse gases that are expected to increase,
especially as more plastic is produced and
accumulates in the environment.
Plastic degradation induces a chemical change
that reduces the molecular weight of the polymer.289 Degradation begins from the moment
plastic is exposed to ambient conditions. With
time, the polymer weakens and often becomes
brittle, breaking down into smaller particles.
In the ocean, weathering processes such as 		
biodegradation, thermo-oxidative degradation,
thermal degradation, hydrolysis, and solar radiation contribute to this breakdown.290 Plastic
photodegradation (exposure to light) is of particular interest to this report because it triggers
the production of greenhouse gases.291 This unexpected discovery shows that the degradation
and breakdown of plastic represents a previously
unrecognized source of greenhouse gases that
are expected to increase, especially as more
plastic is produced and accumulated in the 		
environment.
Royer’s study also revealed that among the common types of plastic used worldwide, low-density
polyethylene, the most prevalent plastic discarded
in the ocean today, releases methane, ethylene
(C2H4), ethane, and propylene at the highest rate.
The results further showed that, as the surface
area of plastic increases due to weathering and
breakdown in the ocean, there is a tremendous
increase in methane and ethylene off-gassing.
For example, LDPE powder off-gases methane
488 times more rapidly than when the same
weight of LDPE is in pellet form. Finally, the study
demonstrated that plastic exposed directly to
sunlight (not submerged in water) produces even
more of the gases. LDPE releases approximately
two times more methane and 76 times more
ethylene when exposed to air than when incubated
in water. This indicates that the plastic in oceans
and terrestrial environments contributes to the
greenhouse gas impacts of the plastic lifecycle,
though it is often overlooked. The results even

indicate that, once initiated, the production of
hydrocarbon gases continues in the absence of
sunlight. While the quantity of emissions of individual plastic particles is small, these emissions
continue indefinitely as the plastic continues to
break down, exposing yet more surface area to
reactive processes. These emissions will continue
to grow as the volume of plastic in the oceans
and in the terrestrial environment increases.292
Another potential indirect greenhouse gas 		
effect of ocean plastic has only recently begun
to emerge in the scientific literature. While the
data remain too preliminary to draw broad 		
conclusions, that research is presented here to
explore the potential impact plastic may have
on the health of planktonic organisms that form
the foundation of oceanic food chains. These
planktonic communities, made up of phytoplankton and zooplankton, also play an essential role
in the ocean’s carbon cycle, capturing carbon
dioxide at the surface and transporting the 		
carbon to the deep oceans, where it is sequestered away from the atmosphere for centuries.
As discussed fully below, there is growing evidence
that these plankton—like other marine species—
are ingesting ever greater quantities of microplastic debris with potentially significant impacts
on their metabolism, reproductive success, and
mortality rates.293 This raises significant questions
about the impact that microplastics may have
on the ocean’s ability to store and absorb atmospheric CO2 and other greenhouse gases. Earth’s
oceans provide the largest single natural sink for
anthropogenic greenhouse gases, in the absence
of which the climate impacts of fossil fuel combustion would be significantly greater. Since the
industrial era, the oceans have absorbed 30-50
percent of atmospheric anthropogenic CO2.294
Disruptions to the ocean’s ability to absorb 		
CO2 could have a massive impact on increased
atmospheric buildup of CO2 and other harmful
gases that had been previously absorbed by
phytoplankton.
Greenhouse Gas Emissions from
Plastic: Hawaii Case Study
The study by Royer et al. was the first to examine
greenhouse gas emissions from plastic under
natural conditions in oceanic and terrestrial 		
environments, and it tested some of the most
commonly used types of plastic, such as PP, PS,
HDPE, and LDPE from both virgin plastic and
ocean plastic sources.295 The experiments detected
ongoing emissions of methane and ethylene.
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In stations set up on the roof of the laboratory
facility, Royer’s team conducted two long-term
experiments incubating virgin LDPE and aged
LDPE collected from Station ALOHA in the North
Pacific Subtropical Gyre. Plastic was exposed to
ambient sunlight in extremely pure water for
several months to measure hydrocarbon offgassing. Both aged plastic collected at the sea
surface and virgin plastic were tested to determine their emissions rates for a period of 212
days and 152 days, respectively. Other experiments
also evaluated the effect of plastic density and
fragment morphology (pellets, flakes, and powder)
on the production of greenhouse gases. Finally,
the study tested how differences in the medium,
either air or water, affected greenhouse gas
emissions.296
Royer et al. discovered that exposure to ambient
sunlight caused the seven most commonly used
kinds of plastic to produce measurable amounts
of both methane and ethylene. Methane emissions
ranged from 10-4100 pmol per gram per day.
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Ethylene emissions ranged from approximately
20–5100 pmol per gram per day.297 Royer suggests that the higher rate of off-gassing from
LDPE, which is incorporated in a wide variety
of plastic products including plastic bags, shrink
wraps and films, plastic coatings for paper milk
cartons and beverage cups, container lids, and
squeezable bottles for soaps, shampoos, and
condiments, among many other uses, may be
due to its weak polymer structure and more
exposed hydrocarbon branches.
Virgin vs. Aged Plastic
Before they are reshaped into bottles, bags, and
other plastic products, plastic resins are produced
and transported as virgin plastic pellets, also
known as nurdles. These pellets can and do escape
into the environment from sewer drains and discharge pipes at plastic plants, from leakage and
spills from trucks and rail cars transporting virgin
pellets, and from cargo vessels and containers
that transport virgin plastic around the world.
They are among the most common forms of

© Sarah-Jeanne Royer
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Royer et al. also found that both virgin and aged
plastic continue to emit greenhouse gases to
the environment (both in air and submerged in
seawater) for an undetermined and potentially
indefinite period. This could be attributed to photodegradation fragmenting plastic into progressively
smaller fragments, microplastic (less than 5 mm)
and nanoplastic300 (less than 100 nm). Moreover,
and as discussed further below, the continuous
decline in the size of plastic particles makes them
more easily absorbed or ingested by even smaller
organisms, thus increasing their bioavailability
and potential impact across ecosystems.
Estimating Direct Greenhouse Gas
Emissions from Ocean Plastic
Building on the emissions rates found by Royer
et al. for LDPE and other plastic resins, it is 		
feasible to produce a very preliminary estimate
of the annual rate of greenhouse gas emissions
from ocean plastic using a standing stock of sea
surface microplastic301 and the emissions rate
of LDPE powder.302 As discussed fully below,
this estimate has significant limitations and 		
uncertainties. Accordingly, it is presented here
for discussion purposes but is not incorporated
into the global estimates of lifecycle emissions
presented elsewhere in this report.

© Sarah-Jeanne Royer

plastic pollution worldwide. In Royer’s experiments,
greenhouse gas emissions from these virgin
plastic pellets increased over time while agedplastic emissions remained constant. With the
exception of methane, emissions of greenhouse
gases from virgin plastic pellets were higher
than emissions from aged plastic. This is likely
due to the presence of ultra-violet (UV)-resistant
plasticizers that are often added to plastic products to counteract the effects of UV radiation
and slow down the degradation processes,
and are not found in virgin plastic.298
Physical Features
The morphology of plastic also affected the
degree to which it emitted greenhouse gases. As
plastic cracks, fractures, and breaks, the surface
area increases, increasing the total surface available for photodegradation. The production rates
of greenhouse gases increase progressively as
the plastic breaks down into smaller and smaller
pieces with greater surface area. Royer et al.
discovered that as the surface area of plastic
increases due to weathering and degradation
in the ocean, more and more greenhouse gases
will be produced for the same amount of
plastic over time.299

The first global estimate of microplastic found at
the sea surface was published in 2014 by 5Gyres,
in which Eriksen et al. estimated that 5.25 trillion
microplastic particles, equivalent to 66,100 Mt
of particles, were floating at the sea surface.303
However, standardized prediction models of
global mass estimates done by Erik van Sebille
et al. in 2015 estimated that the amount of small
floating microplastic debris is substantially greater
than previously published.304 Estimates showed
that the standing stock of microplastic concentrated at the sea surface in 2014 ranged from 15
to 51 trillion particles, weighing between 93,000–
236,000 Mt.305 Significantly, this estimate was
equivalent to just one percent of the global plastic waste estimated to enter the oceans in the
year 2010 alone, and a far smaller fraction of the
plastic discharged into the oceans over the past
seven decades. Two other standing stock estimates
were calculated in the same study. The total
microplastic count and mass patterns were similar
across all three models, with higher amounts in
the subtropical regions and lower amounts in
the tropical and high-latitude regions.
According to Royer et al., the highest gas-producing
plastic (LPDE in powder format) produced methane
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at a rate of 55 nmol per gram per day.306 Using
the estimated 236,000 Mt of standing stock of
sea surface microplastic pollution from the 2015
van Sebille model, there is an annual emissions
rate of 4.74 x 1015 nmol per year. This totals an
annual methane production of 76 Mt from the
standing stock of plastic at the sea surface. 		
Applying the 100-year global warming potential
of methane yields annual greenhouse gas 		
emissions of 2,129 Mt CO2e.
Royer et al. also determined a rate for ethylene
in LDPE powder form.307 Doing the same calculation for ethylene equates to 51 Mt of annual
ethylene production.
Given the challenges mentioned above for the
collection of data on greenhouse gas emissions
rates for all ocean plastic, preliminary estimates
for both methane and ethylene emissions assume
that both the rate and amount at which plastic
is input into the ocean remains constant. With
a 33-36 percent predicted increase in plastic
production by 2025, the amount of methane
emissions produced from sea surface ocean
plastic would be 101-103 Mt per year if no mitigation efforts were implemented to stop leakage
from land. For ethylene, this would amount to
68–70 Mt per year.
It is important to note the multiple and significant
limitations of these estimates. For example, these
estimates are based on Royer et al. emissions
rates for methane and ethylene for microplastic
particles exposed to UV radiation at the sea
surface in a tropical environment. Thus, they do
not encompass all possible emissions rates for
plastic slightly submerged in the water column
and for different levels of plastic degradation.
In addition, these calculations only consider the
highest hydrocarbon-gas-producing plastic type,
LDPE in powder form, to represent the entire
floating microplastic debris standing stock, 		
since polyethylene accounts for most of the
plastic found in the environment.308 Van Sebille’s
2015 global stock estimate of 236,000 Mt does
not evaluate the standing stock of plastic by
resin type.
There is still a considerable amount that is not
known about the greenhouse gas emissions of
plastic in the environment. The fact that the age
and treatment of plastic are typically unknown
at the time of collection also affects emissions
estimates. Annual estimates only consider the
tiny fraction of ocean plastic found at the surface

and do not consider emissions from the “missing
plastic” in the water column, on the seafloor,
stranded on coastlines, or in larger debris, like
fishing gear. Van Sebille et al. highlight the 		
difference between annual inputs, which are
calculated based on all plastic types, and standing stock estimates, which are based on sea
surface microplastic, mostly PP and PE.309

There is still a considerable amount that is not
known about the greenhouse gas emissions of
plastic in the environment. Annual estimates only
consider the tiny fraction of ocean plastic found
at the surface and do not consider emissions
from the “missing plastic” in the water column,
on the seafloor, stranded on coastlines, or in 		
larger debris, like fishing gear.
Another missing variable involves ocean plastic
removal rates, which are not yet fully understood310 and can skew emissions rate estimates.
Stranding and eventual sinking of floating plastic
likely accounts for the bulk of surface removal.
Also, ingestion by animals, transportation to land
and regurgitation, and fecal pellets sinking to the
seafloor311 may also skew estimated emissions rates.
Finally, and more significantly from the perspective
of assessing the global impacts of plastic pollution,
Royer et al. conclude that more gases are emitted
by plastic when it is exposed to air than when it
is in submerged in water. LDPE plastic produced
76 times more ethylene and 2.3 times more
methane in air than in water. The difference in
emissions rates for plastic in water compared to
plastic exposed to air is partly due to temperature
and heat buildup, resulting in the plastic material
reaching a temperature higher than the surrounding medium.312 This suggests the need for additional research into the scale of emissions from
plastic exposed to greater ambient temperatures—
including not only plastic floating on the surface,
but the massive quantities of plastic accumulated
on coastlines, beaches, and riverbanks, as well
as the still poorly estimated quantities of plastic
disintegrating in terrestrial environments around
the world. Any estimation of the greenhouse
gas impact of plastic waste must ultimately 		
take into account not only the immense volume
of plastic pollution found worldwide, but the
diverse environments in which that plastic 		
pollution occurs.
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Compared to the millions of tons of emissions
from other links in the plastic lifecycle, and the
billions of tons in which the global carbon budget
is measured, the methane production rates calculated by Royer et al. may appear comparatively
modest. Royer’s team drew a similar conclusion,
at least with respect to methane.313 As Royer
observed, however, as plastic production increases
and the volumes of mismanaged waste entering
oceans increases,314 methane emissions from
degrading plastic will likely also increase and may
warrant increased concern. Future studies are
needed to address the role of plastic off-gassing
methane, ethylene, and other greenhouse gases.
Potential Impact of Microplastic
on the Oceanic Carbon Sink
The preceding discussion addresses the direct
emissions of greenhouse gases from oceanic
plastic pollution. In addition to these direct 		
climate impacts, emerging but still preliminary
evidence suggests that plastic pollution may be
having a less direct but ultimately greater role
in climate change through its impact on the
species that form the foundation of oceanic food
chains and provide the biological carbon pump
that sequesters carbon in the deep oceans.

The impacts of ocean plastic on ecosystems that
are directly responsible for the ocean’s CO2 gas
exchange cycle may be indirectly causing more
atmospheric greenhouse gas emissions.
The world’s oceans provide the largest natural
sink for anthropogenic greenhouse gases. Since
the dawn of the industrial era in the late 18th
century, the oceans have absorbed 30–50 percent
of atmospheric anthropogenic CO2.315 The impacts
of ocean plastic on ecosystems that are directly
responsible for the ocean’s CO2 gas exchange
cycle may be indirectly causing more atmospheric
greenhouse gas emissions.
These impacts may occur through four distinct
but interconnected pathways. First, emerging
evidence indicates that microplastic particles can
affect the phytoplankton whose photosynthesis
absorbs (or “fixes”) nearly half of the CO2 that
is released into the earth’s atmosphere.316 Oceanic
primary production (the first step in the food
chain) accounts for up to 80 percent of the planet’s
total oxygen production.317 Phytoplankton are
the ocean’s main primary producers, taking CO2
from the atmosphere and water from the ocean

and using photosynthesis to produce carbohydrates, but laboratory experiments have shown
that microplastic exposure can be toxic to phytoplankton. The smaller the microplastic size, the
greater its toxicity.318 A study released in 2018
found that this toxicity is able to disrupt phytoplankton feeding, reproduction, physical ingestion,
and metabolism, among other impacts. In one
laboratory study, microplastic reduced the rates
of photosynthesis of contaminated phytoplankton
by 45 percent.319 These impacts have real-world
implications beyond the laboratory. Research
demonstrates that phytoplankton readily integrate
with and form aggregates with microplastic
particles when they are present in water.320 It is
thus possible that ocean plastic is affecting the
metabolism, survival, and reproduction of the
organisms responsible for the base of oceanic
food chains, and indirectly influencing the oceanatmosphere gas exchange process. However,
more studies are needed to determine how 		
exactly plastic affects the ocean’s biological
carbon pump through primary production.
Plastic not only affects the phytoplankton cells
that absorb CO2 from the ocean’s surface, but
it may also be harming the zooplankton (microscopic animals) that transport that carbon to
the deep oceans. Just as phytoplankton are the
primary fixers of carbon in ocean ecosystems,
zooplankton are the first and most important
consumers of phytoplankton. More importantly
from the climate perspective, zooplankton are
instrumental in taking the carbon fixed by the
phytoplankton and transporting it to the deep
ocean in the form of fecal pellets. Without this
critical step in the process, the CO2 fixed by 		
the phytoplankton would quickly re-enter the
surface waters and the atmosphere.
Changes to this segment of the food chain (phytoplankton and zooplankton) may thus affect the
ocean’s ability to absorb and store CO2. Figure 17
illustrates the role of plankton in carbon transportation between the atmosphere and the ocean.
Copepods are the most common types of zooplankton. The copepod Calanus helgolandicus is
a keystone species in Europe and the Northeast
Atlantic, making up 90 percent of all mesozooplankton biomass.321 In a 2015 study led by 		
Matthew Cole of Plymouth Marine Laboratories,
researchers demonstrated that microplastic 		
exposure negatively affected the metabolism and
health of copepods in at least three distinct ways.
First, copepods that ingested plastic reduced
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their feeding rates by 40 percent. Second, with
exposure to microplastic over time, copepod eggs
became smaller and were less likely to hatch.
Third, exposure to microplastic increased overall
mortality among contaminated copepods.322
As a result, Cole et al. concluded that, over time,
growing exposures to microplastic could lead
to significant reductions in the amount of carbon
biomass ingested by zooplankton.323 Put more
simply, zooplankton might ingest less and less
of the anthropogenic carbon being fixed by the
ocean’s phytoplankton—even as those phytoplankton themselves are fixing carbon less efficiently because of exposure to toxic microplastic.

affected both the growth of microalgae and
the efficiency of photosynthesis.325 Sampling
conducted in the Baltic Sea found microplastic
ingestion by every taxon of zooplankton studied,
including mysid shrimp, copepods, rotiferans,
and polychaete worm larvae, among others.326
It also demonstrated that microplastic can be
transferred from smaller to larger zooplankton
when bigger plankton species eat smaller ones.
The ingestion of microplastic has also been 		
documented for multiple taxa of zooplankton
in the Indian Ocean off the coast of Kenya,327
and in 11 separate zooplankton taxa in the 		
Yellow Sea off the coast of China.328

While the research by Cole et al. focused on the
North Atlantic Ocean, the ingestion of plastic
by zooplankton is a global phenomenon. A 2015
study in the Northeastern Pacific Ocean off the
Pacific coast of North America found microplastic
was ingested by both copepods and euphasids,
indicating that even species at the lowest levels
of the oceans’ food chain were mistaking plastic
for food.324 A separate study published in 2016
by researchers with the Ocean University of China
reached similar results, finding that microplastic

It is likely that microplastic affects the many
and varied taxa of zooplankton in different ways,
and that some taxa will be less affected than
others. For example, a study of the Pacific Oyster,
Crassostrea gigas, did not find any impacts to its
development or feeding capacity from exposure
to polystyrene microplastic.329 Clearly, additional
research is needed to understand the potential
scale and scope of the problem. Given the critical
importance of the ocean carbon sink to the global
climate, however, the potential of microplastic
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pollution to affect both the fixing of CO2 by phytoplankton and its transport to the deep ocean
by zooplankton should be a cause of significant
concern and immediate and significant research.
This raises a third route through which microplastic has the potential to affect the ocean’s
biological carbon pump. When zooplankton
ingest phytoplankton, the carbon they absorb
is then transported to the deep ocean in fecal
pellets—a major constituent of marine snow. The
fecal pellets slowly descend to deep water, where
they are deposited in the muck on the ocean
floor. Studies have documented that microplastic
is transported below the surface in zooplankton

fecal pellets.330 However, when fecal pellets 		
are contaminated by microplastic, they sink 		
more slowly and break up more readily than
uncontaminated pellets,331 thus reducing the
proportion of the carbon that reaches the 		
deep sea to be sequestered.
Fourth, and finally, it is important to consider the
fate and impact of the plastic that does reach the
deep sea. The sea surface is not the end point for
plastic in the oceans. Sea surface estimates only
account for approximately one percent of the
estimated millions of Mt of plastic waste created
on land.332 These low estimates have led scientists
to explore plastic sinking mechanisms.333 Plastic’s

figure 1 7

Carbon Transportation Processes Between Phytoplankton and Zooplankton

Source: Andrew Brierley, Plankton, 27 Current Biology R478 (2017), https://www.sciencedirect.com/science/article/piiS0960982217302154.
Image by Steve Smart.
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ability to sink relates to its density (if greater than
water) and biofouling (accumulative buildup of
organic matter and organisms).334 For example,
microplastic sticks to algal species (phytoplankton aggregates) that travel down into the water
column, which may partially explain why the sea
floor has become a major sink for microplastic.335
The presence of microplastic on the sea floor may
also be affecting the ocean’s carbon stocks.336
Their behavior and impact in deep ocean environments remains largely unknown.
Reducing the Climate Impact
of Plastic in the Environment
As the research by Royer et al. suggests, the
sources and scale of climate impacts from plastic in the environment are only beginning to
be identified and investigated. Technological
improvements in satellites, hyperspectral imagery,
and drones can help provide better estimates
of all ocean plastic greenhouse gas emissions,
especially those carried back to shorelines and
on land.337 Terrestrial sources of plastic waste and
ocean plastic returned to land are likely bigger
emitters since they are exposed to more ambient
conditions (sunlight and air) and thermal loading
that exacerbates greenhouse gas release.
If waste management is not improved by 2025,
plastic inputs into the ocean will increase by an
order of magnitude,338 regardless of the increased
production rate. Irrespective of improvements to
waste management, the problem of greenhouse
gas emissions from the plastic lifecycle cannot be
solved downstream. For example, recycling ocean
plastic is not a viable solution to plastic-related
greenhouse emissions or to pervasive and growing plastic pollution throughout the environment.
A recent study looked at the recyclability of
four types of plastic after being exposed to UV
radiation in the ocean. All plastic types in this
study presented damage to their thermal and
mechanical properties, making mechanical 		
recycling unfeasible.339
Reducing sources of plastic entering the oceans
and waterways must be an urgent area of focus.
Rivers are one entry point (1.15-2.41 million Mt per
year); most of the top 20 most polluted rivers are
located in Asia and represented 67 percent of this
rate.340 It must be stressed that the transportation
of ocean plastic via river systems remains largely
understudied, and further monitoring of plastic
pollution is required. Studies looking at how, where,
and what type of plastic pollution is entering
these rivers are needed.

Yet these solutions address the plastic problem
only after the plastic has been created, disposed
of, and turned into waste. Unless the growth of
plastic production and disposal is reversed, such
end-of-life efforts to manage plastic will be 		
confronted with ever greater flows of pollution
to be managed. The most effective way to stem
this rising tide of plastic in the environment is
to dramatically reduce the amount of plastic
being produced and discarded.
Shifting to a circular economy from the current
linear economy can introduce potential solutions
to the plastic pollution problem in all types of
environments, including oceanic and terrestrial
environments. Where circularity isn’t possible,
replacement with natural-based products for plastic can help. However, bioplastic is not necessarily
biodegradable (see Box 3). 5Gyres’ Better Alternatives Now (BAN List) 2.0 demonstrated how some
products are only biodegradable in industrial
systems and not in natural environments.

Plastic reduction and reuse, part of zero-waste
living, is a growing trend worldwide. Ending the
production of new plastic is the most reliable
way to reduce the generation of microplastic
in general.
There is also a need to improve product design
and packaging to aid the recovery of plastic. This
can occur by implementing extended producer
responsibility, making producers legally and
financially responsible for their products’ environmental impacts.341 However, improvements
to economic models and logistical aspects of
extended producer responsibility are still needed.
Scaling zero-waste strategies is the solution that
best leads to a circular economy. Plastic reduction
and reuse, part of zero-waste living, is a growing
trend worldwide and, in some cases, is helping
remove ocean plastic pollution. For example, lost
or discarded fishing gear is being transformed—
or upcycled—into sunglasses and skateboards.
Ending the production of new plastic is the most
reliable way to reduce the generation of microplastic in general.342 Collectively, all these steps
reduce the leakage of plastic into both terrestrial
and aquatic environments, which is the most
efficient way to reduce microplastic in the environment and prevent its associated greenhouse
gas emissions.
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Findings and Recommendations
Plastic & Cumulative Greenhouse
Gas Emissions
he cumulative emissions from the plastic
lifecycle illustrate the degree to which 		
increased plastic production is inconsistent
with the immediate need to rapidly reduce global
greenhouse gas emissions. Moreover, the inherent
difficulty of constructing an emissions profile
for the lifecycle of plastic helps explain why 		
this massive and growing source of greenhouse
gas emissions has remained overlooked.

T

As made clear in the Extraction & Transport and
Production & Manufacture chapters of this report,
developing estimates of the greenhouse gas emissions intensity of plastic production is extremely
challenging. The myriad sources of emissions, and
the diversity in emissions intensity of such sources,
significantly limits what bottom-up approaches
using publicly available information can include.
The bottom-up approach of identifying major
sources is important both to demonstrate the
sheer variety of emissions sources and to highlight the challenges in addressing this industry
holistically. Because of these limitations, existing
emissions estimates of the plastic production
process are likely to undercount or omit sources
of emissions, and these should be understood
as minimum estimates.
Using existing cradle-to-resin emissions estimates
and industry’s growth rate projections, this report
calculated several potential scenarios for cumulative emissions from plastic production. At current
rates of emissions intensity, cumulative emissions
over the period 2015–2050 from cradle-to-resin
plastic production are likely to be at least 52 gigatons CO2e. Even full incorporation of renewable
energy in the production process would only
reduce emission intensity by about half, and there
are major emissions to such decarbonization.
Opposite: © Tim Aubry/Greenpeace
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Management of plastic waste is also a significant
source of emissions, especially from waste-toenergy incineration and open burning. If industry
plans for growth in both plastic production and
the role of incineration in plastic waste management materialize, cumulative net emissions from
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incineration from 2015 to 2050 are likely to contribute at least an additional four gigatons of
CO2e. Notably, these are net emissions, assuming
that energy from waste incinerators replaces other
energy sources, including fossil energy. This figure
only accounts for incineration of plastic packaging,
about which the most is understood. If management of other kinds of plastic leads to a greater
reliance on incineration, emissions from these
sources will grow. This projection does not include
the large but unmonitored emissions from open
burning.

In 2019, the production and incineration of plastic
will add an estimated 859 million metric tons
of greenhouse gases to the atmosphere—equal to
the emissions from 189 five-hundred-megawatt
coal plants.
Projecting beyond 2050 is difficult, particularly
in light of the need to reach net zero emissions
by that year, but even conservative estimates
are alarming. As noted earlier in this report, even
assuming no growth in plastic production from
2050 to 2100 and full integration of renewable
energy into industrial processes for plastic 		
production, cumulative emissions reach 59.5
gigatons of CO2e. Similarly, assuming no growth
in the scale or net emissions intensity of incineration for the second half of the century, emissions
from waste-to-energy processes would add an
additional 15.4 gigatons of CO2e.
These estimates are deliberately low. If growth in
plastic production and incineration is allowed to
continue apace through 2050, there is no reason
to believe it will simply halt thereafter. Rather,
these explicitly conservative estimates should be
understood as demonstrations of the scale and
severity of the potential future climate impact
of the plastic lifecycle.
Finally, for plastic that makes its way into oceans,
rivers, soils, and other destinations in the environment, emissions and other climate impacts
continue to mount via off-gassing and interference
with marine food webs. Although quantifiable
emissions at this stage in the lifecycle appear
small at present, the degree to which these emissions contribute to atmospheric greenhouse gas
concentrations, and the rate at which they will
grow as plastic continues to accumulate and degrade in the environment, is still unknown. Plastic
degrading in the ocean presents yet another little

studied but potentially catastrophic source of
climate impacts if contamination by microplastic
reduces the ability of plankton to absorb CO2
and transport it to the ocean depths. As with all
other stages in the plastic lifecycle, the continued
growth in plastic production only exacerbates
these risks.
In 2019, the production and incineration of plastics will add an estimated 859 million metric tons
of greenhouse gases to the atmosphere—equal
to the emissions from 189 five-hundred-megawatt
coal plants. With the petrochemical and plastic
industries planning a massive expansion in production, plastic will emit over 56 billion metric tons
of carbon-dioxide-equivalent greenhouse gases
between 2015 and 2050, 10–13 percent of the
entire remaining carbon budget.
The foregoing summation of emissions from
the plastic lifecycle points to a single conclusion:
plastic itself is the problem. Decarbonization can
only partially reduce emissions from the plastic
production process. Ironically, as the energy
grid shifts toward greater reliance on renewable
energy, the net greenhouse gas impact of plastic
incineration grows. Finally, plastic in the environment further contributes to accumulating greenhouse gases simply because of its fundamental
chemical and physical nature. Because plastic
itself is the problem, the most effective way to
reduce the greenhouse gas emissions from the
plastic lifecycle is to produce less plastic.
Lifecycle Plastic Emissions Relative 		
to Mitigation Scenarios and Carbon Budget
Targets
IEA, Carbon Tracker, and the IPCC are among several organizations that have developed methodologies for measuring greenhouse gas emissions
and proposed pathways for emissions reductions.
Despite differences in approach, each models the
likelihood of reaching climate stabilization targets
of 2°C and 1.5°C under certain scenarios and
provides a point of reference for analyzing the
emissions from the plastic lifecycle.343
Current emissions projections for the plastic
lifecycle are inconsistent with meeting the 1.5°C
temperature target. If the production, disposal,
and incineration of plastic continue on their present growth trajectory, they will undermine global
efforts to reduce emissions and keep warming
below 1.5°C. By 2030, these emissions could
reach 1.34 gigatons per year—equivalent to more
than 296 five-hundred-megawatt coal plants.
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Even if growth slows after 2030, plastic production
and incineration could emit 2.8 gigatons of CO2
per year by 2050, releasing as much emissions as
615 five-hundred-megawatt coal plants. Critically,
these annual emissions will accumulate in the
atmosphere over time. Projected growth in plastic
production and incineration will add an estimated
56 million tons of CO2e through 2050, meaning
that plastic alone could consume more than ten
percent of the earth’s remaining carbon budget.
If lifecycle emissions are considered through
the end of the century, the expansion of plastic
production and incineration will consume over
125 gigatons of CO2e—and possibly much more—
of the carbon budget. If this scenario becomes
a reality, then the plastic lifecycle alone could
potentially account for a quarter or more of the
global carbon budget for all energy production,
industrial activity, transportation, and land use.
Through the Paris Agreement, the nations of
the world have committed to keeping global
temperature rise “well below 2°C” and further
committed to take action with the aim of holding

it to 1.5°C. The most recent assessment by the
IPCC demonstrates that even 1.5°C of warming
poses unacceptable risks, and going beyond
that limit is no longer a scientifically or morally
defensible goal.
However, current national commitments fall 		
well short of these goals.344 Therefore, there is
no room for increased emissions from plastic
production and disposal, as industry plans. On
the contrary, governments must seek additional,
rapid emissions cuts. As this report demonstrates,
the lifecycle of single-use plastic creates both
the urgent need and a near-term opportunity
for significant emissions reductions and suggests
that there are far greater emissions reductions
available by targeting plastic and the petrochemical
sector generally.345 Emissions cuts from reducing
the production and consumption of plastic are
especially attractive because they will help to
address other important environmental and
social issues, and they will not negatively impact
efforts to achieve the Sustainable Development
Goals (SDGs).
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Recommendations
Heightened awareness and growing public 		
concern about the plastic pollution crisis have
inspired numerous plastic pollution mitigation
strategies. This report examined several of the
most widely promoted strategies according to
five criteria: potential to achieve meaningful
greenhouse gas emissions reductions; effectiveness as a lifecycle approach to plastic production
and pollution; potential benefits or negative
impacts on achieving other important social
and environmental goals, such as cleaner water,
improved air quality, and healthier ecosystems;
feasibility and readiness of the solution; and
scalability and affordability, which considers
whether the strategy can be implemented at a
scale sufficient to bring plastic-related emissions
in line with climate stabilization targets by 2030
and 2050. The analysis is summarized visually
in Table 9, which is adapted from a similar analysis developed by 5Gyres.
High-Priority Strategies
Stop the production and use of single-use, 		
disposable plastic products. Whether evaluated
in the context of extraction-related emissions,
emissions from plastic manufacturing and 		
© Ethan Bruckner/Earthworks

incineration, or reducing the impacts of environmental plastic, the most direct and most effective
way to address the plastic crisis is to dramatically
reduce the production of unnecessary plastic,
beginning with national or global bans on nearly
all single-use, disposable plastic. Stopping the
plastic pollution problem at its source—stopping
the production of non-essential plastic—is the
surest way to curtail emissions throughout the
plastic lifecycle.
A related, complementary, and necessary strategy
is to stop new oil, gas, and petrochemical infrastructure. The greenhouse gas emissions embedded in existing, proven reserves for oil, gas, and
coal already exceed the atmosphere’s remaining
carbon budget under a 1.5°C scenario. Accordingly, the IPCC’s SR 1.5 report emphasizes that a
rapid and nearly complete transition away from
fossil fuels is vital to keeping aggregate warming
below 1.5°C. As documented by CIEL and others,
the surplus of cheap natural gas liquids driven
by the ongoing fracking boom is fueling a massive
expansion of infrastructure for plastic production
and manufacture in the United States and beyond.
Just as significantly, the construction of these
new facilities will create ongoing demand for new
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fossil fuel feedstocks, with implications for human
health, the environment, and the climate at every
stage of the plastic lifecycle.
Zero-waste systems, including bans on incineration
and open burning, reduce plastic-related emissions
directly by dramatically reducing the burning
of plastic. This includes similar technologies such
as gasification, pyrolysis, and plastic-to-fuel.
Zero-waste systems also reduce emissions indirectly through improved source separation and
collection, as well as upstream approaches like
bottled water bans. Moreover, experience in
communities around the world demonstrates
that zero-waste approaches have significant
co-benefits for environmental quality, human
health, and livelihoods.
Each of the foregoing strategies complements
and benefits from the implementation of extended
producer responsibility for the circular economy.
Modest or even significant increases in recycling
will neither solve the plastic crisis nor significantly
reduce plastic-related greenhouse gas emissions.
When combined with zero-waste communities
and bans on new infrastructure, however, extended
producer responsibility can ensure that producers
of plastic products and fast-moving consumer
goods avoid unnecessary plastic production,
design products for long and repeated use, and
invest in the systemic changes required to make
a circular economy succeed.
Finally, reducing the climate impacts of the 		
plastic lifecycle will require that nations adopt
and rigorously enforce ambitious targets for
reducing greenhouse gas emissions from both
fossil energy and industrial sources, including the
entire plastic lifecycle. Setting these targets will
not only address and reduce the greenhouse gas
impact of plastic, but also transform the larger
fossil economy in which plastic is embedded and
help protect communities, human rights, and human
lives from the urgent threat of climate change.
Complementary Interventions
Even as the world moves forward on these highpriority strategies to address the plastic and
climate crises, this report identifies a number of
complementary measures that can reduce plasticrelated emissions, reduce the environmental and
health impacts of plastic, or both. This includes
measures to reduce or limit construction of new
oil, gas, and petrochemical infrastructure until
more comprehensive limits can be put in place.
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Identifying and fixing leaking pipes and tanks
in the plastic supply chain will not reduce plastic
production or the emissions from waste and
environmental plastic, but it could dramatically
reduce upstream methane emissions that 		
compound plastic’s lifecycle greenhouse gas
emissions.

Nations must adopt and rigorously enforce ambitious
targets to reduce greenhouse gas emissions. Doing
so will transform the larger fossil economy in which
plastic is embedded and help protect communities,
human rights, and human lives from climate change.
Similarly, for existing fossil fuel and plastic 		
infrastructure, mandating that gas from wells,
pipelines, and facilities be captured rather than
flared or vented can reduce an ancillary but
important source of emissions, with benefits
both for the climate and nearby communities.
Beach cleanups and river controls are labor
and resource intensive, but can have important
benefits for ecosystems and local communities.
These strategies will not meaningfully reduce
greenhouse gas emissions, however, and their
other benefits may be only temporary unless
underlying sources and causes of plastic 		
pollution are addressed.
In appropriate and likely limited circumstances,
such as when ghost fishing nets are converted
into carpets, recycling ocean plastic may make
a modest but meaningful contribution to local
ecosystems while simultaneously contributing
to livelihoods.
Low-Ambition Strategies
Using renewable energy to fuel the plastic 		
supply chain will not solve plastic’s climate
impacts. As Material Economics noted, a significant portion of greenhouse gas emissions from
plastic production comes from the chemical 		
processes involved in plastic manufacturing,
emissions that will not be affected by the use
of renewable energy. Moreover, producing plastic
with renewable energy will do nothing to reduce
the downstream emissions from the incineration
and disposal of plastic or reduce its impacts on
ocean ecosystems and carbon sinks. This assessment applies with still greater force to proposals
to maximize energy efficiency throughout the
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plastic supply chain. While improving energy
efficiency in necessary processes is certainly vital,
producing an unnecessary and high-emitting
product more efficiently does little to safeguard
the climate or the planet.
Modern landfilling practices may be a significant
environmental improvement over unmanaged
waste or unregulated land dumps and thus could
be very worthwhile from a community perspective.
However, the climate benefits from modern 		
landfilling are marginal at best, and landfilling
is, by definition, a disposal solution that will have
few benefits for the many upstream impacts
of plastic production and use.

Incinerating plastic under the guise of waste-toenergy has the potential to significantly increase
greenhouse gas emissions from plastic production
while simultaneously increasing toxic exposures for
communities both near and far from incinerators.
While the concept of cleaning plastic from the
open ocean is appealing, such strategies will do
nothing to reduce the lifecycle greenhouse gas
emissions of plastic; will not address the significant impacts of plastic on land, freshwaters, and
coastlines; and will not address the plastic production and waste that give rise to ocean plastic. Such
cleanup operations have little potential to capture
the vast quantities of microplastic that contaminate
the oceans’ surface and depths, and biologists
have raised concerns about potentially harmful
impacts of these efforts on ocean wildlife.
False Solutions
Finally, this report exposes a small number of
proffered “solutions” that are unlikely to benefit
the climate, communities, or ecosystems. Analysis
suggests that, viewed across their respective lifecycles and in the broader context of the climate
and plastic crises, these false solutions do not
represent useful investments given limited time,
resources, and political will.
Biodegradable plastic poses an array of challenges
and limitations. Many types of plastic identified
as biodegradable can be broken down only with
special equipment or under specific conditions
that do not exist in most community composting
facilities. Even the plastic that does break down
may do so to only limited degrees. From a climate

perspective, the fact that a plastic is biodegradable says little about the emissions arising from
its production and use.
Relatedly, using bio-feedstocks in petrochemical
and plastic manufacturing may reduce emissions
associated with fossil fuel production, while simultaneously generating significant new emissions
from land disturbance, chemically and mechanically intensive agriculture, and the harvest, transport, and processing of the feedstocks. Processing
bio-feedstocks into plastic will itself produce
significant greenhouse emissions. Further, the
plastic produced may be chemically identical—
or even combined with—fossil-based plastic, thus
eliminating the environmental and social benefits
of reduced plastic production. Biodegradable
plastic produced from bio-feedstocks may 		
alleviate some of the latter problems, but would
raise the same greenhouse gas concerns as 		
other bio-feedstocks.
Developing and deploying plastic-eating organisms
will not reduce or address the significant greenhouse gas emissions that occur throughout the
plastic lifecycle. Unless released directly into the
environment, which would generate significant
uncertainties and risks, plastic-eating organisms
would be of limited benefit as an end-of-life, and
potentially costly, waste management solution
for plastic.
Using chemically recycled feedstocks from postconsumer plastic in petrochemical and plastic
manufacturing does not hold the promise of true,
closed-loop recycling. First, it does not address
the high energy demands and emissions associated
with plastic production. Second, it relies on postconsumer recovery of plastic that is unlikely to be
efficient. Third, it is unsuitable for many common
forms of plastic, such as PVC, which must be
manually separated out. Fourth, the value of the
recovered feedstock is so low compared to virgin
feedstock that chemical recycling is not financially
viable without heavy government subsidies.
Incinerating plastic under the guise of waste-toenergy has the potential to significantly increase
greenhouse gas emissions from plastic production
while simultaneously increasing toxic exposures
for communities both near and far from incinerators. In so doing, waste-to-energy operations
transfer the threat of plastic from the oceans to
the air, while compounding its climate impacts.
This is the very definition of a false solution.
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TA B L E 9

Recommendations
Greenhouse
Gas Emissions
Reduces greenhouse
gases or limits
emissions growth

Strategies

Impact
Lifecycle
approach

Non-Climate
Benefits

Feasibility/
Deployability

Scalability &
Affordability

Will it have
+/– impacts
on SDGs

Feasibility/
Is it ready for
implementation

Can it be
implemented costeffectively at scale

High-Impact Interventions to Reduce Greenhouse Gas Emissions from the Plastic Lifecycle
Stop the production and use of single-use,
disposable plastic products
Stop new and expanded petrochemical and
plastic production infrastructure
Zero-waste communities
Extended producer responsibility
for circular economy
Set and enforce meaningful emissions limits and
monitoring requirements for point sources
Medium-Impact Interventions that May Benefit Climate or Sustainable Development Goals but Not Both
Reduce construction of new petrochemical
and plastic manufacturing infrastructure
Reduce new pipeline and well pad construction
Identify and fix leaking pipes and tanks
Beach cleanups
River controls
(catchment areas below artificial barriers)
Low-Impact Interventions that Do Little to Safeguard the Climate or the Planet
Mandate offsetting reforestation projects
Use renewable energy sources throughout plastic
supply chain
Ocean plastic recycling
Maximize energy efficiency throughout plastic
supply chain
Modern landfill
Mandate capturing gas vs. loss (flaring/venting)
False Solutions
Biodegradable plastic
Use bio-feedstocks in petrochemical and plastic
manufacturing
Plastic-eating organisms
Ocean cleanup
Use chemically recycled feedstocks in petrochemical
and plastic manufacturing
Further integrate petroleum refining, gas processing,
petrochemical, and plastic manufacturing
Waste-to-energy

n High

n Moderate

n Low
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Conclusions

T

he profound and rising impact of the plastic
crisis on ocean ecosystems and marine
species has prompted global concern and
growing calls for regulation at the local, national,
and international levels. Mounting evidence 		
demonstrates that, from wellhead to store shelves
to water and food systems, the plastic lifecycle
poses risks not only for the environment, but
also for human health. Against this backdrop,
the present report documents the array of mechanisms through which plastic also compounds
the risks of climate change.
In the Paris Climate Agreement, the nations of the
world committed to keep climate change to well
below 2°C and to pursue efforts to stay within
1.5°C of warming. To date, the earth has warmed
just over 1°C due to human activity, yet the devastating impacts of that change are already evident
in countries and communities around the world.
The overwhelming scientific consensus now
demonstrates that warming of even 1.5°C will
bring still greater risks and that warming beyond
that level would cause irreparable, irreversible
harm to ecosystems and still greater losses of
human livelihoods, human rights, and human lives.
To have any hope of avoiding these outcomes,
the world must cut its emissions of greenhouse
gases by 45 percent by 2030 and reach zero
net emissions by mid-century.
Whether measured by its present scale or projected
growth, the existing plastic economy is fundamentally inconsistent with that goal. On its present
trajectory, emissions from plastic production and
use would exceed the entire remaining carbon
budget for all industrial greenhouse gas emissions
even under a 2°C scenario. Even modest growth in
plastic will make achieving a 1.5°C target virtually
impossible. Meeting these targets will require
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immediate and dramatic reductions in plastic
production and use as an essential component
of the broader transition from the fossil economy.
Accordingly, a fundamental finding of this report
is that these climate impacts must play a larger
and more explicit role in decisions about plastic
policies, plastic production, and plastic-related
investments. The ongoing, rapid growth of plastic production can and should appropriately be
measured against the earth’s rapidly dwindling
carbon budget. Every new or proposed facility
in the plastic supply chain should be evaluated
for its impact on that budget by the corporate
decisionmakers that propose it, by the potential
investors who must evaluate it, and by the 		
governments that must approve it.

Whether measured by its present scale or
projected growth, the existing plastic economy
is fundamentally inconsistent with the Paris
Agreement.
This report also demonstrates that the true scale
of climate risks from plastic, while clearly significant,
remains largely unquantified. A recurring and
troubling theme of the report is the degree to
which entire categories of emissions sources are
either inconsistently documented or wholly undocumented in the context of plastic. Plastic is the
second-largest and fastest growing source of industrial greenhouse gas emissions, so addressing
and closing these gaps should be a high priority.
This report also exposes the profound risks inherent in perpetuating a plastic economy while these
information gaps remain unfilled. Nowhere are
the risks of this systemic ignorance more evident
and more profound than with plastic’s impacts on
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the oceanic carbon sink. Though existing evidence
is preliminary, and significant knowledge gaps
remain, there is mounting evidence that microplastic is being found in the plankton that not
only form the base of oceanic food chains but
also provide the single most important mechanism
for absorbing atmospheric carbon and transporting it to deep-ocean carbon sinks. In oceans
around the world—in the North Atlantic, the
North Pacific, the Indian Ocean, and the China
Sea—zooplankton are being contaminated with
microplastic. If, as laboratory experiments suggest,
this contamination is having significant effects
on the feeding, vitality, and survival rates of these
organisms, the implications for the oceanic carbon
sink—and for the global climate—are both profound and profoundly troubling. At present, the

plastic contamination of oceanic plankton raises
more questions than answers. These questions
deserve urgent attention.
This report identifies many such questions. It
highlights the degree to which the world remains
surprisingly ignorant about the lifecycle and the
impacts of one of the most ubiquitous products
in the global economy and one of the most 		
pervasive contaminants on the planet.
Despite these uncertainties, however, this report
demonstrates clearly that the climate impacts of
the existing plastic economy are real, significant,
and fundamentally incompatible with maintaining
a survivable climate.

P l a s t i c & c l i m at e • T he H idden C osts of a P lastic P lanet

89

Endnotes
1.

See Center for International Environmental Law
(CIEL) et al., Plastics & Health: The Hidden Costs
of a Plastic Planet (2019), https://www.ciel.org/
reports/plastic-health-the-hidden-costs-of-aplastic-planet-february-2019.

2.

Global Carbon Budget, Global Carbon Project,
http://www.globalcarbonproject.org/
carbonbudget (last visited Jan. 28, 2019).

3.

See IPCC, Climate Change 2014: Synthesis Report.
Contribution of Working Groups I, II and III to the
Fifth Assessment Report of the Intergovernmental
Panel on Climate Change 87 (Core Writing Team,
R.K. Pachauri & L.A. Meyer eds., 2014), https://
www.ipcc.ch/site/assets/uploads/2018/02/
SYR_AR5_FINAL_full.pdf.

4.

Id.

5.

The decision to use the methodology of AR5
was selected for technical purposes only. The
IPCC Special Report on 1.5°C was released
during the drafting of this report. Reliance on
AR5 methodology is in no way intended to
overlook or diminish the significance of the
finding that, unless immediate and comprehensive changes are made to the global economy within the next decade, there is a high
likelihood that the most detrimental impacts
of climate change will manifest. The IPCC has
generated several methodology reports on
national greenhouse gas inventories and provides the technical advice related to those
inventories and practices. Under IPCC procedures, nominated experts draft reports that
incorporate the widest available data. Precise
numbers used are derived by standards established by the Parties to UNFCCC or to the Kyoto
Protocol and not the IPCC. For further information about the methodologies and guidelines
used by the IPCC, see Task Force on National
Greenhouse Gas Inventories, Intergovernmental
Panel on Climate Change, https://www.ipcc-nggip.
iges.or.jp (last visited May 3, 2019).

6.

7.

See Luke Sussams, Carbon Budgets Explained,
Carbon Tracker Initiative (Feb. 6, 2018), https://
www.carbontracker.org/carbon-budgetsexplained.
Although water vapor is a significant
greenhouse gas, the effect of changes in the
atmosphere—some of which may arise as a
result of natural consequences of warming—has
been excluded and is considered a feedback for
purposes of climate models. The report does
not address the global temperature change
potential that is another metric based on the
temperature response at a specific point in time
with on weight on temperature response before
or after a chosen point in time. There are
concerns that the risks of choosing between a
fixed time horizon that does not weight climate
outcomes beyond the fixed time horizon creates
policy implications that may delay action on
emission reduction initiatives for short-lived
but detrimental greenhouse gases like methane.
This approach is an example of the challenge

of measuring and representing greenhouse
gases and climate-forcing agents in achieving
consistent values. For example, see id.
8.

Id.

9.

See IPCC, Summary for Policymakers, in Global
Warming of 1.5°C: An IPCC Special Report on the
Impacts of Global Warming of 1.5°C (V. MassonDelmotte et al. eds., 2018), https://www.ipcc.ch/
site/assets/uploads/sites/2/2018/07/SR15_SPM_
version_stand_alone_LR.pdf.

10.

See Center for International Environmental Law
(CIEL) et al., Plastics & Health: The Hidden Costs
of a Plastic Planet (2019), https://www.ciel.org/
reports/plastic-health-the-hidden-costs-of-aplastic-planet-february-2019.

11.

See Report Summary: Captive Power Generation
Market Analysis, Market Size, Application Analysis,
Regional Outlook, Competitive Strategies, and
Segment Forecasts, 2015 to 2022, Grand View
Research, https://www.grandviewresearch.com/
industry-analysis/captive-power-generationmarket (last visited Apr. 19, 2019).

19.

See Zeke Hausfather, Analysis: Why the IPCC
1.5C Report Expanded the Carbon Budget,
Carbon Brief (Oct. 8, 2018), https://www.
carbonbrief.org/analysis-why-the-ipcc-1-5creport-expanded-the-carbon-budget .

20.

See Material Economics, The Circular Economy—
A Powerful Force for Climate Mitigation 12,
Ex. 1.2 (2018), https://materialeconomics.com/
publications/the-circular-economy-a-powerfulforce-for-climate-mitigation.

21.

See id. at 10.

22.

See id. at 22.

23.

See How Much of U.S. Carbon Dioxide Emissions
Are Associated with Electricity Generation?,
US Energy Information Administration, https://
www.eia.gov/tools/faqs/faq.php?id=77&t=11
(last updated June 8, 2018) (reporting GHG
emissions from US electricity sector of 1.74 Gt
for 2017, with coal, gas and petroleum
responsible for >99% of sector emissions).

24.

1,323 million tons plastic/year x .90 tons CO2e/
ton plastic x 50 years = 59,535 million tons

25.

Petrochemicals 70 (2018), https://www.iea.org/
petrochemicals. Methanol’s use as an intermediate for producing other primary chemicals,
via the methanol-to-olefins (MTO) and methanol
to aromatics (MTA) processes, is another important application. Whereas MTA is still at the
demonstration phase, MTO is commercial and
currently accounts for around 21 percent of
global methanol production, all the capacity
for which is in China. By 2020, the MTO-bound
component of output almost doubles, contributing nearly half the global growth in methanol
production over this period. Id.

12.

See World Economic Forum, The New Plastics
Economy 19, n. 18 (2016), http://www3.weforum.
org/docs/WEF_The_New_Plastics_Economy.
pdf.

13.

See Center for International Environmental
Law (CIEL), How Fracked Gas, Cheap Oil, and
Unburnable Coal are Driving the Plastics Boom
(2017), https://www.ciel.org/wp-content/
uploads/2017/09/Fueling-Plastics-How-FrackedGas-Cheap-Oil-and-Unburnable-Coal-areDriving-the-Plastics-Boom.pdf.

14.

See id.

15.

See Presentation, Mitsubishi Chemical TechnoResearch, Global Supply and Demand of Petrochemical Products Relied on LPG as Feedstock
6, 10 (Mar. 7, 2017), https://web.archive.org/
web/20180619010432/www.lpgc.or.jp/
corporate/information/program5_Japan2.pdf.

26.

See id.; Center for International Environmental
Law (CIEL), Fueling Plastics: Fossils, Plastics, and
Petrochemical Feedstocks (2017), https://www.ciel.
org/wp-content/uploads/2017/09/FuelingPlastics-Fossils-Plastics-PetrochemicalFeedstocks.pdf.

16.

See Katherine Blunt, Ethane Consumption
Surges with Petrochemical Boom, Houston
Chronicle (Feb. 24, 2018), https://www.
houstonchronicle.com/business/article/Ethaneconsumption-surges-with-petrochemcialboom-12705962.php.

27.

Roland Geyer et al., Supplementary Materials
for Production, Use, and Fate of All Plastics Ever
Made, 3 Sci. Advances (2017) at table S2, https://
advances.sciencemag.org/content/advances/
suppl/2017/07/17/3.7.e1700782.DC1/1700782_
SM.pdf.

17.

See Description – Q4 2018 Global Ethylene
Capacity and Capital Expenditure Outlook—
Saude Arabian Oil Co and Exxon Mobil Corp Lead
Global Capacity Additions, Research and Markets,
https://www.researchandmarkets.com/research/
q3hg5b/q4_2018_global?w=5 (last visited Apr.
23, 2019).

28.

See id.

29.

See PlasticsEurope, Plastics —the Facts 2017
24-25 (2018), https://www.plasticseurope.org/
application/files/5715/1717/4180/Plastics_the_
facts_2017_FINAL_for_website_one_page.pdf.

30.

See id.

31.

See Geyer et al., supra note 25, at table S2.

32.

See PlasticsEurope, supra note 27, at 24-25.

33.

See id.

34.

See Geyer et al., supra note 25, at table S2.

18.

See Description – Q4 2018 Global propylene
Capacity and Capital Expenditure Outlook—Asia
and the Middle East to Lead Globally in Terms
of Propylene Capacity Additions, Research and
Markets, https://www.researchandmarkets.com/
research/mgx3wm/q4_2018_global?w=5 (last
visited Apr. 23, 2019).

90

endnotes

35.

See PlasticsEurope, supra note 27, at 24-25.

36.

See id.

37.

See id.

38.

See International Energy Agency, The Future of
See World Economic Forum, supra note 12, at 28.

39.

See Material Economics, supra note 20, at 78.

40.

See IEA, supra note 36,at 72.

41.

See Mitsubishi Chemical Techno-Research,
supra note 15.

42.

See World Economic Forum, supra note 12, at 13.

43.

See id. at 29.

44.

See IEA, supra note 36, at 69.

45.

See Fact Sheet, American Chemistry Council,
U.S. Chemical Investment Linked to Shale Gas:
$202 Billion and Counting (Sept. 2018), https://
www.americanchemistry.com/Policy/Energy/
Shale-Gas/Fact-Sheet-US-Chemical-InvestmentLinked-to-Shale-Gas.pdf.

46.

See Concerned Health Professionals of New
York & Physicians for Social Responsibility,
Compendium of Scientific, Medical, and Media
Findings Demonstrating Risks and Harms of
Fracking 5 (5th ed., 2018), https://
concernedhealthny.org/wp-content/
uploads/2018/03/Fracking_Science_
Compendium_5FINAL.pdf.

47.

See Deborah Gordon et al., Carnegie Endowment
Peace, Know Your Oil: Creating a
Global Oil-Climate Index 1 (2015), https://
carnegieendowment.org/files/know_your_oil.
pdf.

48.

See Mohammad Masnadi et al., Global Carbon
Intensity of Crude Oil Production, 361 Science 851,
851 (2018), http://science.sciencemag.org/
content/361/6405/851.
See World Economic Forum, supra note 12, at 13.

50.

See China Monthly: Coal-to-olefins Economics
are a Major Challenge, ICIS (Apr. 5, 2013),
https://www.icis.com/explore/resources/
news/2013/04/05/9656098/china-monthlycoal-to-olefins-economics-are-a-majorchallenge.

52.

53.

54.

55.

56.

See How Much Oil Is Used to Make Plastic?,
US Energy Information Administration, https://
www.eia.gov/tools/faqs/faq.php?id=34&t=6
(last updated May 24, 2018).

58.

See Controlling Air Pollution from the Oil and
Natural Gas Industry, US EPA, https://www.epa.
gov/controlling-air-pollution-oil-and-naturalgas-industry (last visited Apr. 23, 2019).

59.

60.

See Joseph Chang, Commentary: China Coalto-olefins (CTO) Investment to Slow, ICIS (May
26, 2016, 9:38 PM), https://www.icis.com/
subscriber/icb/2016/05/26/10002356/
commentary-china-coal-to-olefins-ctoinvestment-to-slow.
See John Thieroff et al., Global Oil Refining
Faces Weakening Demand, Tighter Regulation
Due to Carbon Transition, Moody’s Investors
Service 2 (Feb. 16, 2018), https://www.eenews.
net/assets/2018/02/20/document_cw_01.pdf.
See e.g., Greenhouse Gas Reporting Program
(GHGRP) – GHGRP Refineries, US EPA, https://
www.epa.gov/ghgreporting/ghgrp-refineries
(last visited Apr. 23, 2019.
See Hydrocarbon Gas Liquids Explained: Uses of
Hydrocarbon Gas Liquids, US Energy Information
Administration, https://www.eia.gov/
energyexplained/index.php?page=hgls_uses
(last updated Dec. 19, 2018).
See Chemical Engineering, Ethylene Production
Via Cracking of Ethane-Propane, Chemical
Engineering (Nov. 1, 2015), http://www.
chemengonline.com/ethylene-productionvia-cracking-ethane-propane.
See International Energy Agency, supra note 36.

See Natural Gas Summary, U.S. Energy
Information Administration, https://www.eia.gov/
dnav/ng/ng_sum_lsum_dcu_nus_a.htm (last
visited Apr. 23, 2019). See also Trevor Sikorski
& Alex Tertzakian, Ethane Rejection, Energy
Aspects (Jan. 26, 2017, 12:47 PM), https://www.
energyaspects.com/publications/view/ethanerejection.
See Yomayra Román-Colón & Leslie Ruppert,
Central Appalachian Basin Natural Gas Database:
Distribution, Composition, and Origin of Natural
Gases (2017), https://pubs.usgs.gov/
of/2014/1207/.

61.

See Chemical Composition of Natural Gas,
Union Gas, https://www.uniongas.com/about-us/
about-natural-gas/chemical-composition-ofnatural-gas (last visited Apr. 23, 2019).

62.

See Román-Colón & Ruppert, supra note 60.

63.

See Petroleum & Other Liquids, U.S. Energy
Information Administration, https://www.eia.gov/
dnav/pet/hist/LeafHandler.ashx?n=PET&s=
MNGFPUS1&f=A (last visited Apr. 23, 2019).
See also Kinder Morgan, The Role of Natural Gas
Liquids (NGLs) in the American Petrochemical Boom
(2018), https://www.kindermorgan.com/content/
docs/White_Natural_Gas_Liquids.pdf; Today in
Energy: U.S. Production of Hydrocarbon Gas
Liquids Expected to Increase Through 2017, U.S.
Energy Information Administration (Mar. 29, 2016),
https://www.eia.gov/todayinenergy/detail.
php?id=25572.

for International

49.

51.

57.

64.

See Petroleum & Other Liquids, supra note 63.

65.

See Chemical Composition of Natural Gas,
supra note 61.

66.

See Natural Gas Gross Withdrawals and
Production, U.S. Energy Information Administration,
https://www.eia.gov/dnav/ng/ng_prod_sum_a_
EPG0_VGV_mmcf_a.htm (last visited May 2,
2019).

67.

68.

See Jeffrey Plotkin, The Propylene Gap: How
Can It Be Filled?, ACS (Sept. 14, 2015), https://
www.acs.org/content/acs/en/pressroom/
cutting-edge-chemistry/the-propylene-gaphow-can-it-be-filled.html.
See id. See also Christopher Dean, Naphtha
Catalytic Cracking for Propylene Production by
FCCU, CatCracking.com (Oct. 2013), https://
refiningcommunity.com/wp-content/uploads/
2017/07/Naphtha-Catalytic-Cracking-forPropylene-Production-by-FCCU-Dean-HIGHOlefins-Technology-Services-FCCU-NewDelhi-2013.pdf.

69.

See Natural Gas Summary, supra note 59; U.S.
Dep’t of Energy, Natural Gas Liquids Primer: With
a Focus on the Appalachian Region (2017), https://
www.energy.gov/sites/prod/files/2017/12/f46/
NGL%20Primer.pdf.

70.

See Sikorski & Tertzakian, supra note 59. See also
Natural Gas: Overview, U.S. Energy Information
Administration, https://www.eia.gov/naturalgas/
(last visited May 2, 2019).

71.

See Román-Colón & Ruppert, supra note 60;
Natural Gas Spot and Futures Prices (NYMEX),
U.S. Energy Information Administration, https://
www.eia.gov/dnav/ng/hist/ngm_epg0_plc_
nus_dmmbtua.htm (last visited May 2, 2019).

72.

See Inventory of U.S. Greenhouse Gas Emissions
and Sinks: 1990–2015, US EPA 3-77, 3-79 (2017),
https://www.epa.gov/sites/production/
files/2017-02/documents/2017_complete_
report.pdf [hereinafter Inventory of US
Greenhouse Gas].

73.

See id. at 3-66

74.

See id. at 3-77, 3-78.

75.

See Bruce Wells, First Oil Discoveries, American
Oil & Gas Historical Society, https://aoghs.org/
petroleum-discoveries/ (last visited Apr. 24,
2019).

76.

See Bruce Wells, First American Oil Well,
American Oil & Gas Historical Society, https://
aoghs.org/petroleum-pioneers/american-oilhistory/ (last visited Apr. 24, 2019).

77.

See Oil Wells—An Overview, ScienceDirect,
https://www.sciencedirect.com/topics/
engineering/oil-wells (last visited May 2, 2019);
Boyun Guo, Kai Sun & Ali Ghalambor, Well
Productivity Handbook: Vertical, Fractured,
Horizontal, Multilateral, and Intelligent
Wells 2 (2008).

78.

See Robert Howarth et al., Methane and the
Greenhouse-Gas Footprint of Natural Gas from
Shale Formations, 106 Climatic Change 679 (2011),
https://link.springer.com/article/10.1007/s10584011-0061-5.

79.

See Robert Howarth, Methane Emissions and
Climatic Warming Risk from Hydraulic Fracturing
and Shale Gas Development: Implications for
Policy, 3 Energy and Emissions Control Tech. 45
(2015), http://www.eeb.cornell.edu/howarth/
publications/f_EECT-61539-perspectives-on-airemissions-of-methane-and-climaticwarmin_100815_27470.pdf.

80.

See News Release, US EPA, EPA Withdraws
Information Request for the Oil and Gas Industry
(Mar. 2, 2017), https://www.epa.gov/
newsreleases/epa-withdraws-informationrequest-oil-and-gas-industry.

81.

See Center for International Environmental Law
(CIEL), supra note 13.

82.

See Howarth et al., supra note 78.

83.

See Great Scott! Eclipse Drills New Longest
Lateral in World – in Utica, Marcellus Drilling
News (May 5, 2017), https://marcellusdrilling.
com/2017/05/great-scott-eclipse-drills-newlongest-lateral-in-world-in-utica.

84.

See Crude Oil and Natural Gas Exploratory
and Development Wells, U.S. Energy Information
Administration, https://www.eia.gov/dnav/pet/
pet_crd_wellend_s1_a.htm (last visited
May 2, 2019).

85.

See Pipeline Miles And Facilities, Pipeline
and Hazardous Materials Safety Administration,
https://www.phmsa.dot.gov/data-and-statistics/
pipeline/pipeline-mileage-and-facilities (follow
“Annual Report Data Access” link, Part M2).

86.

See, e.g., 3516 Industrial Diesel Engine, CAT.com,
https://www.cat.com/en_US/products/new/
power-systems/industrial/industrial-dieselengines-lesser-regulated-non-regulated/
18397893.html (last visited Apr. 24, 2019).

87.

See FracFocus Data Download, FracFocus, http://
fracfocus.org/data-download (last visited May 3,
2019).

P l a s t i c & c l i m at e • T he H idden C osts of a P lastic P lanet

88.

See Steven Russo, New York State Formally
Adopts Ban on Fracking: An Analysis of the New
York State DEC’s SEQRA Findings Supporting
Its HVHF Ban, E2 Law Blog (July 7, 2015),
https://www.gtlaw-environmentalandenergy.
com/2015/07/articles/hydrofracking/new-yorkstate-makes-final-decision-on-fracking.

89.

See Joseph Triepke, Well Completion 101 Part 3:
Well Stimulation, Drilling Info (Oct. 30, 2014),
https://info.drillinginfo.com/well-completionwell-stimulation/.

90.

See Hydraulic Fracturing Pumps, AFGlobal,
http://www.cumingcorp.com/products-andservices/pressure-pumping/pumping-solutionsfor-frac-and-beyond/hydraulic-fracturingpumps-x739 (last visited Apr. 24, 2019).

91.

See Field Listing: Pipelines, CIA World Factbook,
https://www.cia.gov/library/publications/theworld-factbook/fields/383.html (last visited
May 2, 2019).

92.

See Pipeline Mileage and Facilities, supra
note 85.

93.

See US EPA, Reduced Emissions Completions
for Hydraulically Fractured Natural Gas Wells
(2011), https://www.epa.gov/sites/production/
files/2016-06/documents/reduced_emissions_
completions.pdf.

94.

See Natural Gas Summary, supra note 59.

95.

See id. See also Ethene (Ethylene), Essential
Chemical Industry (Jan. 4, 2017), http://www.
essentialchemicalindustry.org/chemicals/
ethene.html.

96.

See Inventory of US Greenhouse Gas, supra
note 72, at 3-77, 3-91.

97.

See Howarth et al., supra note 78.

98.

See Inventory of US Greenhouse Gas, supra
note 72; Presentation to Producers Technology
Transfer Workshop, EPA’s Natural Gas STAR
Program, Installing Vapor Recovery Units to
Reduce Methane Losses: Lessons Learned
from Natural Gas STAR (Oct. 26, 2005), https://
www.epa.gov/sites/production/files/2017-09/
documents/instal_v_houston_2005.pdf.

99.

See Inventory of US Greenhouse Gas, supra
note 72.

100. See id.
101. See Howarth et al., supra note 78.
102. See Ian Boothroyd et al., Assessing Fugitive
Emissions of CH4 from High-Pressure Gas
Pipelines in the UK, 631 Sci. Total Env’t 1638
(2018), https://www.sciencedirect.com/science/
article/pii/S0048969718306399#bb0020.
103. See P. Percival, Update on “Lost and
Unaccounted for” Natural Gas in Texas, 32 Basin
Oil and Gas (2010), http://fwbog.com/index.
php?page=article&article=248.
104. See Greenhouse Gas Equivalencies Calculator,
US EPA, https://www.epa.gov/energy/
greenhouse-gas-equivalencies-calculator (last
visited Apr. 24, 2019).
105. See FracFocus Data Download, supra note 87.
106. See Chenango Delaware Otsego Gas Group,
How Many Tanker Trucks Does it Take to Supply
Water to, and Remove Waste from, a
Horizontally Drilled and Hydrofracked Wellsite?,
http://www.bctwa.org/Frk-HowManyTankerTrucks.
pdf (last visited May 2, 2019).

107. See Water Trucks For Sale, Commercial Truck
Trader, https://www.commercialtrucktrader.
com/Water-Trucks-For-Sale/search-results?cate
gory=Water+Truck%7C2008240&type=class1,cl
ass2,class3,class4,class5,class6,class7,class8
(last visited Apr. 24, 2019).
108. See Andrew Kondash et al., Quantity of Flowback and Produced Waters from Unconventional
Oil and Gas Exploration, 574 Sci. Total Env’t 314
(2017), https://sites.nicholas.duke.edu/
avnervengosh/files/2011/08/Quantity-andsource-of-unconventional-wastewater.pdf.
109. See id. See also Ahammad Sharif et al., Drilling
Waste Management and Control the Effects,
7 J. Advanced Chem. Eng’g (2017), https://www.
omicsonline.org/open-access/drilling-wastemanagement-and-control-the-effects-20904568-1000166.pdf; Savannah Cooper, Recovering Drilling Muds and Drill Cuttings for Reuse,
Environmental Protection (Oct. 4, 2013), https://
eponline.com/articles/2013/10/04/recoveringdrilling-muds-and-drill-cuttings-for-reuse.aspx.
110. Proppant use can reach 25,000 tons in one
single well. See Propageddon: Chesapeake
“Unelashes Hell” with Sand in LA Gas Well,
Marcellus Drilling News (Oct. 24, 2016), https://
marcellusdrilling.com/2016/10/propageddonchesapeake-unleashes-hell-with-sand-in-lagas-well.
111. See Elected Officials to Protect New York,
Elected Officials Accompanying Release Documents,
http://www.nyelectedofficials.org/wp-content/
uploads/2012/11/Elected-Officials-AccompanyingRelease-Documents.pdf (last visited May 2, 2019).
112. See Matt Kelso, Pennsylvania Drilling Trends
in 2018, FracTracker Alliance (Jan. 8, 2019),
https://www.fractracker.org/2019/01/
pennsylvania-drilling-trends-2018; Presentation,
Geoffrey Brand, Senior Economic Advisor,
American Petroleum Institute, Changing
International Landscape of Global Oil and
Natural Gas Impacts of U.S. Shale (Mar. 30,
2016), https://www.api.org/~/media/Files/
Policy/16-March-Conference/EconomicUpdate-Geoffrey-Brand.pdf.
113. See Sharif et al., supra note 109. See also
Cooper, supra note 109.
114. See Final Environmental Impact Statement for
the Atlantic Coast Pipeline and Supply Header
Project, Docket Nos. CP15-554-000-001, CP15555-000, and CP15-556-000, F.E.R.C. (July 21,
2017), https://www.ferc.gov/industries/gas/
enviro/eis/2017/07-21-17-FEIS.asp.
115. See Final Environmental Impact Statement on
Southeast Market Pipelines Project, Docket Nos.
CP14-554-000, CP15-16-000, and CP15-17-000,
F.E.R.C. (Dec. 18, 2015), https://www.ferc.gov/
industries/gas/enviro/eis/2015/12-18-15-eis.asp.
116. See Final Environmental Impact Statement
for the Mountain Valley Project and Equitrans
Expansion Project, Docket Nos. CP16-10-000
and CP16-13-000, F.E.R.C. (June 23, 2017),
https://www.ferc.gov/industries/gas/enviro/
eis/2017/06-23-17-FEIS.asp.
117. See Gas Distribution Mains by Decade Installed,
PHMSA, https://opsweb.phmsa.dot.gov/primis_
pdm/miles_by_decade.asp (last visited Apr. 25,
2019).
118. See US Department of Agriculture Forest Service,
Carbon Storage and Accumulation in United States
Forest Ecosystems 7 (1992), https://www.nrs.
fs.fed.us/pubs/gtr/gtr_wo059.pdf.

91

119. See Summary Statement for Pennsylvania
Department of Energy, The Nature Conservancy, Land Use and Ecological Impacts from
Shale Development in the Appalachians (July
21, 2014), https://www.energy.gov/sites/prod/
files/2014/07/f17/pittsburg_qermeeting_
minney_statement.pdf.
120. See Anya Litvak, These Days, Oil and Gas
Companies are Super-Sizing their Well Pads,
Pittsburgh Post-Gazette (Jan. 15, 2018, 6:30 AM),
http://www.post-gazette.com/powersource/
companies/2018/01/15/These-days-oil-and-gascompanies-are-super-sizing-their-well-pads/
stories/201801140023.
121.

See Center for Integrated Natural Resources
and Agricultural Management, A landowner’s
Guide to Carbon Sequestration Credits (2009),
http://www.myminnesotawoods.umn.edu/
wp-content/uploads/2009/10/landownerguide-carbon-seq1-5-12.pdf; Strata, The
Footprint of Energy: Land Use of U.S. Electricity
Production (2017), https://www.strata.org/
pdf/2017/footprints-full.pdf.

122. See Pipeline Mileage and Facilities, supra 		
note 85 (gathering lines not included because
estimate is extremely low, and it is already
accounted for in well pad figure).
123. See Inventory of US Greenhouse Gas, supra note
72, at 6-1; Molly Johnson, Pipeline Right-of-Way
Width, Johnson & Johnson (Sept. 6, 2014),
https://johnsonandjohnsonohio.com/pipelineright-of-way-width.
124. See US Dep’t of Agriculture Forest Service, 		
U.S. Forest Resource Facts and Historical Trends
(2014), https://www.fia.fs.fed.us/library/
brochures/docs/2012/ForestFacts_1952-2012_
English.pdf.
125. 5,280 x 50 = 264,000 sq ft = 6.06 acres. See
also id.; Inventoried Roadless Area Acreage,
USDA Forest Service, https://www.fs.usda.gov/
Internet/FSE_DOCUMENTS/fsm8_037652.htm
(last visited May 2, 2019).
126. See USDA Forest Service, supra note 124.
127. See USDA Forest Service, supra note 118, at 7.
128. Conversion of pound C to kt CO2: 158000 x
0.453592 = 71668 kg C x 3.67 = 263,023 kg CO2
= 263 kg CO2
129. See Center for Integrated Natural Resources and
Agricultural Management, supra note 121.
130. See Inventory of US Greenhouse Gas, supra note
72, at 6-1.
131. See USDA Forest Service, supra note 124.
132. See Aliso Canyon Natural Gas Leak, California
Office of Emergency Services, http://www.caloes.
ca.gov/ICESite/Pages/Aliso-Canyon.aspx (last
visited Feb. 18, 2016).
133. See California Air Resources Board, Determination
of Total Methane Emissions from the Aliso Canyon
Natural Gas Leak Incident (2016), https://ww3.
arb.ca.gov/research/aliso_canyon/aliso_
canyon_methane_emissions-arb_final.pdf?_
ga=2.144439349.1279344547.1553439413513775168.1553439413; Stephen Conley et al.,
Methane Emissions from the 2015 Aliso Canyon
Blowout in Los Angeles, 351 Science 1,317 (2016),
http://science.sciencemag.org/content/
351/6279/1317.

92

endnotes

134. See Zach Despart & Mike Morris, Deer Park
Fire Investigations Begin Amid Anxiety Over
Emissions, Pollution, Houston Chronicle (Mar. 21,
2019), https://www.houstonchronicle.com/
news/houston-texas/houston/article/DeerPark-fire-investigations-begin-amidanxiety-13707427.php.
135. US EPA, 2011-2015 GHGRP Industrial Profiles:
Petroleum and Natural Gas Systems (2016),
https://www.epa.gov/sites/production/
files/2016-10/documents/oil_gas_
profile_100716.pdf.
136. Ken Chow, Benchmarking GHG Emissions 		
from Cryogenic Gas Processing, Gas Processing
News, http://www.gasprocessingnews.com/
features/201412/benchmarking-ghg-emissionsfrom-cryogenic-gas-processing.aspx (last
visited Apr. 25, 2019).
137. See Natural Gas Annual Respondent Query
System (EIA-757 Data through 2017), U.S. Energy
Information Administration, https://www.eia.gov/
naturalgas/ngqs/#?report=RP9&year1=2014&ye
ar2=2014&company=Name (last visited Apr. 25,
2019); GHG Reporting Program Data Sets, US
EPA, https://www.epa.gov/ghgreporting/ghgreporting-program-data-sets, (last visited
Apr. 25, 2019).
138. See Air New Source Permit 676A, Texas
Commission on Environmental Quality,
http://www15.tceq.texas.gov/crpub/index.
cfm?fuseaction=iwr.eeincdetail&addn_
id=793727822002157&re_id=470513392001135
(last visited Apr. 25, 2019).
139. See Samantha Malone et al., Data Inconsistencies from States with Unconventional Oil and
Gas Activity, 50(5) J. Envt’l Sci. Health 489
(2015), https://www.ncbi.nlm.nih.gov/
pubmed/25734825.

151. Size and Weight Limitations, Penn. Department
of Motor Vehicles, https://www.dmv.pa.gov/
VEHICLE-SERVICES/Farm-Vehicles/Pages/Sizeand-Weight-Limitations-for-Farm-Vehicles.aspx
(last visited May 2, 2019).
152. See, e.g., Dump Truck Weight…?, thetruckersreport.
com, https://www.thetruckersreport.com/
truckingindustryforum/threads/dump-truckweight.145519/ (last visited May 2, 2019).
153. Indeed, a typical load may be just 12.7 tons.
See Argonne National Laboratory, The GREET
Model Expansion for Well-to-Wheel Analysis of
Heavy-Duty Vehicles 20 (2015), https://greet.
es.anl.gov/files/heavy-duty.
154. See Presentation, Rick McCurdy, Senior
Engineering Advisor, Chemicals and Water
Reclamation, Chesapeake Energy, Underground
Injection Wells For Produced Water Disposal
33, https://www.epa.gov/sites/production/files/
documents/21_McCurdy_-_UIC_Disposal_508.
pdf (last visited May 2, 2019).
155. See Professor: Pennsylvania’s Forest Cover
Remains Stable at 59 Percent, Penn State News,
(Oct. 29, 2013), https://news.psu.edu/story/
293182/2013/10/29/sustainability/professorpennsylvanias-forest-cover-remains-stable-59.
156. See U.S. Dep’t of Energy, supra note 69.
157. See CNA, The Potential Environmental Impacts
of Full Development of the Marcellus Shale in
Pennsylvania (2016), https://www.cna.org/cna_
files/pdf/Maps1_WellProjections.pdf.
158. See Matt Kelso, FracTracker Alliance, A Hazy
Future: Pennsylvania’s Energy Landscape in 2045
(2018), https://www.fractracker.org/
a5ej20sjfwe/wp-content/uploads/2018/01/
AHazyFuture-FracTracker-2018.pdf.

167. See Manfred Fischedick et al., Industry, in
Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth
Assessment Report of the Intergovernmental 		
Panel on Climate Change 739, 752, 784 (Ottmar
Edenhofer et al. eds., 2014), https://www.ipcc.
ch/site/assets/uploads/2018/02/ipcc_wg3_
ar5_full.pdf.
168. See id. at 750.
169. See id. at 750, 753 and Table 10.3.
170. See id. at 750 and Fig. 10.4.
171. See id. at 753 and Table 10.3.
172. See id. at 759.
173. See id.
174. See id.
175. See id.
176. See Maarten Neelis et al., Energy Efficiency
Improvement and Cost Saving Opportunities for
the Petrochemical Industry 23 (2008), https://
cloudfront.escholarship.org/dist/prd/content/
qt8dg961x6/qt8dg961x6.pdf?t=li5ov1.
177. American Chemistry Council, Elements of the
Business of Chemistry 10 (2017), https://www.
americanchemistry.com/2017-Elements-ofthe-Business-of-Chemistry.pdf.
178. See Neelis et al., supra note 176, at 26.
179. See American Chemistry Council, supra note 177,
at 58, Figure 11.1.
180. See International Energy Agency, supra note 36,
at 49; Posen et al., supra note 166.

140. See Natural Gas Gross Withdrawals and
Production, U.S. Energy Information Administration, https://www.eia.gov/dnav/ng/ng_prod_
sum_a_EPG0_FGW_mmcf_a.htm (last
visited Apr. 25, 2019).

160. See Howarth et al., supra note 78.
161. See US EPA, supra note 91.

181. See International Energy Agency, supra note 36,
at 49. The Future of Petrochemicals: Towards
more sustainable plastics and fertilizers 49
(2018). IEA’s assessment broadly covers the
chemical sector, which includes ammonia and
urea fertilizers, plastic, and other primary
chemicals like methanol. See id.

141. See Number of Producing Gas Wells, U.S. Energy
Information Administration, https://www.eia.gov/
dnav/ng/ng_prod_wells_s1_a.htm (last visited
Apr. 25, 2019).

162. See Flare Tanks, stradenergy.com, https://www.
stradenergy.com/rentals-services/surfaceequipment/tanks-storage/flare-tanks (last
visited May 2, 2019).

182. See Stefan Unnasch et al.,Assessment of Life Cycle
GHG Emissions Associated with Petroleum Fuels i-ii
(2009), https://newfuelsalliance.org/NFA_
PImpacts_v35.pdf.

142. See Welcome, PA DEP Oil & Gas Reporting
Website, https://www.paoilandgasreporting.
state.pa.us/publicreports/Modules/Welcome/
Agreement.aspx (last visited Apr. 25, 2019).

163. See 43 C.F.R. § 3160, 3170 (2018), https://www.
blm.gov/sites/blm.gov/files/Final%20Rule%20
-1004-AE53%20-%20%20Ready%20for%20
OFR%209.18.18_508%20%281%29.pdf.

143. See id.

164. See Oil and Natural Gas Sector: Emissions
Standards for New, Reconstructed, and
Modified Sources Reconsidered, 83 Fed. Reg.
52056 (proposed Oct. 15, 2018) (to be codified
at 40 C.F.R. pt. 60), https://www.federalregister.
gov/documents/2018/10/15/2018-20961/oiland-natural-gas-sector-emission-standardsfor-new-reconstructed-and-modified-sources.

183. See Daniel Posen et al., Changing the
Renewable Fuel Standard to a Renewable
Material Standard: Bioethylene Case Study, 49
Envtl. Sci & Tech. 93 (2015), https://pubs.acs.
org/doi/full/10.1021/es503521r.

144. See Act 13 Frequetly Asked Questions,
Pennsylvania Department of Environmental
Protection, http://files.dep.state.pa.us/OilGas/
OilGasLandingPageFiles/Act13/Act_13_FAQ.pdf
(last visited Apr. 25, 2019). See also FracFocus
Data Download, FracFocus, http://fracfocus.
org/data-download (last visited Apr. 25).
145. See FracFocus Data Download, supra note 87.
146. See id.
147. See id.
148. See id.
149. See PA DEP Oil & Gas Reporting Website, supra
note 142. https://www.paoilandgasreporting.
state.pa.us/publicreports/Modules/Welcome/
ProdWasteReports.aspx
150. (1,117,351 bbl x (42 gal / bbl)) / 4,000 gallon
trucks = 518,672 trucks

159. See Elected Officials to Protect New York, supra
note 111.

165. See Nichola Groom, Trump’s EPA Proposes
Weaker Methane rules for Oil and Gas Wells,
Reuters (Sept. 11, 2018, 3:21 PM), https://www.
reuters.com/article/us-usa-epa-methane/
trumps-epa-proposes-weaker-methane-rulesfor-oil-and-gas-wells-idUSKCN1LR2BK.
166. See, e.g., Daniel Posen et al., Greenhouse Gas
Mitigation for US Plastic Production: Energy
First, Feedstocks Later, 12 Envtl. Research
Letters (2017), https://iopscience.iop.org/
article/10.1088/1748-9326/aa60a7/pdf.

184. See Food and Water Watch Europe, The TransAtlantic Plastics Pipeline: How Pennsylvania’s
Fracking Boom Crosses the Atlantic (Issue Brief)
(2017), https://www.foodandwaterwatch.org/
sites/default/files/ib_1705_pipelinesustoeuweb.pdf.
185. See Paul Gough, Mariner East 2’s Up and
Running, and Here’s Why That’s Great News for
Natural Gas Producers, Pittsburgh Business times
(Dec. 31, 2018), https://www.bizjournals.com/
pittsburgh/news/2018/12/31/mariner-east-2sup-and-running-and-heres-why-thats.html.
186. See Enter The Dragons: US Shale Gas Arrives
In Europe For The First Time On Board INEOS
Intrepid, Inch Magazine (July, 2016), https://
www.ineos.com/inch-magazine/articles/
issue-10/enter-the-dragons.
187. See Scott Blanchard, Mariner East 2 Pipeline
Is Up and Running, Sunoco Says, npr.org (Dec.
29, 2018), https://stateimpact.npr.org/
pennsylvania/2018/12/29/mariner-east-2pipeline-is-up-and-running-sunoco-says/.

P l a s t i c & c l i m at e • T he H idden C osts of a P lastic P lanet

188. See Pennsylvania Pipeline Portal: Mariner East II,
Penn. Dep’t of Envtl. Prot., https://www.dep.
pa.gov/Business/ProgramIntegration/
Pennsylvania-Pipeline-Portal/Pages/MarinerEast-II.aspx (last visited Apr. 29, 2019).
189. See US EPA, Prevention of Significant Deterioration permit for Greenhouse Gas Emissions
Issued Pursuant to the Requirements at 40
C.F.R. § 52.21, Permit PSD-TX-102982-GHG,
https://archive.epa.gov/region6/6pd/air/pd-r/
ghg/web/pdf/exxonmobil-baytown-olefinsfinalpermit.pdf (permit GHG language
rescinded in March 9, 2016 pursuant to U.S.
Supreme Court decision in Utility Air Regulatory
Group (UARG) v. Environmental Protection
Agency, 134 S. Ct. 2427 (2014)).
190. See American Chemistry Council, Shale Gas,
Competitiveness, and New US Chemical Industry
Investment: An Analysis Based on Announced
Projects 17 (2013), https://www.
americanchemistry.com/First-Shale-Study.
191. See Tayeb Benchaita, Inter-American Development
Bank, Greenhouse Gas Emissions from new
Petrochemical Plants (2013), https://publications.
iadb.org/publications/english/document/
Greenhouse-Gas-Emissions-from-NewPetrochemical-Plants-Background-InformationPaper-for-the-Elaboration-of-Technical-Notesand-Guidelines-for-IDB-Projects.pdf.
192. See Tao Ren et al., Olefins from Conventional
and Heavy Feedstocks: Energy Use in Steam
Cracking and Alternative Processes, 31 Energy
425 (2006), https://www.sciencedirect.com/
science/article/abs/pii/S0360544205000745.
193. See Benchaita, supra note 191.
194. See Philip Reeder, Analysis: Naptha’s Challenge
in the Age of Petrochemical Feedstock Boom,
S&P Global Platts, (Mar. 15, 2018), https://www.
spglobal.com/platts/en/market-insights/latestnews/petrochemicals/031518-analysisnaphthas-challenge-in-the-age-ofpetrochemical-feedstock-boom
195. See id.
196. See id.; Oil & Gas Journal, International Survey
of Ethylene from Steam Crackers – 2015 (2015),
https://www.ogj.com/content/dam/ogj/printarticles/volume-113/jul-6/International-surveyof-ethylene-from-steam-crackers--2015.pdf.
197. See id. (identifying six crackers which used
over 60 percent naphtha).
198. See GHG Reporting Program Data Sets,
supra note 137.
199. Based on a review of Clean Air Act PSD
permits and permit applications.
200. See Emission Increase Database,
Environmental Integrity Project, http://
www.environmentalintegrity.org/oil-gasinfrastructure-emissions (last visited
May 3, 2019).
201. See Colin McMillan et al., Joint Institute
for Strategic Energy Analysis, Generation and
Use of Energy in the US Industrial Sector and
Opportunities to Reduce its Carbon Emissions 35
(2016), https://www.nrel.gov/docs/
fy17osti/66763.pdf.
202. See id. at 32.
203. See id. at 131.
204. See id. at 132.

205. See Franklin Associates, Cradle-to-Gate Life
Cycle Inventory of Nine Plastic Resins and Four
Polyurethane Precursors (2011), https://plastics.
americanchemistry.com/LifeCycle-Inventoryof-9-Plastics-Resins-and-4-PolyurethanePrecursors-Rpt-Only.
206. Assuming a new base-load coal-fired power
plant releases 4.55 million Mt CO2e each year.
207. See Posen et al., supra note 166.
208. See Material Economics, supra note 20.
209. See International Energy Agency, supra note 36.
210. See id.

93

225. See Ellen MacArthur Foundation, The New Plastics
Economy: Rethinking the Future of Plastics (2016),
https://www.ellenmacarthurfoundation.org/
assets/downloads/EllenMacArthurFoundation_
TheNewPlasticsEconomy_Pages.pdf.
226. See id.
227. See Plastics Europe, Plastics – the Facts 2018
(2019), https://www.plasticseurope.org/
application/files/6315/4510/9658/Plastics_
the_facts_2018_AF_web.pdf
228. See id.
229. See infra https://www.no-burn.org/plasticclimate-appendix.

211. See Center for International Environmental
Law (CIEL), Fuel to the Fire: How Geoengineering
Threatens to Entrench Fossil Fuels and Accelerate
the Climate Crisis (2019), https://www.ciel.org/
reports/fuel-to-the-fire-how-geoengineeringthreatens-to-entrench-fossil-fuels-andaccelerate-the-climate-crisis-feb-2019.

230. Calculated based on the approximate weight
ratio for carbon to carbon dioxide of 12 to 44.

212. See id.

232. See GAIA, ADB & Waste Incineration: Backrolling
Pollution, Blocking Solutions (2018), http://www.
no-burn.org/wp-content/uploads/ADB-andWaste-Incineration-GAIA-Nov2018.pdf.

213. See Geyer et al, supra note 25.
214. See Report Summary, Plastic Packaging, Market
Size, Share & Trends Analysis Report by Product
(Bottles, Bags, Wraps & Films), By Type (Rigid,
Flexible), by Application (Food & Beverages,
Industrial), And Segment Forecasts, 2018-2025,
Grand View Research, (June 2018), https://www.
grandviewresearch.com/industry-analysis/
plastic-packaging-market.
215. See World Economic Forum, supra note 12, at 7.
216. See Material Economics, supra note 20.
217. See id. at 6.
218. See Press Release, American Chemistry Council, U.S. Plastics Resin Producers Set Circular
Economy Goals to Recycle or Recover 100%
of plastic Packaging by 2040 (May 9, 2018),
https://www.americanchemistry.com/Media/
PressReleasesTranscripts/ACC-news-releases/
US-Plastics-Producers-Set-Circular-EconomyGoals-to-Recycle-or-Recover-100-Percent-ofPlastic-Packaging-by-2040.html.
219. See Roland Geyer et al., Production, Use, and
Fate of All Plastics Ever Made, 3 Sci. Advances
(2017), https://advances.sciencemag.org/
content/3/7/e1700782.
220. Plastic fraction of all MSW landfilled (89 million
tons) was 18.5 percent. Among total MSW
combusted with energy recovery (33 million
tons), plastic comprised 15 percent. See US
EPA, Advancing Sustainable Materials Management:
2015 Tables and Figures (2018), https://www.epa.
gov/facts-and-figures-about-materials-wasteand-recycling/advancing-sustainable-materialsmanagement.
221. See id.
222. Statistics on Municipal Solid Waste provided
by the US EPA only cover wastes collected for
management, without separately tracking
mismanaged wastes.

231.

ICF International, Finding the Facts on Methane
Emissions: A Guide to the Literature (2016),
https://www.ngsa.org/download/analysis_
studies/NGC-Final-Report-4-25.pdf.
See

233. See US EPA, Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990–2016 (2018), https://
www.epa.gov/ghgemissions/inventory-usgreenhouse-gas-emissions-andsinks-1990-2016.
234. See Greenhouse Gas Equivalencies Calculator,
US EPA, https://www.epa.gov/energy/
greenhouse-gas-equivalencies-calculator
(last visited May 3, 2019).
235. See U.S. Energy Information Administration,
International Energy Outlook 2017 (2018),
https://www.eia.gov/outlooks/ieo/
pdf/0484(2017).pdf.
236. These footprints per kilowatt hour (kWh) are
0.09 kg CO2e for solar, 1.25 kg CO2e for natural
gas burned in a combined cycle turbine, and
1.51 kg CO2e for plastic packaging burned in a
WTE incinerator. These footprints include fuel
extraction, processing and transport for natural
gas, and facility equipment footprints for solar
power facilities. The plastic packaging footprint
does not include the GHG footprint for resource
extraction and production of plastic packaging.
See infra https://www.no-burn.org/plasticclimate-appendix. The plastic packaging footprint is calculated by dividing CO2e emissions
from burning a ton of plastic packaging wastes
in a WTE facility by the kWh generated.
237. Global plastic production is estimated to grow
at the rate of 3.5- 3.8 percent annually 2015–
2030 (ICIS) and 3.5 percent annually 2030–
2050 (International Energy Agency World
Energy Outlook 2015). A growth rate of 3.65
percent was applied in this analysis as the Ellen
MacArthur Foundation report, ‘The New Plastics
Economy’ projected that plastic production will
be 1124 million metric tons by 2050. See World
Economic Forum, supra note 12; Ellen MacArthur
Foundation, supra note 225.

223. See Jenna Jambeck et al., Plastic Waste Inputs
from Land into the Ocean, 347 Science 768
(2015), https://science.sciencemag.org/
content/347/6223/768.full.

238. See World Energy Council, World Energy
Resources2016 24-25 (2016), https://www.
worldenergy.org/wp-content/uploads/2016/10/
World-Energy-Resources-Fullreport-2016.10.03.pdf.

224. See PlasticsEurope , Plastics—The Facts 2016
(2017), https://www.plasticseurope.org/
application/files/4315/1310/4805/plastic-thefact-2016.pdf.

239. See New Plastics Economy, New Plastics
Economy Global Commitment (2018), https://
newplasticseconomy.org/assets/doc/globalcommitment-download.pdf.

94

endnotes

240. See About, BreakFreeFromPlastic, https://www.
breakfreefromplastic.org/about (last visited
May 3, 2019).
241. See U.S. Energy Information Administration,
supra note 235.
242. See Center for International Environmental Law
(CIEL), supra note 211, at 47-58.
243. See id. at 6-8, 47-58.
244. See Naresh Bhatt, Gasification the Waste-toEnergy Solution: Proposal for Waste Management 2016, Climate CoLab, https://www.
climatecolab.org/contests/2016/wastemanagement/c/proposal/1329507 (last
visited May 3, 2019).
245. Eco Refinery, Converting Waste Plastic to Fuel:
Proposal for Circular Economy, Economie
circulaire 2018, Climate CoLab, https://www.
climatecolab.org/contests/2018/circulareconomy-economie-circulaire/c/proposal/
1334375 (last visited May 3, 2019).
246. Nate Seltenrich, Emerging Waste-to-Energy
Technologies: Solid Waste Solution or Dead
End?, 124 Envtl. Health Perspectives A106
(2016), https://ehp.niehs.nih.gov/doi/pdf/
10.1289/ehp.124-A106.
247. See U.S. Fire Administration, Landfill Fires (2001),
https://www.hsdl.org/?view&did=19520.
248. See Emma Teuten et al., Transport and Release
of Chemicals from Plastics to the Environment
and to Wildlife, 364 Phil. Trans. Royal Soc’y B:
Bio. Scis. 2,027 (2009), https://www.ncbi.nlm.
nih.gov/pmc/articles/PMC2873017; Press
Release, University of Gothenburg: The Faculty
of Science, Plastic products leach toxic
substances (May 9, 2011), https://science.gu.se/
english/News/News_detail/plastic-productsleach-toxic-substances.cid991256.
249. See US EPA, Advancing Sustainable Materials
Management: 2014 Fact Sheet (2016), https://
www.epa.gov/sites/production/files/2016-11/
documents/2014_smmfactsheet_508.pdf.
250. See Material Economics, supra note 20.
251. See id.
252. See NAPCOR & The Association of Plastic
Recyclers, Report on Postconsumer PET Container
Recycling Activity in 2017 (2018), https://napcor.
com/wp-content/uploads/2018/11/NAPCOR_
2017RateReport_FINAL.pdf.
253. See Eureka Recycling, Recycling Plastic:
Complications & Limitations, http://sites.fitnyc.
edu/depts/sustainabilityatfit/Recycling_
Plastic_Co.pdf (last visited May 3, 2019).
254. See OECD, Improving Plastics Management: Trends,
Policy Responses, and the Role of International
Co-operation and Trade (2018), http://www.oecd.
org/environment/waste/policy-highlightsimproving-plastics-management.pdf.
255. See Lillygol Sedaghat, 7 Things You Didn’t
Know About Plastic (and Recycling), National
Geographic (Apr. 4, 2018), https://blog.
nationalgeographic.org/2018/04/04/7-thingsyou-didnt-know-about-plastic-and-recycling.
256. See GAIA, Discarded: Communities on the
Frontlines of the Global Plastic Crisis (2019),
https://wastetradestories.org/wp-content/
uploads/2019/04/Discarded-Report-April-22.
pdf.

257. See Yen Nee Lee, The World Is Scrambling Now
that China Is Refusing to Be a Trash Dumping
Ground, CNBC (Apr. 16, 2018, 4:33 AM), https://
www.cnbc.com/2018/04/16/climate-changechina-bans-import-of-foreign-waste-to-stoppollution.html.
258. See How Recycling Is Changing in all 50 States,
Waste Dive, https://www.wastedive.com/news/
what-chinese-import-policies-mean-for-all-50states/510751 (last updated May 1, 2019).
259. See Colin Staub, Thailand Bans Scrap Plastic
Imports, Plastics Recycling Update (June 27,
2018), https://resource-recycling.com/
plastics/2018/06/27/thailand-bans-scrapplastic-imports.
260. See Oliver Milman, ‘Moment of Reckoning’:
US Cities Burn Recyclables after China Bans
Imports, The Guardian (Feb. 21, 2019, 1:00 AM),
https://www.theguardian.com/cities/2019/
feb/21/philadelphia-covanta-incineratorrecyclables-china-ban-imports.
261. See Berkeley, Cal., Code ch. 11.64 (2019), https://
d12v9rtnomnebu.cloudfront.net/diveimages/
BerkeleyCC012219.pdf.
262. See American Chemistry Council, supra note
218.
263. The Reference Technology Scenario (RTS)
used in this report take into consideration
cost-optimal decisions on the equipment and
operation of the industry, based on today’s
policies and trends. See International
Energy Agency, supra note 36.
264. See Sabin Guendehou et al., Incineration and
Open Burning of Waste, in 2006 IPCC Guidelines
for National Greenhouse Gas Inventories—Volume
5: Waste 5.1 (Simon Eggleston et al. eds., 2006),
https://www.ipcc-nggip.iges.or.jp/public/
2006gl/pdf/5_Volume5/V5_5_Ch5_IOB.pdf.
265. See Sarah-Jeanne Royer et al., Production of
Methane and Ethylene from Plastic in the
Environment, 13(8) PloS ONE (2018), https://
journals.plos.org/plosone/article?id=10.1371/
journal.pone.0200574.
266. Examples of essential use of single-use plastics
can include disposable hospital supplies and
packaging which can reduce infection rates.
267. See Figure 13.
268. See US EPA, Solid Waste Management and
Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks (3rd ed. 2006), https://nepis.
epa.gov/Exe/ZyPDF.cgi/60000AVO.
PDF?Dockey=60000AVO.PDF.
269. See US EPA, Opportunities to Reduce Greenhouse
Gas Emissions through Materials and Land
Management Practices (2009), https://www.epa.
gov/sites/production/files/2016-08/documents/
ghg-land-materials-management.pdf.
270. See US EPA, supra note 268.
271. See id.
272. See Figure 13 and https://www.no-burn.org/
plastic-climate-appendix, infra.
273. See Figure 13 and https://www.no-burn.org/
plastic-climate-appendix, infra.
274. See Material Economics, supra note 20.
275. See The World Bank, Municipal Solid Waste
Incineration 11 (2000), http://documents.
worldbank.org/curated/

en/886281468740211060/pdf/multi-page.pdf.
276. See Lara Schwarz et al., Social Inequalities
Related to Hazardous Incinerator Emissions:
An Additional Level of Environmental Injustice,
8 Envtl. Justice 213 (2015), https://www.
liebertpub.com/doi/pdf/10.1089/env.2015.0022;
Marco Martuzzi et al., Inequalities, Inequities,
Environmental Justice in Waste Management
and Health, 20 Euro. J. of Pub. Health. 21 (2010),
https://academic.oup.com/eurpub/article/20/1/
21/611240; Ana Baptista & Kumar Amarnath,
Garbage, Power, and Environmental Justice: The
Clean Power Plan Rule, 41 Wm. & Mary Envtl. L.
& Pol’y Rev. 403 (2017), https://scholarship.law.
wm.edu/cgi/viewcontent.cgi?article=1675&cont
ext=wmelpr.
277. See Communication from the Commission
to the European Parliament, the Council, the
European Economic and Social Committee and
the Committee of the Regions: The Role of
Waste-to-Energy in the Circular Economy, COM
(2017) 34 final (Jan. 26, 2017), http://ec.europa.
eu/environment/waste/waste-to-energy.pdf.
278. See Global Commitment, New Plastics Economy,
https://newplasticseconomy.org/projects/
global-commitment (last visited May 3, 2019).
279. See 2017 Adopted Resolutions – Energy, U.S.
Conference of Mayors, http://legacy.usmayors.
org/resolutions/85th_Conference/
proposedcommittee.asp?committee=Energy
(last visited May 3, 2019).
280. See Advancing Towards Zero Waste Declaration,
C40 Cities https://www.c40.org/other/zerowaste-declaration (last visited May 3, 2019).
281. See US Composting Council, Greenhouse Gases
and the Role of Composting: A Primer for Compost
Producers (2008), https://cdn.ymaws.com/www.
compostingcouncil.org/resource/resmgr/
images/GHG-and-Composting-a-Primer-.pdf.
282. See Center for International Environmental
Law (CIEL), Fueling Plastics: Plastic Industry
Awareness of the Ocean Plastics Problem 2 (2018),
https://www.ciel.org/wp-content/uploads/
2017/09/Fueling-Plastics-Plastic-IndustryAwareness-of-the-Ocean-Plastics-Problem.pdf.
283. Id. at 2.
284. Id.
285. See Edward Carpenter & K. L. Smith, Plastics
on the Sargasso Sea Surface, 175 Science 1,240
(1972), https://www.ncbi.nlm.nih.gov/pubmed/
5061243. Ana Markic et al., Double Trouble in
the South Pacific Subtropical Gyre: Increased
Plastic Ingestion by Fish in the Oceanic
Accumulation Zone, 136 Marine Pollution Bulletin
547 (2018), https://www.sciencedirect.com/
science/article/pii/S0025326X18306702.
286. See Center for International Environmental Law
(CIEL), supra note 282, at 4.
287. See Susanne Kühn et al., Deleterious Effects
of Litter on Marine Life, in Marine Anthropogenic
Litter 75 (Melanie Bergmann, Lars Gutow,
Michael Klages eds, 2015), https://link.springer.
com/chapter/10.1007/978-3-319-16510-3_4;
Markic et al., supra note 285.
288. See Royer et al., supra note 265.
289. See Anthony Andrady, Microplastics in the
Marine Environment, 62(8) Marine Pollution
Bulletin 1,596 (2011), https://www.sciencedirect.
com/science/article/pii/S0025326X11003055.

P l a s t i c & c l i m at e • T he H idden C osts of a P lastic P lanet

290. See id.
291. See Royer et al., supra note 265.
292. See id.
293. See Matthew Cole et al., Microplastics Alter the
Properties and Sinking Rates of Zooplankton
Faecal Pellets, 50(6) Envtl Sci. Tech. 3,239
(2016), https://pubs.acs.org/doi/10.1021/acs.
est.5b05905.
294. See Tim DeVries et al., Recent Increase in
Oceanic Carbon Uptake Driven by Weaker
Upper-Ocean Overturning, 542 Nature 215
(2017), https://www.nature.com/articles/
nature21068.
295. See Royer et al., supra note 265.
296. See id.
297. See id. at 4.
298. See id.
299. See id.
300. See Lorena Rios Mendoza et al.,
Micro(nanoplastic) in the Marine Environment:
Current Knowledge and Gaps, 1 Current Opinion
in Envtl Sci. & Health 47 (2018), https://www.
sciencedirect.com/science/article/pii/
S2468584417300284.
301. See Erik van Sebille et al., A Global Inventory
of Small Floating Plastic Debris, 10 Envtl Res.
Letters (2015), https://iopscience.iop.org/
article/10.1088/1748-9326/10/12/124006.
302. See Royer et al., supra note 265.
303. See Marcus Eriksen et al., Plastic Pollution in
the World’s Oceans: More than 5 Trillion Plastic
Pieces Weighing over 250,000 Tons Afloat at
Sea, 9(12) PLoS ONE (2014), https://journals.
plos.org/plosone/article?id=10.1371/journal.pone
.0111913&ncid=edlinkushpmg00000313.
304. See van Sebille et al., supra note 301.
305. See van Sebille et al., supra note 301, at 6,
Figure 2.
306. See Royer et al., supra note 265.
307. See id.
308. See id.
309. See van Sebille et al., supra note 301.
310. See Kara Lavender Law et al., Plastic
Accumulation in the North Atlantic Subtropical
Gyre, 329 Science 1,185 (2010), https://science.
sciencemag.org/content/329/5996/1185; van
Sebille et al., supra note 301.
311. See id.
312. See Royer et al., supra note 265.
313. See id. at 11.
314. See Jambeck et al., supra note 223.
315. See DeVries et al., supra note 294.
316. See Andrew Toseland et al., The Impact of
Temperature on Marine Phytoplankton Resource
Allocation and Metabolism, 3 Nature Climate
Change 979 (2013), https://www.nature.com/
articles/nclimate1989.
317. See Sarah Witman, World’s Biggest Oxygen
Producers Living in Swirling Ocean Waters,
Earth & Space Science News (Sept. 13, 2017),
https://eos.org/research-spotlights/worlds-

biggest-oxygen-producers-living-in-swirlingocean-waters.
318. See Sadasivam Anbumani & Poonam Kakkar,
Ecotoxicological Effects of Microplastics on
Biota: A Review, 25 Envtl. Sci. & Pollution
Research 14,373 (2018), https://link.springer.
com/article/10.1007/s11356-018-1999-x.
319. See Sascha Sjollema et al., Do Plastic Particles
Affect Microalgal Photosynthesis and Growth?,
170 Aquatic Toxicology 259 (2016), https://
www.sciencedirect.com/science/article/pii/
S0166445X15301168.
320. See Marc Long et al., Interactions Between
Polystyrene Microplastics and Marine Phytoplankton Lead to Speacies-Specific HeteroAggregation, 228 Envtl Pollution 454 (2017),
https://www.sciencedirect.com/science/article/
pii/S0269749117303329.
321. See Cole et al., supra note 293.
322. See Presentation, Pennie Lindeque, Alice
Wilson McNeal, Matthew Cole, Plymouth Marine
Laboratory, Plastics and Plankton: What do we
know?, at 21, http://www.ices.dk/news-andevents/symposia/zp6/Documents/
Presentations/W4/w4_wednesd_0900_
lindeque_plastics.pdf (last visited Apr. 26,
2019).
323. See Matthew Cole et al., The Impact of
Polystyrene Microplastics on Feeding, Function
and Fecundity in the Marine Copepod Calanus
Helgolandicus, 49 Envtl Sci. Tech. 1,130 (2016),
https://pubs.acs.org/doi/abs/10.1021/
es504525u.
324. See Jean-Pierre Desforges et al., Ingestion of
Microplastics by Zooplankton in the Northeast
Pacific Ocean, 69 Arch. Envtl Contam. Toxic.
320 (2015), https://www.ncbi.nlm.nih.gov/
pubmed/26066061.
325. See Cai Zhang et al., Toxic Effects of Microplastic on Marine Microalgae Skeletonema
Costatum: Interactions Between Microplastic
and Algae, 220 Envtl Pollution 1,282 (2017),
https://www.sciencedirect.com/science/article/
pii/S0269749116309204.
326. See Outi Setala et al., Ingestion and Transfer
of Microplastics in the Planktonic Food Web,
185 Envtl Pollution 77 (2014), https://www.
sciencedirect.com/science/article/pii/
S0269749113005411.
327. See Charles Kosore et al., Occurrence and
Ingestion of Microplastics by Zooplankton in
Kenya’s Marine Environment: First Documented
Evidence, 40 African J. of Marine Sci. 225
(2018), https://www.tandfonline.com/doi/abs/1
0.2989/1814232X.2018.1492969.
328. See Xiaoxia Sun et al., Microplastics in Seawater
and Zooplankton from the Yellow Sea, 242 Envtl
Pollution 585 (2018), https://www.sciencedirect.
com/science/article/pii/
S026974911830784X?via%3Dihub.
329. See Matthew Cole & Tamara Galloway, Ingestion
of Nanoplastics and Microplastics by Pacific
Oyster Larvae, 49 Envtl Sci. Tech. 14,625 (2015),
https://pubs.acs.org/doi/abs/10.1021/acs.
est.5b04099.
330. See Cole et al, supra note 293.
331. See Pennie Lindeque et al., supra note 322,
at 28.

95

332. See Andrés Cózar et al., Plastic Debris in the
Open Ocean, 111 PNAS 10,239 (2014), https://
www.pnas.org/content/111/28/10239; Jambeck
et al., supra note 314; Lebreton et al., River
Plastic Emissions to the World’s Oceans, 8
Nature Commc’ns (2017), https://www.nature.
com/articles/ncomms15611; Kaiser et al., Effects
of Biofouling on the Sinking Behavior of
Microplastics, 12 Envtl. Research Letters (2017),
https://iopscience.iop.org/article/10.1088/
1748-9326/aa8e8b/pdf.
333. See Marc Long et al., Interactions Between
Microplastics and Phytoplankton Aggregates:
Impact on their Respective Fates, 175 Marine
Chemistry 39 (2015), https://www.sciencedirect.
com/science/article/pii/S0304420315000766.
334. See Kaiser et al., supra note 332.
335. See Lucy Woodall et al., The Deep Sea is a Major
Sink for Microplastic Debris, Royal Soc’y Open
Sci. (2014), https://royalsocietypublishing.org/
doi/pdf/10.1098/rsos.140317; Long et al.,
supra note 333.
336. See Cole et al., supra note 293.
337. See Royer et al., supra note 265.
338. See Jambeck et al., supra note 314.
339. See María E.Iñiguez et al., Recyclability of Four
Types of Plastics Exposed to UV Irradiation in a
Marine Environment, 79 Waste Management 339
(2018), https://www.sciencedirect.com/science/
article/pii/S0956053X18304938.
340. See Lebreton et al., supra note 332.
341. See Markic et al., supra note 287.
342. See id.
343. For a comprehensive comparison of approaches
to the Carbon Budget, See Carbon Tracker,
“Carbon Budgets Explained,” Luke Sussams,
February 6, 2018 available at https://www.
carbontracker.org/wp-content/uploads/2018/
02/Carbon-Budgets_Eplained_02022018.pdf.
344. See United Nations Environmental Programme, The
Emissions Gap Report 2018 (2018), http://wedocs.
unep.org/bitstream/handle/20.500.11822/
26895/EGR2018_FullReport_EN.
pdf?sequence=1&isAllowed=y.
345. The EGR concludes that countries need to
strengthen their ambition of the NDCs to scale
up an increase the effectiveness of domestic
policy to achieve the temperature goals of the
Paris Agreement. The EGR recommends that
greater coverage and stringency in domestic
policies for the reduction of fossil fuel subsidies,
material efficiencies in industry, oil and gas,
support schemes for renewables in heating
and cooling, and emission standards for heavy
duty vehicles should be considered to bridge
the major gaps in domestic policy, including
among G20 members. See id.

Plastic & Climate
The Hidden Costs of a Plastic Planet

Amidst growing concern about the impacts of plastic on the oceans, ecosystems, and human health,
there’s another largely hidden dimension of the plastic crisis: plastic’s contribution to global greenhouse gas emissions and climate change. This report examines each of these stages of the plastic
lifecycle to identify the major sources of greenhouse gas emissions, sources of uncounted emissions, and uncertainties that likely lead to underestimation of plastic’s climate impacts. The report
compares greenhouse gas emissions estimates against global carbon budgets and emissions commitments, and it considers how current trends and projections will impact our ability to reach agreed
emissions targets. It also compiles data, such as downstream emissions and future growth rates,
that have not previously been accounted for in widely used climate models. This accounting
paints a grim picture: plastic proliferation threatens our planet and the climate at a global scale.

Available online at www.ciel.org/plasticandclimate

