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ns for life-cycle assessment of
recyclable plastics in a circular economy

Sarah L. Nordahla and Corinne D. Scown *abcd

Technologies that enable plastic circularity offer a path to reducing waste generation, improving

environmental quality, and reducing reliance on fossil feedstocks. However, life-cycle assessment (LCA)

methods commonly applied to these systems fall far short of capturing the full suite of advantages and

tradeoffs. This perspective highlights inconsistencies in both the research questions and methodological

choices across the growing body of LCA literature for plastics recycling. We assert that conducting LCAs

on the basis of tonnes of waste managed vs. tonnes of recycled plastics yields results with fundamentally

different conclusions; in most cases, analyses of recyclable plastics should focus on the unit of recycled

product yielded. We also offer straightforward paths to better approach LCAs for recycling processes

and plastics in a circular economy by rethinking study design (metrics, functional unit, system

boundaries, counterfactual scenarios), upstream assumptions (waste feedstock variability, pre-processing

requirements), and downstream assumptions (closed-loop vs. open-loop systems, material substitution).

Specifically, we recommend expanding to metrics beyond greenhouse gases by including fossil carbon

balances, net diversion of waste from landfill, and quantity of avoided plastic waste leakage to the

environment. Furthermore, we highlight the role that plastic waste plays as a problematic contaminant in

preventing greater diversion of all wastes to recycling, energy recovery, and composting, suggesting that

plastics may hold a shared responsibility for the system-wide greenhouse gas emissions that occur when

mixed wastes are landfilled.
I. Introduction

Plastics have become vital to the functioning of modern society,
but they also present an enormous waste accumulation,
resource depletion, and ecological challenge. A paradigm shi
towards sustainable and circular management of plastics is
necessary to mitigate these impacts. There has been a rapid
expansion in the volume of research aimed at increasing the
quantity and quality of recycled plastics.1–8 Recycling technolo-
gies and infrastructure for waste recovery (i.e. collection and
sorting) are key to this transition,9 yet the methods by which
different options can be evaluated and compared are nascent
and inconsistently applied. The eld of green chemistry has
historically relied on rudimentary process-specic metrics such
as the environmental factor and energy economy coefficient.10

Life cycle assessment (LCA) is a powerful and more holistic
approach for evaluating the environmental footprint of
production pathways and end-of-life management. However,
conventional LCA approaches, which track material ows and
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quantify environmental impacts from cradle-to-grave, are most
straightforward to apply to linear systems. There is less
consensus in the research community on how to apply standard
LCA methods to recycling and other more circular systems,
resulting in inconsistent and misleading conclusions.

This article characterizes the weaknesses and challenges
associated with quantifying and comparing the environmental
impacts of circular plastic systems and provides recommenda-
tions to bridge the gap between green chemistry and LCA, while
improving the robustness and adaptability of these methods.
Recognizing the inherent challenges posed by circularity within
plastic recycling systems, we present a methodological frame-
work that effectively addresses study design (metrics, functional
unit, system boundaries, counterfactual scenarios), upstream
assumptions (waste feedstock variability, pre-processing
requirements), and downstream assumptions (closed-loop vs.
open-loop systems, material substitution). Past reviews have
described many of these methodological choices, identifying
uncertainties and demonstrating their signicance on nal
results.11–14 This perspective summarizes and extends that prior
work to offer a more comprehensive guide for approaching
LCAs of circular plastic systems.

Our core critique is that there remains a lack of consensus
regarding the most relevant research questions, metrics, and
environmental impacts for circular plastics. While many LCAs
Chem. Sci., 2024, 15, 9397–9407 | 9397
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focus primarily on greenhouse gases (GHGs) and global
warming potential (GWP), other potentially signicant impacts
receive limited and inconsistent attention.2,7,8,15,16 Even studies
that do include a wider range of midpoint impact categories
(human toxicity potential, eutrophication potential, abiotic
depletion potential, etc.) generally emphasize GWP as the most
relevant environmental impact.14,17–21 The focus on GWP is likely
the result of data limitations and broader government focus on
decarbonization rather than the relevance of GWP in valuing
different plastic recycling systems. Identifying a tractable
collection of relevant metrics that are straightforward to quan-
tify under limited data availability and better capture the main
environmental value proposition would be very valuable to the
circularity and plastics research eld as a whole. In addition to
providing guidance for specic methodological choices, this
perspective offers an important reframing of the role of plastic
recycling and circularity in sustainable development.

II. Designing better studies
A. Relevant environmental metrics

The role of plastic recycling in sustainable development needs
reframing. While some processes do meaningfully reduce GHG
emissions compared to fossil-based virgin plastic production,
the magnitude of the impact is limited. For context, virgin
plastic production contributes less than 2% to total annual
GHG emissions from the US.8,22 Arguably, public funds spent to
subsidize plastic circularity can achieve greater GHG mitigation
if redirected toward the development of renewable energy. This
begs the question: why devote resources to plastic circularity,
and how can the value of such efforts be better quantied? GHG
emissions and GWP are not the only environmental issue
associated with plastic consumption that may be addressed
with improved material circularity (Fig. 1). Beyond GHG emis-
sions and other conventional midpoint indicators, we argue for
the addition of three metrics in LCA to capture the goal of
transitioning from linear to circular plastics: (1) net fossil
carbon balance, (2) net waste diversion from landlls, and (3)
net avoided or mitigated plastic waste released to the
environment.

A commonly cited impact of a linear make-take-discard
plastics system is the continued reliance on petrochemicals.23

Ethylene, for example, is an input to low-density polyethylene
(LDPE/LLDPE), high-density polyethylene (HDPE), and poly-
ethylene terephthalate (PET), and it is a product of naphtha and
ethane crackers. As the global transition away from fossil fuels
continues, the market and emissions impacts of continued
reliance on these feedstocks is highly uncertain.23 Integrated
assessment models, including the Global Change Analysis
Model (GCAM) and the Integrated Model to Assess the Global
Environment (IMAGE), have only recently attempted to capture
the emissions and resource impacts of a drawdown in fuel
demand paired with continued or increased demand for
petrochemicals.24,25 In the near term, it is possible to draw from
the burgeoning eld of carbon accounting to create a simpler
metric: net fossil carbon balance. Such a balance should
include loss rates throughout the system, non-recycled solvents,
9398 | Chem. Sci., 2024, 15, 9397–9407
and all other fossil inputs that are not recovered for productive
use. While some studies report net fossil resource deple-
tion,2,7,26,27 we recommend offering a more transparent break-
down of the fossil carbon balance. Ideally, such a metric should
separate direct fossil carbon use from indirect to distinguish
between an inherently fossil carbon-reliant process and one
that requires electricity that is, for the time being, still partially
reliant on fossil fuels. Even for bioplastics production, tracking
fossil carbon inputs can be valuable because of the upstream
fossil energy and fertilizer requirements.28 This approach is not
without pitfalls; for example, the carbon contained in a low-
value char produced from pyrolysis could arguably be treated
as a waste or a product, thus impacting the overall fossil carbon
balance. Transparently documenting such underlying assump-
tions can partially address these concerns.

Aside from reducing reliance on fossil feedstocks, another
commonly cited concern is accumulation of plastic waste in
landlls. Plastic recycling technologies can offer a viable alter-
native to landlling. However, not all technologies achieve this
equally effectively; a recycling process that requires clear PET
bottles will draw from a stream that is already commonly recy-
cled in many countries.3,29,30 Conversely, a recycling process
capable of handling plastic lms is drawing from a stream for
which few other viable alternatives exist.31,32 The fraction of
plastic waste landlled also varies widely by country, and even
region-to-region. For example, the US landlls over 70% of
plastic waste while the EU on average landlls less than
25%.9,33–35 Much in the same way that LCAs must include
regionally-specic data for electricity grid mixes, future analyses
would be well served to identify the baseline recovery, recycling,
landlling, and incineration rates for their location(s) of choice
by considering regional infrastructure and management prac-
tices.36 By adding net change in landlled waste as metric
relative to a defensible counterfactual, LCAs can begin to place
appropriate value on the development of technologies that
target materials that are truly destined for landlls. Quantifying
this value treats accumulation of waste in landlls as a worthy
environmental metric on its own, separate from resource use
and emissions. This metric should also incorporate waste
generated during the recycling process itself, if that waste is
landlled.

Up to this point, we have argued that resource circularity and
waste accumulation are potentially more relevant than GHG
emissions. However, there are other emissions to the environ-
ment that are potentially more relevant to plastics, specically.
For the most part, current LCA literature has not quantitatively
addressed the release of plastics into the environment and the
accumulation of microplastic pollution and per-and poly-
uoroalkyl substances (PFAS). It is known that microplastics
and associated PFAS are persistent pollutants that bio-
accumulate and harm both ecosystem and human health,37–39

but the source-receptor and dose-response relationships remain
highly uncertain.40 Despite a general consensus in the scientic
community that plastic pollution is harmful, the full human
health and ecosystem impacts of microplastics, as well as the
distribution of these impacts among communities, are not yet
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Environmental impacts from plastic life cycles. PFAS refer to per-and polyfluoroalkyl substances. Figure created in part with https://
www.BioRender.com.
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well understood, much less captured in any defensible reduced-
form model analogous to those used for air quality impacts.41,42

Simply attempting to identify processes that generate and
release microplastics (particles that are smaller than 5 mm) for
the system being studied (e.g. milling, extrusion, pressure
washing, weathering, tire wear on roads) can be a meaningful
rst step.7,40 One recent study did explore the generation of
microplastic pollution over plastic life-cycles and found that,
while recycling scenarios have reduced pollution impacts due to
increased recovery, mechanical recycling facilities themselves
contribute to microplastic pollution.7 In addition to processes
that directly release microplastics (primary sources), it is
important to consider leakage of larger plastic pieces to the
environment that may degrade into microplastics with envi-
ronmental weathering (secondary sources).40,43,44 This is a eld
worthy of further study. Until better tools and methods exist for
capturing the full impacts of plastic pollution, a simpler solu-
tion may be to estimate the net avoided plastic waste (including
microplastics) released to the environment. This will also
require the collection and synthesis of new data. Much like the
net mass of material diverted from landlls, mass of avoided
plastic pollution is highly location dependent and is subject to
the greatest data quality/availability limitations. Some regions
or countries may have a record of improper/illegal dumping and
this higher likelihood of leakage to the environment should be
captured. Conversely, systems that harvest ocean plastics or
divert plastic waste streams with high leakage potential could
be assigned the equivalent of plastic pollution offsets. However,
by including even this simplistic plastic pollution metric, it is
possible to gain insights into a system's contribution to envi-
ronmental quality beyond climate change. Tracking these
© 2024 The Author(s). Published by the Royal Society of Chemistry
metrics will hopefully provide a motivation to collect, synthe-
size, and publish supporting datasets necessary to reduce their
uncertainty. They also provide a foundation upon which more
sophisticated plastic pollution metrics may be built as our
collective understanding of microplastics pollution impacts
evolves.
B. Functional unit and system boundaries

A clearly dened functional unit and system boundary are
equally important as the selection of environmental metrics in
any LCA; this is particularly challenging in systems that handle
and convert wastes. For plastic recycling systems, there are
typically two main types of functional units: production-based
(unit of plastic produced) and waste intake-based (unit of
waste managed) (Fig. 2). Studies using production-based func-
tional units generally compare recycling strategies against
virgin plastic production. Studies using waste management
functional units focus on evaluating a recycling process against
other waste management options (i.e. landlling, incineration,
and/or other recycling).

When the primary goal of a system is to achieve circularity
and produce a high-quality recycled product, a production-
based functional unit is likely to be more appropriate. When
a system is built with the intention of deriving value primarily
from the waste it takes in and treats, and the waste is converted
to lower-value products (e.g., steam, electricity, char, marine
fuel), a waste intake-based functional unit can be appropriate. A
simple check based on economics can elucidate which of these
cases best describes a given system: are waste intake/tipping
fees the primary source of revenue or is more revenue gener-
ated from the nished product(s)? Using a waste intake-based
Chem. Sci., 2024, 15, 9397–9407 | 9399
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Fig. 2 Example system boundaries for various functional units (FU: functional unit).
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functional unit when the primary value of a process is in the
quantity of waste it accepts has the added advantage of avoiding
complex allocation approaches across a variety of products
(some of which may have near-zero value). However, waste
intake-based LCAs are most relevant for systems that do not
achieve something close to circularity. For example, plastic
pyrolysis processes are most easily compared based on a waste
intake function unit, as otherwise comparable pyrolysis facili-
ties may opt to use their outputs for different purposes (e.g.,
fuels or petrochemical feedstocks) depending on local market
conditions. When possible, we recommend opting for
a production-based functional unit for systems that are oriented
toward maximized recycling/circularity, particularly when the
type(s) of output are likely to remain consistent.

Among production-based LCAs, there is variability in the
system boundary denition and nal cut-offs (Fig. 2 and Table
1). Weaknesses and strengths associated with the different
options for functional units and associated system boundaries
are listed in Table 1. Choosing an appropriate functional unit
can be dependent on data availability. Using the widest system
boundary (as depicted by the green box in Fig. 2) requires the
most data and understanding of real worldmarket behavior and
infrastructure availability. In many cases, the data is simply not
available and a less expansive system boundary may be justied.
C. Counterfactual scenarios

As is the case with any waste-based LCA, the fundamental
question is: how would the material have been managed in
a business-as-usual scenario? The counterfactual represents
what would have occurred if the system in question did not
exist. Appropriate counterfactuals are region-specic and
should reect available infrastructure and most likely
management for the study area.36 It is important to note that
“failure to recover” or “leakage to the environment” is almost
always an inappropriate counterfactual, and may overestimate
the net benets of a given recycling system. Incineration and
landlling are the most common counterfactuals for plastic
waste in most recycling studies.13,14,45,46 The incineration
9400 | Chem. Sci., 2024, 15, 9397–9407
counterfactual is strongly dependent on what is displaced by
the resulting energy generated. For example, in a recent LCA of
plastic recycling, Jeswani et al. assumed that the resulting
electricity from incineration with energy recovery offset the
German grid mix in 2030 (mostly wind, solar and natural gas
electricity).47 However, many countries are increasing the share
of renewable electricity generation on their respective grids and
this will decrease the value of incineration with energy recovery,
assuming it offsets a mostly-clean grid mix.

The landlling counterfactual appears comparatively simple
at face value; plastic does not rapidly degrade to methane in the
manner that food waste and other organics do, so its direct
contribution to fugitive methane emissions is negligible. One
could argue that landlling of plastic waste stores carbon and is
preferable to incineration, but as a contributor to plastic
pollution and other environmental issues, landlling is not an
efficient or sustainable means of storing substantial quantities
of carbon.27,48 Furthermore, the presence of plastic waste in
municipal solid waste streams adds cost and complexity to any
organic waste recovery efforts (e.g., composting or anaerobic
digestion). Plastic contamination must be separated from
organic waste using depackaging machines and other physical
separation strategies, increasing the likelihood that mixed
organic waste streams will be deemed too costly to process
(Fig. 3). High plastic contamination rates result in rejection of
mixed wastes from composting facilities.49

The standard practice in LCA is to calculate material-specic
landll emission factors using models such as the U.S. Envi-
ronmental Protection Agency's Waste Reduction Model
(WARM). 50–52 This places the full burden of landll methane
emissions on organic waste that degrades rapidly. For example,
Nordahl et al. (2023) presents an LCA of polypropylene recycling
where the basecase counterfactual is virgin polypropylene
production with landlling, but landlling is assumed to have
negligible GHG impacts. Here, we argue that such an approach
may underestimate the role of plastic in perpetuating high rates
of landlling. Because plastic waste is commingled with organic
waste, it indirectly contributes to landll GHG emissions by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Types of functional units

Functional unit Cut-off Strengths Weaknesses

Unit of resin ready for
manufacturing

Before manufacturing C Aligns with traditional LCA
practices used for linear systems

C Does not address reusability or
recoverability of plastic at end-of-
life

C Does not require any
assumptions about use phase for
plastic material, product form, or
recoverability

C Neglects manufacturing impacts
and the downstream stages of the
plastic life cycle, including waste
management and potential
circularity options

Unit of plastic product ready for use Before use-phase C Aligns with traditional LCA
practices used for linear systems

C Neglects the downstream stages
of the plastic life cycle, including
waste management and potential
circularity options

C Easy to compare different plastic
products with the same function

Unit of plastic product (including
use and end-of-life phases)

Full system C Accounts for full life-cycle
including waste management and
potential circularity options

C Difficult to know/represent real-
world variability in operations and
plastic recovery

C Incorporates feedback loops
Unit of waste managed End-of-life only (gate-to-grave) C Provides insights into the

environmental impacts of different
waste management scenarios (e.g.
recycling, incineration, and
landlling)

C Comparing products with
different waste streams can be
challenging
C May require more complex
system boundaries and data due to
diverse waste management
practices
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affecting organic waste diversion rates. LCA researchers could
consider additional counterfactual scenarios where landll
methane emissions are attributed to plastic waste based on the
mass fraction of total landlled waste. Future consequential
LCAs could go several steps further to explore the causal rela-
tionship between plastic contamination rates and waste diver-
sion from landlls.

A nal consideration in selecting appropriate counterfac-
tuals is the baseline recycling rate. Not all types of plastic are
produced or managed at their end-of-life in the same way. For
example, consider the study design for a production-based LCA
of a new, advanced recycling system for PET bottles. PET bottles
are already recycled at comparatively high rates. In the US,
about 30% of PET bottles are mechanically recycled,53 so
assuming a counterfactual of 100% landlling for PET is likely
not appropriate. For other types of plastics that are commonly
not recycled (e.g. polypropylene is recycled at a rate of less than
Fig. 3 Images of plastic contamination in organic waste streams. Photo
and Yolo County Central Landfill in Woodland, CA. Photo credit (both):

© 2024 The Author(s). Published by the Royal Society of Chemistry
1% in the US), landlling may indeed be the appropriate
counterfactual assumption.4
III. Upstream assumptions

Implementing more circular plastics systems requires handling
an increasingly variable set of feedstocks. Most recycling tech-
nologies are polymer-specic and require fairly pure input
streams.4 In short, they are not tolerant to contamination from
other plastics or non-plastic materials; some contaminants
(such as metals or chlorine-containing compounds) may be
more problematic than others. Understanding the nature of
likely plastic waste feedstock streams is important because the
level of contamination in an input waste stream to a recycling
process and the associated need for preprocessing can have
a substantial impact on the nal LCA results of a circular plastic
system.13
s taken at Zero Waste Energy Development Company in San Jose, CA
Corinne Scown.
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A. Waste feedstock variability

Accurate modeling of real-world plastic sorting and recycling is
difficult because of limited data availability and the inherent
variability of plastic waste streams. Variations occur not only
across different locations but also over time, making it chal-
lenging to establish a standard “typical” feedstock for analysis.54

In some places (e.g. many European countries), there is a high
degree of source separation and plastic waste is sorted from
non-plastic waste by consumers.55 In the US, there is far less
source separation and recoverable plastic waste oen ends up
commingled with other recyclables in centralized sorting facil-
ities.55 Even within a country, waste management services can
vary municipality-to-municipality. Urban areas with high pop-
ulation density tend to have more waste management and
recycling infrastructure in contrast to rural areas that have less
infrastructure and may not recycle at all.56 In the case of
centralized sorting, material recovery facilities (MRFs) take in
mixed recyclable waste streams and separate plastic materials
by polymer type. Currently, of plastic types, most US MRFs only
target PET and HDPE with a particular focus on bottles and
other rigid forms.3,29 Other types of polymers are baled together
and can be routed for further sorting and processing, but are
more commonly sent to landlls.57 Feedstock streams for recy-
cling facilities are generally baled outputs from MRFs, or these
could be produced by secondary sorting facilities that take in
mixed bales. In an LCA of a plastic recycling system, it is
important to identify appropriate assumptions for the incoming
feedstock stream, including the type of MRF bale and average
bale composition. We recommend using rigorous sensitivity
analysis to capture the variability and parameter uncertainty
associated with collection schemes (which includes waste
transportation and MRF sorting) and the composition of avail-
able plastic waste bales. To capture prospective changes in
waste generation, collection and baling, scenario analysis can
capture potential future impacts.
B. Plastic waste pre-processing

Although MRFs tend to use physical sorting processes that
require modest quantities of electricity per unit of waste pro-
cessed, outputs from MRFs are not clean enough to directly
enter a recycling process because even low levels of contami-
nation reduce product yields and output quality.4,58 Pre-
processing is required, including shredding, washing, grinding,
oat-sink separation, and drying. These processes are consid-
ered to be a part of the mechanical recycling process which
concludes with extrusion to produce recycled plastic. In the case
of advanced recycling via solvent-based or chemical methods,
preprocessing is likely to include all or most of those same
processes, including extrusion, which can enable melt ltration
and allows for continuous process ows.4 When incoming bales
are very contaminated, these processes can contribute to higher
emissions and lower output yields. Despite the importance and
impact of preprocessing on LCA results, some past studies only
consider aspects of preprocessing and exclude energy-intensive
processes like extrusion, assuming idealized conditions or
relatively pure feedstock streams that better reect lab-scale
9402 | Chem. Sci., 2024, 15, 9397–9407
testing than real world conditions.59 In future studies, it is
essential that researchers are transparent about their assump-
tions and consider the full extent of pre-processing required to
convert typical incoming waste streams to clean streams ready
for recycling.
IV. Downstream assumptions

Producing interpretable LCA results requires a clearly dened
function unit and, to this point, we have emphasized the value
of production-based functional units. However, recyclate (the
output from recycling processes) varies in quality depending on
the type of polymer being recycled, composition of the input
waste mix, and type of recycling technology.
A. Closed-loop vs. open-loop feedback and allocation

In circular systems, materials and resources can be cycled back
into the system, creating complex feedback loops that are not
always easily accounted for in an LCA model. Closed-loop
recycling systems are based on material continuity, trans-
forming post-consumer plastics directly back into the same
product (or product category) with minimal quality loss. Open-
loop recycling, in contrast, represents a broader approach.60

Some plastic waste may be “downcycled” into lower-value
plastic applications.61,62 In other cases, plastic waste may be
pyrolyzed to produce monomers as inputs for petrochemical
processing.63 This exibility creates an open loop, where mate-
rials exit their original product category but retain at least some
of their valuable utility.

Closed-loop feedback is simpler to model using a conven-
tional LCA approach. If the quality of recyclate is close to that of
virgin material, dening an appropriate functional unit is
straightforward and the entire system with and without recy-
cling can be directly compared.64 If the system boundaries
include closed-loop feedback of a particular product, then
steady state can be assumed to assess total input (equal to
initial input minus recycled output) or surplus output (equal to
recycled output minus initial input).

Unlike the closed-loop ideal, where recycled materials
directly replace virgin inputs, open-loop systems involve diverse
recycling pathways with varying outputs. Open-loop recycling
systems are a well-known allocation challenge in LCA.64 Estab-
lishing a common output-based functional unit that makes
recyclates directly comparable to virgin resin is challenging and
may involve arbitrary decisions to be made regarding howmuch
of the virgin material's burden should be allocated to the
outputs of recycling (e.g., the 50/50 method, cut-off
method).11,28,65,66 Other allocation methods for open-loop recy-
cling (e.g., substitution method, loss of quality method, circular
footprint formula) attempt to capture what is a known issue for
plastics: varying quality of recycled material.11,28,65–70 Mechanical
recycling can yield lower-quality downcycled materials or
material that is not approved for specic applications (e.g., food
contact materials), whereas advanced chemical or solvent-based
methods may produce higher quality recyclate. Accurately
capturing the spectrum of quality in recyclates adds complexity
© 2024 The Author(s). Published by the Royal Society of Chemistry
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because the quality requirements for plastics are so application
specic and not as standardized as some other materials, such
as steel.71 To address this problem for plastics, some LCA
practitioners have employed material substitution
factors.4,7,12,13,66,72 However, even attributing environmental
benets solely based on material substitution factors can be
misleading, as the substitution factor and resulting life-cycle
impact vary based on the intended application and are uncer-
tain due to dynamic market conditions.13
B. Material substitution

While it is possible that a recyclate may displace materials other
than its virgin counterpart, the standard research approach has
been to assume that recycled plastics will only offset other
recyclates or their virgin counterpart.73 In some cases, simply
assigning credits to a recycled material to its virgin counterpart
on a 1 : 1 basis risks overestimating its environmental benet.
Recycled plastics can exhibit inferior physicochemical proper-
ties compared to virgin resins, necessitating blending with
virgin material to achieve desired material performance goals
(Fig. 4).4,19,74 Blending limits vary based on type of recyclate
(accounting for polymer type and recycling process) and appli-
cation. In most cases, we do not recommend using any substi-
tution factor based on blending limits because there is likely
surplus market capacity for absorbing and blending recycled
plastics.75 Until the industry-wide capacity has been reached,
recycled plastics could displace their fossil counterparts on a 1 :
1 basis for specic blended applications. However, inferior
quality in recycled plastics can also mean more material is
required to make a particular product from recyclate relative to
using virgin resin (Fig. 4).4,15 In this case, a 1 : 1 displacement
assumption would be inappropriate.

This gure depicts how quality loss during plastic recycling
can affect the substitution of virgin polymer with recyclates.
Note that only quality loss (as opposed to mass loss or yield)
from recycling is shown. This gure is adapted from Nordahl
et al. (2023).4

Adding further complexity to this issue is the possibility of
rebound effects in the market. It is possible that the production
of recycled plastics does not substantially impact the use of
fossil-based plastics, but instead, only contributes to the
Fig. 4 Substituting virgin polymer with recyclate.

© 2024 The Author(s). Published by the Royal Society of Chemistry
growing use of plastic products.76 A consumer, for example, may
opt to purchase a product advertised as being made from
recycled plastic instead of purchasing a non-plastic alternative
(e.g., paper, natural bers, or wood). Because of the high
uncertainty and product-to-product variation in appropriate
substitution factors, we advise against using a single substitu-
tion factor for the purposes of comparing recycled plastic to the
virgin alternative. If a study is focused on a specic application
for the recyclate, a well justied substitution factor (or several
factors) may be warranted. Justications should consider
factors like quality loss during recycling, the functionality of the
recyclate, its intended use sector, and consideration of potential
rebound effects.12,73,77
V. Summary of recommendations
and future outlook

The widespread application of LCA to evaluate and compare
circular plastic systems is encouraging; systems analysis can
offer important insights into which recycling strategies can
yield the greatest societal benets. At this juncture, researchers
would be well served to think critically about what the goals of
circular plastics systems are and how LCAs can better capture
progress toward those goals. First, we recommend that
researchers consider the role that plastics play in the broader
waste management system as a contaminant that hinders
diversion of other valuable streams; assigning plastics a share
of total GHG emissions from landlling mixed wastes is
a practice worthy of consideration. We also urge a shi beyond
the common focus on GHGs towards a more holistic perspec-
tive, encompassing other potentially signicant but oen
neglected impacts. Metrics to address landll diversion, net
carbon recovery, and impacts on net plastic pollution can
produce a far richer set of results. Air pollution and resulting
human health impacts may be challenging to incorporate given
lack of data and variations in the use of emissions control
technologies, but these also offer an opportunity to capture
non-GHG impacts; while impacts on local air quality may be
minor compared to other sustainability benets, there is
evidence that increasing recycling rates may reduce municipal
particulate matter emissions.78,79 To move beyond a narrow
focus onmaterial recovery and GHGs, wemust acknowledge the
intricate relationships between circularity and the wider envi-
ronmental, economic and social landscapes. Recycling and
waste infrastructure is highly regionally specic and it is
important to recognize that impacts from plastic waste gener-
ation are not necessarily equitably distributed between
communities or more broadly, between countries. This is one of
the reasons that we advocate for aggressive transparency of
assumptions, comprehensive scenario analysis, sensitivity
analysis, and the inclusion of a plastic pollution metric. Future
research in this area has an opportunity to help build a more
nuanced understanding of the potential trade-offs involved and
highlight the importance of integrating social justice and equity
considerations into the analysis of circular solutions.
Chem. Sci., 2024, 15, 9397–9407 | 9403

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01340a


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1/
03

/2
02

6 
02

:0
4:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The recommendations outlined in this work are intended to
pave the way for more robust and insightful LCAs. Embracing
scenario analysis and sensitivity analysis is crucial. Exploring
a wide range of scenarios encompassing current and potential
future variations in system designs and counterfactuals fosters
a comprehensive understanding of the environmental benets
of recycling. While applying generous diversion/offset/material
substitution credits may seem appealing and easy to imple-
ment, expanding the scenario list provides a more nuanced
picture. Supplementing LCA with rigorous sensitivity modeling
can address the inherent uncertainty and/or variability in data
and assumptions, leading to more realistic and defensible
results. Lastly, transparency and meticulous documentation are
paramount. Clearly articulating the chosen counterfactual
scenario, data sources, and allocation methods ensures an
LCA's reproducibility and interpretability. By employing the
guidance presented here, LCAs can navigate the complexities of
circular plastics, paving the way for a more accurate and
insightful evaluation of recycling's true sustainability and
environmental benets.
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and K. Pozo, Occurrence of peruoroalkyl substances
(PFAS) in marine plastic litter from coastal areas of Central
Chile, Mar. Pollut. Bull., 2021, 172, 112818.

39 J. W. Scott, K. G. Gunderson, L. A. Green, R. R. Rediske and
A. D. Steinman, Peruoroalkylated substances (PFAS)
associated with microplastics in a lake environment,
Toxics, 2021, 9, 106.

40 W.-M. Wu, J. Yang and C. S. Criddle, Microplastics pollution
and reduction strategies, Front. Environ. Sci. Eng., 2017, 11, 6.

41 J. Heo, P. J. Adams and H. O. Gao, Reduced-form modeling
of public health impacts of inorganic PM2.5 and precursor
emissions, Atmos. Environ., 2016, 137, 80–89.

42 C. W. Tessum, J. D. Hill and J. D. Marshall, InMAP: a model
for air pollution interventions, PLoS One, 2017, 12, e0176131.

43 S. B. Kurniawan, N. S. M. Said, M. F. Imron and
S. R. S. Abdullah, Microplastic pollution in the
environment: insights into emerging sources and potential
threats, Environ. Technol. Innovation, 2021, 23, 101790.

44 T. Wang, L. Qu, D. Luo, X. Ji, Z. Ma, Z. Wang, R. A. Dahlgren,
M. Zhang and X. Shang, Microplastic pollution
characteristics and its future perspectives in the Tibetan
Plateau, J. Hazard. Mater., 2023, 457, 131711.

45 M. G. Davidson, R. A. Furlong and M. C. McManus,
Developments in the life cycle assessment of chemical
recycling of plastic waste – a review, J. Clean. Prod., 2021,
293, 126163.

46 L. Rigamonti, M. Grosso, J. Møller, V. M. Sanchez,
S. Magnani and T. H. Christensen, Environmental
evaluation of plastic waste management scenarios, Resour.,
Conserv. Recycl., 2014, 85, 42–53.

47 H. Jeswani, C. Krüger, M. Russ, M. Horlacher, F. Antony,
S. Hann and A. Azapagic, Life cycle environmental impacts
of chemical recycling via pyrolysis of mixed plastic waste
in comparison with mechanical recycling and energy
recovery, Sci. Total Environ., 2021, 769, 144483.

48 C. D. Scown, Prospects for carbon-negative
biomanufacturing, Trends Biotechnol., 2022, 40, 1415–1424.

49 L. L. C. ICF Incorporated, Emerging Issues in Food Waste
Management: Plastic Contamination, Office of Research and
Development, U.S. Environmental Protection Agency, 2021.

50 EPA, Documentation for Greenhouse Gas Emission and Energy
Factors Used in the Waste Reduction Model (WARM v.14),
Chem. Sci., 2024, 15, 9397–9407 | 9405

https://www.europarl.europa.eu/topics/en/article/20181212STO21610/plastic-waste-and-recycling-in-the-eu-facts-and-figures
https://www.europarl.europa.eu/topics/en/article/20181212STO21610/plastic-waste-and-recycling-in-the-eu-facts-and-figures
https://www.europarl.europa.eu/topics/en/article/20181212STO21610/plastic-waste-and-recycling-in-the-eu-facts-and-figures
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc01340a


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ai
 2

02
4.

 D
ow

nl
oa

de
d 

on
 0

1/
03

/2
02

6 
02

:0
4:

05
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Office of Resource Conservation and Recovery, U.S.
Environmental Protection Agency, 2018.

51 S. R. Hobbs, T. M. Harris, W. J. Barr and A. E. Landis, Life
cycle assessment of bioplastics and food waste disposal
methods, Sustainability, 2021, 13, 6894.

52 U. Lee, J. Han and M. Wang, Evaluation of landll gas
emissions from municipal solid waste landlls for the life-
cycle analysis of waste-to-energy pathways, J. Clean. Prod.,
2017, 166, 335–342.

53 NAPCOR, 2020 PET Recycling Report, National Association for
PET Container Resources, 2021.

54 S. Erkisi-Arici, J. Hagen, F. Cerdas and C. Herrmann,
Comparative LCA of municipal solid waste collection and
sorting schemes considering regional variability, Procedia
CIRP, 2021, 98, 235–240.

55 C. Cimpan, A. Maul, M. Jansen, T. Pretz and H. Wenzel,
Central sorting and recovery of MSW recyclable materials:
a review of technological state-of-the-art, cases, practice
and implications for materias recycling, J. Environ.
Manage., 2015, 156, 181–199.

56 M. Triassi, B. De Simone, P. Montuori, I. Russo, E. De Rosa,
F. Di Duca, C. Crivaro, V. Cerullo, P. Pontillo and S. D́ıez,
Determination of residual municipal solid waste
composition from rural and urban areas: a step toward the
optimization of a waste management system for efficient
material recovery, Sustainability, 2023, 15, 13378.

57 V. S. Cecon, G. W. Curtzwiler and K. L. Vorst, Evaluation of
mixed #3-7 plastic waste from material recovery facilities
(MRFs) in the United States, Waste Manag., 2023, 171, 313–
323.

58 H. Li, H. A. Aguirre-Villegas, R. D. Allen, X. Bai, C. H. Benson,
G. T. Beckham, S. L. Bradshaw, J. L. Brown, R. C. Brown,
M. A. Sanchez Castillo, V. S. Cecon, J. B. Curley,
G. W. Curtzwiler, S. Dong, S. Gaddameedi, J. E. Garcia,
I. Hermans, M. S. Kim, J. Ma, L. O. Mark and G. W. Huber,
Expanding plastics recycling technologies: chemical
aspects, technology status and challenges, Green Chem.,
2022, 23, 8899.

59 Y.-B. Zhao, X.-D. Lv and H.-G. Ni, Solvent-based separation
and recycling of waste plastics: a review, Chemosphere,
2018, 209, 707–720.

60 S. Huysman, S. Debaveye, T. Schaubroeck, S. D. Meester,
F. Ardente, F. Mathieux and J. Dewulf, The recyclability
benet rate of closed-loop and open-loop systems: a case
study on plastic recycling in Flanders, Resour., Conserv.
Recycl., 2015, 101, 53–60.

61 G. Faraca and T. Astrup, Plastic waste from recycling centres:
characterisation and evaluation of plastic recyclability,
Waste Manag., 2019, 95, 388–398.

62 X. Zhao, M. Korey, K. Li, K. Copenhaver, H. Tekinalp,
S. Celik, K. Kalaitzidou, R. Ruan, A. J. Ragauskas and
S. Ozcan, Plastic waste upcycling toward a circular
economy, Chem. Eng. J., 2022, 428, 131928.

63 T. Uekert, A. Singh, J. S. DesVeaux, T. Ghosh, A. Bhatt,
G. Yadav, S. Afzal, J. Walzberg, K. M. Knauer,
S. R. Nicholson, G. T. Beckham and A. C. Carpenter,
Technical, economic, and environmental comparison of
9406 | Chem. Sci., 2024, 15, 9397–9407
closed-loop recycling technologies for common plastics,
ACS Sustain. Chem. Eng., 2023, 11, 965–978.

64 A. L. Nicholson, E. A. Olivetti, J. Gregory, F. R. Field and
R. E. Jr. Kirchain, “End-of-life LCA allocation methods:
open loop recycling impacts on robustness of material
selection decisions” in Sustainable Systems and
Technology, IEEE International Symposium, 2009, 440.

65 D. Tonini, D. Schrijvers, S. Nessi, P. Garcia-Gutierrez and
J. Giuntoli, Carbon footprint of plastic from biomass and
recycled feedstock: methodological insights, Int. J. Life
Cycle Assess., 2021, 26, 221–237.

66 F. Pellengahr, A. Ghannadzadeh and Y. van der Meer, How
accurate is plastic end-of-life modeling in LCA?
Investigating the main assumptions and deviations for the
end-of-life management of plastic packaging, Sustain. Prod.
Consum., 2023, 42, 170–182.

67 D. Civancik-Uslu, R. Puig, L. Ferrer and P. Fullana-i-Palmer,
Inuence of end-of-life allocation, credits and other
methodological issues in LCA of compounds: an in-
company circular economy case study on packaging, J.
Clean. Prod., 2019, 212, 925–940.

68 V. Venkatachalam, M. Pohler, S. Spierling, L. Nickel,
L. Barner and H. Endres, Design for recycling strategies
based on the life cycle assessment and end of life options
of plastics in a circular economy, Macromol. Chem. Phys.,
2022, 223, 2200046.

69 K. Joachimiak-Lechman, D. Garstecki, M. Konopczyński and
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