Perspective

Designing a circular carbon and plastics
economy for asustainable future

https://doi.org/10.1038/s41586-023-06939-z

Received: 2 November 2021

Accepted: 5 December 2023

Published online: 31 January 2024

M Check for updates

Fernando Vidal'? Eva R. van der Marel®**, Ryan W. F. Kerr', Caitlin McElroy®, Nadia Schroeder®,
Celia Mitchell®, Gloria Rosetto', Thomas T. D. Chen', Richard M. Bailey®, Cameron Hepburn®*,
Catherine Redgwell*™ & Charlotte K. Williams'™

Thelinear production and consumption of plastics today is unsustainable. It creates
large amounts of unnecessary and mismanaged waste, pollution and carbon dioxide
emissions, undermining global climate targets and the Sustainable Development
Goals. This Perspective provides anintegrated technological, economic and legal
view on how to deliver a circular carbon and plastics economy that minimizes carbon
dioxide emissions. Different pathways that maximize recirculation of carbon (dioxide)
between plastics waste and feedstocks are outlined, including mechanical, chemical
and biological recycling, and those involving the use of biomass and carbon dioxide.
Four future scenarios are described, only one of which achieves sufficient greenhouse
gassavingsinline with global climate targets. Such abold system change requires 50%
reductionin future plastic demand, complete phase-out of fossil-derived plastics, 95%
recycling rates of retrievable plastics and use of renewable energy. Itis hard to overstate
the challenge of achieving this goal. We therefore present aroadmap outlining the
scale and timing of the economic and legal interventions that could possibly support

this. Assessing the service lifespan and recoverability of plastic products, along with
considerations of sufficiency and smart design, can moreover provide design
principles to guide future manufacturing, use and disposal of plastics.

Plastics are extraordinarily useful materials. They play key roles across
the global economy inimportant areas such as food production and
preservation, transport, insulation, clothing, healthcare and medi-
cine.Since their discovery more thana century ago, we have mastered
their mass production at a phenomenal annual rate, exceeding 460
megatonnes (Mt) in2019 (ref. 1). Driven by their low cost, light weight,
stability, longevity and high performance across various economic
sectors, our consumption of plastic has greatly accelerated®. However,
plastics pollutionis correspondingly pervasive and only expected to get
worse®”, with serious consequences for the environment and human
health®%. Moreover, the greenhouse gas (GHG), and in particular carbon
dioxide (CO,), emissions associated with plastics production, use and
end-of-life (EoL) remain a substantial barrier to keep global warming
below 1.5 °C (ref. 10).

Globally, awareness of these challenges has grown in recent years,
providing scope for new research on mapping the problems and provid-
ingsolutions. Agrowing body of academic literature has also emerged,
offeringimportantinsightsinto the problems associated with the cur-
rent economic model, including plastics life-cycle carbon emissions ™3,
dependence on fossil resources™ ¢, inadequate recycling techniques
and infrastructure” ™, the implications of plastic waste exports and
mismanagement®® %, ecosystem pollution®*?*% and health risks?*%.
Although these studies often include mitigation strategies>?*', afuture
sustainable plastics economy requires a multidisciplinary and holistic

vision of the entire life cycle, as well asan economic and legal perspec-
tive on what stimulates (or hampers) change.

In November 2020, several members of the World Trade Organiza-
tion (WTO) launched aninformal dialogue to explore the role of trade
cooperationinreducing plastics pollution and transitioning toamore
circular and environmentally sustainable global plastics economy,
complementing discussions in other forums®. Moreover, following
aresolution adopted unanimously at the fifth session of the United
Nations Environment Assembly (UNEA) in May 2022, countries have
started negotiating a legally binding international treaty on plastic
pollution, addressing the full life cycle of plastics, with the ambition of
completing negotiations by the end of 2024 (refs. 33-35). In line with
theresolution, the treaty could include provisions to promote sustain-
able production and consumption of plastics through, among other
things, product design and environmentally sound waste management
(Supplementary information sections 4.2 and 4.4). If successful, the
new treaty will provide legal certainty on key sustainability approaches
and bring greater coherence to international law, which—at present—
addresses aspects of the plastics life cycle in a fragmented manner
(chemicals, wastes, pollution etc.)***,

Inlight of these continuing international discussions, this perspec-
tive aims to propose a vision for a future circular carbon and plastics
economy. This circular system can only be attained if four interlinked
targets, centred on consumption reduction, uptake of renewable
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plastics, greater recycling and elimination of burdens to the environ-
ment, are achieved at scale. Urgent adoption of key interventions is
necessary to reach these four targets by 2050, a system change that,
to be successful, needs to be guided by ‘smart design’.

Re-imagining a circular plastics economy

Abold system changeis needed

The plastics economy remains stubbornly linear. In 2019, only 9% of

global plastic waste was mechanically recycled into new products, that

is, most (estimated at 320 Mt) was lost to the economy through land-
filling, incineration or entered the terrestrial or marine ecosystems’.

Itisalso estimated that the volume of plastics accumulated worldwide

since the1950s (the amount ever produced minus thatincinerated) has

reached 8.2 gigatonnes (Gt), of which only 2.2 Gt remains in use and

6.0 Gt is waste*°. The mass of carbon trapped in these plastic wastes

isapproximately double the total amount stored in human and animal

biomass on Earth*. Moreover, our plastic consumption contributes to
climate change: the anthropogenic GHG emissions through the plastics
life cycle, including the extraction of petrochemicals, production of
virgin polymers and additives, manufacturing of products and common

EoL options, were estimated at 1.8 GtCO, in 2015 (ref. 42). This figure

represents 3.8% of the entire current global CO, budget, roughly the

size of the combined national emissions of the three largest economies
in Europe (Germany, UK and France)*.

Both theincreasing volumes of waste and GHG emissions emphasize
the inadequacy of the current linear plastics economy (predicated
on extract-make-use-waste) to respond to the demands of a growing
world populationand the expectedrise of living standards inemerging
economies. For instance, the amount of plastic waste generated could
almost triple by 2060 (ref. 24) and, if not remediated, more than 50%
of it could become unmanageable and end up in the oceans*. GHG
emissions associated with the plastics life cycle are also predicted to
rise by 2050 to 6.5 GtCO, under business-as-usual practices using fossil
energy (10-15% of the overall annual global CO, budget in 2050)', a
3.6-foldincrease primarily drivenby a net growthin plastic production
and waste incineration levels*.

Against this backdrop, itis crucial to redesign the plastics economy
across future sectors, regardless of their market share, place in the
economy or intended use. Hence, building on the circular economy
modelthatis already shaping law, policy and action by industry world-
wide (Supplementary information section 4.1)**°, we propose a future
circular carbon and plastics economy centred on four targets:

1. Reduce plastic demand: eliminate 50% of all plastic materials and
products.

2. Switch to renewable plastics: replace all fossil-fuel-based plastics
withthose sourced fromalternative feedstocks, accelerating carbon
recirculation through use of biomass and CO,.

3. Maximize recycling: design plastic materials and products for cir-
cularity and ensure that 95% of plastics are recycled.

4. Minimize environmental impacts: remove all sources of hazards to
organisms and pollutionto the environment, as well as decrease the
carbon footprint throughout the plastics life cycle.

The implementation of these targets needs to be guided by smart
design, as described in further detail in Supplementary information
section 3.1.

The carbon and plastics life cycle

A selective focus on the individual targets set out above is unlikely to
succeed. Instead, an integrated and scalable approach s essential. To
accomplish this, the plastics economy as a whole needs rethinking.
But where and how to start? As a useful basis for such analysis, CO,
emissions from the global plastics life cycle provide quantitative infor-
mation and an effective evaluation tool. Current life-cycle emissions
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for plastics are dominated by the production of virgin plastics from
petrochemicals (61%), followed by emissions from product manufactur-
ing (30%) and lower emissions attributed to EoL treatments (9%)**. The
four targets for future sustainability must be applied synergistically
across the plastics life cycle to minimize these emissions. For instance,
substituting virgin petrochemicals as a plastics feedstock and ensuring
therecycling of plastic wastes should both drive down GHG emissions
during thelife-cycle stage*>**., As we shall discuss later, interventions
must be carefully and simultaneously balanced to not only cut GHG
emissions butalso to reduce other negative social and environmental
impacts throughout the entire life cycle®*,

Proposing mechanisms for such systemrestructuring first requires
amethod to formulate global estimates for total material fluxes and
life-cycle GHG emissions. One approach considers total carbon recircu-
lation. Because carbon constitutes, on average, about 74 wt% of current
commodity polymers*, tracing the carbon content of plastics serves
as a useful proxy to track recirculation. Plastics feedstocks, products
and wastes could be understood as mass vectors for carbon in all its
oxidation states, including the most reduced in methane (CH,) and
hydrocarbons, therich structures of oxygenated bio-based raw materi-
als and polymers, and its oxides, carbon monoxide (CO) and carbon
dioxide (CO,). Some inthe biogeochemical community already apply
related carbon-accounting frameworksin tracing the distribution and
impact of plastics in the biosphere**2%3,

Aswellasunderstanding where and how carbonin plastics accumu-
lates on Earth, tracking carbonis useful to monitor and improve sustain-
ability and circularity measures; for instance, towards reducing GHG
emissions, preventing environmental pollution and limiting further
carbon-feedstock depletion. We propose acircular carbon and plastics
life cycle that considers current, future, natural and technological
pathways by which carbon raw materials are produced from feedstocks,
transformed into carbon-storing assets in the form of monomers and
polymers, stocked while plastics remain in use and recycled into new
plastics or feedstocks (Fig.1). Crucially, a hierarchy of recycling path-
ways for plastic waste is needed to organize and optimize the carbon
recirculationin the system. The framework gives priority to recycling
routes that preserve material integrity, value and chemical structure,
and that minimize energy and material losses. This is consistent with
the well-known waste-management hierarchy, which is a common
principle of waste management law and policy and which generally
assigns priority to waste-management optionsin the following order:
prevention, reuse, recycling, recovery and, finally, disposal (see also
Supplementary information section 4.5)**.

In this circularity-oriented life cycle, plastics are used for their
intended application, providing economic value through function and
sustainable performance®. Once their required service life is fulfilled,
which canvary fromdaysto decades, and all options for material reuse
are exhausted, retrievable wastes are collected, sorted and managed
using the most appropriate recycling routes®*¢¢° (physical, chemical
orbiological; seeBox1and Fig.1). Such selective material recirculation
enables the carbon embedded in plastics to efficiently flow ‘upwards’
fromwastetoresources, thereby regenerating feedstocks and prevent-
ing waste accumulation, leakage and consequent pollution. Plastic
wastes that cannot be either physically or (bio)chemically recycled
must follow a biological degradation route in specialized facilities,
including industrial composting or anaerobic digestion, which allows
forthe capture of the released CO, emissions®. Only intractable or con-
taminated waste mixtures should be considered for energy recovery by
means of incineration as alast resort, owing to the energy inefficiency
of such processes and the need to capture all CO, emissions.

In this system, all plastics are made from recycled C, molecules,
lignocellulosic biomass (second generation), waste biomass and cap-
tured CO, (refs. 62-65). This avoids use of fossil carbon for plastic
production and energy generation. C; molecules such as CO, CO,,
methanol (CH,0H) and CH, are key building blocks that connect the
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Fig.1| Thecircular carbon and plastics life cycle. In the current system, which
features linear flows of production and disposal (black pathway), demand for
plasticsis satisfied by consuming fossil resources, while the lack of perceived
economic value in plastic waste leads to unsustainable rates of landfilling,
incineration or, worse, environmental leakage. In this future system (grey box),
arecirculation pathway hierarchy helps to maximize material recycling and
carbonrecirculation by prioritizing (1) reuse of products, (2) physical recycling
and (3) (bio)chemical recycling (including depolymerization to monomer,
pyrolysis and gasification) over (4) biodegradation and (5) energy recovery

downstreamand upstream cycles. This future system cannot operate
using only biomass as the feedstock, but carbon capture and utilization
(CCU) technologies are also essential®. Estimates to reach climate
targets situate the efforts to scale current carbon-removal capacity,
including CCU, by a factor of 1,300 by 2050, an increase of 4.8 GtCO,
per year from 2020 values®. Captured CO, must be catalytically trans-
formed into chemical intermediates, for example, syngas, alkenes,
naphtha, aromatics, carbonates and alcohols®® 7, In nature, CO, is
captured and converted into biochemicals by photosynthesis. Plant
metabolic pathways can be exploited, or even enhanced, to eventu-
ally produce more complex monomers, including those from lignin,
carbohydrates, triglycerides and terpenes’ 2. These combined syn-
thetic and natural CO, use pathways must offset all GHG emissions
from plastic production, manufacturing, recycling and any eventual

Landfill

pollution

Leakage | ——— E

(lastresortand only with carbon capture). The recycling streams replace
theneed for more virgin raw materials for the plastics industry (polymers,
monomers or unprocessed feedstock) and avoid extraction of petrochemicals.
Any remaining production of virgin polymers uses carbon from captured CO,
orindirectly from (waste) biomass. The carbon-recirculation system must be
powered using only renewable energy. Acronyms refer to common polymer
classes, for example: PET, poly(ethylene terephthalate); PHAs, poly(hydroxy
alkanoates); PLA, poly(lacticacid); PUR, poly(urethane); TPS, thermoplastic
starch.

Incineration

II

biodegradationinorder for the systemtoreach netzero: avery tough
challenge.

Evaluating carbon emissions and other metrics

Addressing the impacts and biosphere burdens of the materials, pro-
cesses and energy requirements for this future circular plastics econ-
omy requires careful life-cycle assessments accompanied by notable
technological breakthroughs in the coming decades. GHG emissions
are essential metrics to evaluate the effect on climate change, but there
will be other negative environmental trade-offs that require careful
considerationand minimization. A useful metric for comparingimpacts
is the global planetary boundary framework” ™. This defines bound-
ary limits for human activities and sets a safe operating space against
nine Earth-system processes, including biosphere integrity through
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Box 1

Key terms of a circular carbon and plastics economy

e See Supplementary information for further discussion.

e Circular carbon and plastics life cycle is a framework that keeps
the atomic carbon embedded in plastics in circulation for as long
as possible and tracks all its transformations as materials move
from waste to resources to products. It promotes the sustainable
management of the carbon content in plastics, giving priority to
efficient conversions with minimal energy inputs. It requires an
effective waste collection infrastructure and coupling between
recycling and chemical manufacturing industries.

e Renewable plastics are considered those obtained from
recirculated carbon, with chemicals, monomers and plastics
manufactured by CCU or indirectly through photosynthesis to
biochemicals.

o C, chemicals are key molecules, each containing one carbon
atom, from which many monomers and plastics are prepared in
the plastic-carbon life cycle. They include methane (CH,), carbon
monoxide (CO), methanol (CH;OH) and carbon dioxide (CO,).

e Bio-based plastics are derived from biomass feedstocks,
co-products or wastes selectively chosen to minimize other
inputs (for example, land use, fertilizer, energy and irrigation).
Such plastics include new synthetic polymers produced by
chemical transformations of biomass, for example, polylactic
acid from starch, and drop-in polymers, analogous to
existing petrochemical plastics but biomass-derived, such
as biopolyethylene from bioethanol. Bio-based plastics need
notable developments in five main areas: competitive economics,
efficient transformations from sustainable resources, optimized
performance characteristics, establishment of clear EoL options
(including recycling) and global standardization.

o Reuse extends the life of plastic products by reintroducing them
to the economy after use. In combination with other r strategies’
(redistribute, repair, refurbish, repurpose and remanufacture),
reuse is an appealing approach to reduce consumption of virgin
polymers, as it requires minimal energy compared with recycling,
and prevents waste. These strategies benefit from effective
business models, such as refills for packaging.

e Physical recycling applies mechanical and/or thermal energy to
recycle waste plastic into new products (for example, through
melting, extrusion and moulding technologies). These methods
are expected to be the dominant EoL treatment for thermoplastic
materials, which constitute 86% of the global plastics market,
owing to the low energy requirements and economic feasibility.
However, challenges include deterioration in material properties
after repeated recycles and the need to separate and purify mixed
or contaminated wastes.

e Chemical recycling involves the controlled breakdown of plastics
into monomers or precursors suitable for recycling to polymers
using existing manufacturing processes. It is, at present, most

(in)directland-use change, balanced nitrogen/phosphorus cycles and
atmospheric aerosol loading™.

Itis essential to work together to articulate clear and commonly
understood international sustainability criteria’ and accelerate
research, including to efficiently use and transform biomass feed-
stocks that avoid habitat loss, overconsumption of freshwater and
fertilizers, and limits other adverse environmental impacts. Provid-
ing solutions will not be easy, but priority fields for research include
methods to transform organic wastes and agricultural by-products to
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widely applied to polyesters and may be accomplished by
alcoholysis or hydrolysis reactions, often at high temperatures.
Biochemical processes use natural or synthetic enzymes or whole
organisms (bacteria) and typically operate under low-temperature
conditions. Poly(ethylene terephthalate) (PET) can be recycled

to its monomers using either of the (bio)chemical recycling
processes. Equivalent processes for polyolefins are very
challenging because of the high stability of the carbon-carbon
bonds; their pyrolysis and gasification at high temperatures

often yields product mixtures. Although new developments and
infrastructure are required to implement chemical recycling, it
may be useful to maximize carbon recirculation from mixed waste
streams, thermosets and/or multilayered materials.

e Biodegradation occurs when plastics are decomposed to
molecules using processes accelerated by microorganisms,
either in the presence of oxygen (aerobic) or without it (anaerobic
digestion). Polymers containing heteroatoms, such as polyesters,
polycarbonates and polyamides, are most often investigated and
can be biodegraded to C, chemicals and water.

e Incineration with energy recovery is best applied to inseparable
or contaminated plastic wastes that cannot be treated through
other forms of recycling. Although energy is recovered, this option
sits at the bottom of the recirculation pathway hierarchy because
it requires capture of carbon emissions and destroys the material
structure and value.

e Smart design refers to innovations in plastic production,
manufacturing and recycling that are underpinned by material
applications, EoL retrievability and any environmental impacts
throughout the life cycle of the product.

e Service lifespan of plastic products indicates the length of time
a particular material retains its function and is used, reused,
repaired, refurbished or remanufactured. Long-lived plastics
retain their properties for years and even decades (for example,
in construction and automotive) and thus show high durability,
repairability and adaptability. Short-lived plastics are disposed
of within months or a few years (for example, packaging),
contributing substantially to projected increases in demand for
plastics.

e Recoverability of plastic wastes describes the feasibility to collect,
sort, process and recycle a plastic after use. Recoverable plastics
are used in applications and in geographies in which recovery
and separations are physically and economically feasible and are
best recycled. Irretrievable plastics describe products that are
distributed in the environment after use; for example, uncollected
wastes in rural areas of the developing world, waste fishing gear,
agricultural mulch film plastics, microplastic sources, including
from tyre dust and textile fibres, and formulated products. These
cannot be recycled and are best designed to biodegrade.

polymers” or application of crops that grow rapidly in marginal lands
orincrease the soil organic carbon content’. By comparison, the direct
use of CO, to make monomers and polymers does not usually result
inburdens on arable lands and habitats, which are great concerns in
any increased-biomass-consumption model*™°. Nonetheless, CCU in
polymer production may increase demand for renewable energy and
green hydrogen, particularly if reduced molecules such as methanol or
syngasare the primary feedstocks™. Increased renewable energy pro-
duction has planetary footprints, including increases to atmospheric
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Fig.2|Plasticindustry scenarios and GHG emissions for 2050 based onan
estimated global production of1.1Gt. a, Baseline scenario (all plastic waste is
discarded through a combination of landfilling and incineration). b, Business-
as-usual scenario (projected growth from currentlevelsinrecycling, up to 43%,
andincineration, up to 50%). ¢, Conservative commitments scenario (only
partially deploying key interventions: 25% demand reduction, 50% substitution

aerosol loading and impacts on P-cycles. Hence, the implementation
of larger-scale CCU technologies and biomass uptake must be care-
fully balanced™. Notably, plastic recirculation by physical and (bio)
chemical recycling replaces the need for extracting virgin renewable
resources, avoiding notable burden shifting and, therefore, represents
apromising approach toreducing GHG emissions without other nega-
tive consequences'.

Several excellent global studies have modelled and quantified the
carbon footprint of the plastics life cycle, helping to visualize the con-
sequences of implementing particular mitigation strategies. Notably,
recent investigations led by Suh*’, Bardow*® and Stegmann®' all show
that isolated solutions cannot fix the plastics problem; it is only the
interplay of four interlinked targets that effectively reduces GHG emis-
sions towards net zero. Using these published models and datasets,
we propose four different 2050 scenarios for the plastics economy,
atatime when the marketis expected to grow to1.1 Gt plastic per year
(Fig. 2): (1) baseline, (2) business-as-usual, (3) conservative commit-
mentsand (4) bold system change. For each scenario, estimates of the
consequences for GHG emissions and recirculated carbon content are
provided, capturing the possible impacts and outcomes, rather than
any kind of absolute forecast. The scenarios apply the four mitiga-
tion strategies: reducing plastic consumption, increasing recycling
rates, replacing fossil carbon with renewable alternatives and power-
ing manufacturing and recycling processes with renewable electric-
ity (Supplementary information section 1)*>°°”°, It should be noted
that, in these scenarios, there were many data gaps and, therefore,
estimates had to be made, particularly given the diversity in global

of fossil-based plastic and intermediate deployment of renewable energies).
d, Bold system change (cut plastic demand in half, full-scale introduction of
bio-based plastics and recycling technologies up to 95%, plus complete
decarbonization of the energy system). In the left column, the dashed frames
highlight the projected size of manufacturingand EoL in the 2050 baseline
scenario. MMT, million metric tonnes.

waste infrastructure (where it exists) and recycling options. Another
challenge associated with estimating the effects of increased use of
renewable plasticsis the earlier market stage of such materials, which
affects manufacturing-process efficiency with knock-on consequences
for GHG emissions. In the four scenarios, the current data for the top
five bio-based plastics was applied, but we acknowledge that, in the
future, their properties need to be improved and that their current
life-cycle GHG emissions should serve as an upper bound to drive inno-
vation. The current scenarios do not attempt to quantify or compare
other negative environmentalimpacts, butitis worth emphasizing the
critical importance of continuing with such assessments*%,

The baseline scenario involves all plastics being both fully fossil
derived and disposed of in landfill or by incineration. Because no car-
bonisrecirculated, future demand must be satisfied by manufacturing
more virgin plastics from crude oil or gas. These upstream processes
result in an estimate of 4.0 GtCO,, that is, roughly 90% of all life-cycle
emissions. By comparison, the business-as-usual scenario linearly
tracks the range of EoL options relevant today to 2050, with rates of
incineration and recycling reaching up to 50% and 43%, respectively*°.
The climate cost of maintaining a business-as-usual scenario is massive:
the carbon footprint remains >2.5-fold higher than the level of today
and surpasses 4.0 GtCO, a year, not far from the projected baseline.
This scenario reveals akey message: augmenting recycling of plastics
waste alone (approximately 40% of recirculated carbon) is simply not
enough to tackle the emissions crisis.

Breaking from the status quo is very challenging in complex
global economies and requires coordinated action and investment.
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The conservative commitments scenario, which results in global
GHG emissions of about 2.2 Gt per year and only moderate carbon
recycling, illustrates the negative effects of such global barriers on
life-cycle emissions (Fig. 2c and Supplementary information). For
instance, slow changes in consumption behaviour and reorganiza-
tion of power relationships could hamper a swift cut in the growth of
plastics demand. The large-scale infrastructure investment needed
to close the collection gap that exists in many parts of the world
(about 60% of the planet either lacks or has an inadequate waste
infrastructure) represents a substantial challenge to establishing a
functional recyclingindustry. Moreover, the slow growth of recycling
technologies that can preserve material quality, adifficulty in current
mechanical recycling®, could perpetuate material loss. Feedstock
markets, regional availability and costs to build/retrofit manufactur-
ingandrecycling infrastructure present further obstacles to aglobal
scale-up of renewably sourced plastics production, prolonging reli-
ance on fossil-carbon resources. Equally, the seasonal and regional
intermittency of some renewable energy, itsincorporation to mature
energy grids and the overall system costs and complexity could slow
down the deployment of decarbonized electricity®®. Mitigation
of the remaining GHG emissions from both petrochemical refining
and power requires carbon capture and storage. Although the costs
for such technologies remain unclear, a value of US$100 per tCO, is
the relevant order of magnitude®®; compensating for the residual
emissions in this scenario could add more than US$200 billion to
the costs of the plastic system and would do nothing to address any
other negative environmental consequences.

The bold-system-change scenario has the potential to sufficiently
reduce the CO, emissions, butit requires some very substantial changes
to current practices (Fig. 2d). First, future plastic demand must be cut by
50%from expected levels, mandating the decoupling of future economic
growth from plastic consumption. Second, recycling mustbecomethe
dominant managed EoL option, so that it can extract the maximum
material and economic value from wastes, enabling recirculated carbon
todeliver 86% of new plastics demand. Third, any remaining virgin raw
materials must derive from renewable resources, including biomass and
CCU, which fully replace petrochemicals. Finally, the energy must be
entirely renewabletoaccess the lowest CO,emissions. Only this scenario
has the potential to reduce global emissions to about 0.2 GtCO,in2050
and could reach net zero if the remaining emissions were subject to
carbon capture and removal technologies. Achieving such a scenario
must simultaneously address any possible risks, forinstance, through
the adoption of global and national measures to prevent regrettable
substitutions and the recirculation of hazardous chemicals.

Delivering abold system change

At Stockholm+50 (June 2022), which took stock of the human environ-
ment, states called for a “system-wide change in the way our current eco-
nomic system works to contribute to a healthy planet”®*. This reflects
thefactthatabold system change requires afundamental rethinking of
currenteconomic structures and laws. The different stages of the plas-
ticslifecycleareinterconnected, subject to multifaceted and complex
cross-border trade flows®. A coordinated approachis therefore needed
toavoid the risk of new legal and economic measures inadvertently cre-
ating new (trade) barriers, disproportionally affecting certain groups
insociety or disincentivizinginnovation®. The following sections high-
light some of the interventions required, although noting that they will
require continual evaluation to guide and scale a future circular carbon
and plastics economy, and acknowledging the challenges in tracking
progress towards targets. The plasticslife cycleis only partly regulated
by international law** and states across the world have adopted spe-
cificnational measuresin relation to the plastics sector (Supplementary
information section 4.6)¥. In this section, examples from the EU are
provided as auseful knowledge base, as it has been actively pursuing a
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more circular (plastics) economy since 2015 (refs. 47-49) and aims for a
climate-neutral continent by 2050 (refs. 88,89). This does not, however,
imply that these examples are universally pertinent or may be easily
implemented across all economies. Interventions for system change,
particularly in the Global South, face challenges related to rapid growth
and urbanization, insufficient municipal solid waste collection and
management, large quantities of high-income-country waste imports,
substantial datagaps impeding development of effective policy align-
ing social and financial incentives and scarce data on the large and
important informal sector of waste management>°%,

Sustainable plastics through smart design

The future plastics economy should be centred on sustainable con-
sumption and production practices, another important UN Sustain-
able Development Goal (SDG12)%2. The transition from our current
complexand interconnected economy must be upheld by principles of
sufficiency rather than superfluous consumerism, while still meeting
socio-ecological needs™*.

Plastics design and manufacturing choices require a process we
term ‘smart design’. Guiding this process are four questions that help
focus attention across the product life cycle. What is the origin of the
raw materials? What is the intended product application? What EoL
option is most appropriate to recirculate the material and carbon?
And what are the environmental and health impacts throughout the
product life cycle? To help answer these questions, a series of smart
design principles can be formulated (Box 2). These should help to
guide appropriate use of resources and production methods, deliver
sufficient performances, ensure sound waste management and help
to minimize broader environmental impacts.

Because plastics comprise numerous different chemistries and
are used across several application sectors, two other aspects of the
productlife cycle warrant further attention and discussion: their ser-
vice lifespan and recoverability®™>®®. Service lifespan defines how long
plastics within products remainin (re)use and varies enormously from
short-lived packaging (about half ayear, on average) to long-lived con-
struction materials (approximately 35 years, on average)®. Recover-
ability describes the potential for plastics toberecirculated, either by
reuse or recycling. It is affected by material technical characteristics,
for example, composition, separation methods, product disassembly
processes and polymer recyclability, as well as by the environmental
impacts of any sorting, separation and treatment options. It is also
influenced by economic factors, forexample, waste infrastructure man-
agement, recycling business models, cost-benefits, asset devaluation
and legal constraints that determine recoverability, as discussed below.
To help in the (re)design process, a taxonomy for all plastic products
is proposed on the basis of these distinctions and is exemplified here
using some specific materials and applications (Fig. 3a).

Plastic products with long lifespans and a high (potential) recover-
ability must be recycled in future. This includes those materials used
in construction, textile or transport sectors at present in which poly-
mers are widely used but recycling levels are rather low. Conversely,
plastics used in short-lived applications and with low recoverability
show inherently linear life cycles, and so will need to be eliminated,
substituted or redesigned to improve recoverability; for instance, by
redesigning multilayer packaging. In applications in which recover-
ability is impossible and environmental dissipation is a consequence
of the application, polymers must be completely biodegradable, so
that carbonrecirculation occurs through natural carbon cycles. These
applications include plastics in agriculture (mulch films), as well as
fast-moving consumer goods (personal or home-care formulations).

Figure 3b,c illustrates the potential reductions in carbon emis-
sions, achievable by 2050, if such smart design decisions were imple-
mented in four exemplar application sectors: recoverable packaging,
complex packaging, construction and agriculture. These examples
represent different quadrants in the proposed plastics taxonomy. In



Box 2

Design principles for sustainable plastics

1. Net-zero feedstocks. Maximize carbon recirculation by
disengaging plastics feedstocks from fossil sources and using
renewable carbon, such as biomass, industrial by-products,
waste CO, or recycled plastics.

2. Efficient production. Minimize energy input by optimization of
production and conversion (manufacturing), the use of catalytic
processes, the balance of conditions and reduction of the number
of intermediates and stages.

3. By-product rejection. Preserve the value of carbon, and other
elements, by applying atom-economical transformations,
maximizing process selectivity and recycling or repurposing
by-products, offcuts and scraps.

4. Essential purpose. Deliver the necessary performance
(for example, flexibility, density, toughness, durability, gas
permeability, optical clarity) without overengineering plastic
materials and products.

5. Extended use. Increase product lifetimes by allowing the repair
of damaged materials and giving priority to reuse models (for
example, return and refill for packaging).

6. Competitive properties. Implement bio-based plastics with
properties that match or exceed those of current fossil plastics,
while minimizing manufacturing costs.

the bold-system-change scenario, implementation of smart design
principles could help to greatly reduce GHG emissions (70-90%) com-
pared with the business-as-usual scenario. In each sector, different
interventions will be necessary to curtail emissions, examples of which
include demand reduction for short-lived plastics, increased recycling
of recoverable plastics and ensuring complete biodegradability for
irretrievable plastics (see Supplementary information section 2). To
implement smart designacross all sectors, technical advances mustbe
guided by future sustainability criteria®®*® and supported by a robust
legal framework and economic incentives, as discussed next for each
of the four key targets identified for a bold system change.

Reduce plastics demand

Restrictions on the production and consumption of unnecessary plas-
ticsincentivize smart design for application and thereby help toreduce
overall plastic demand. These may take the form of national bans on
single-use items, with early examples including the prohibition on
certain plastic bags in Meghalaya (India)'°°, South Africa'®, Eritrea'®
and Bangladesh'®, and—more recently—the EU Single-Use Plastics
(SUP) Directive'®. It has also been suggested that the new international
plastics treaty could, among other things, target both the phasing out/
reduction of primary plastics, of problematic and avoidable plastic
products and of chemicals and polymers of concern'®, This raises
further questions about the most appropriate criteria for definition
andtheneedto clearly distinguish between substances and products.
Aninternational phasing out of substances of concernin relation to
plastics could draw inspiration from existing international restrictions
of persistent organic pollutants'® or of ozone-depleting substances'”.
Furthermore, measures to reduce plastic demand could stipulate or
prohibit plastic content, such as the US prohibition of microbeadsin
cosmetics'®, the new EUban onintentionally added microplastics'®® or
thebanonoxo-degradable plasticsin the EU™*. In the packaging sector
alone, the elimination of unnecessary plastics combined with innova-
tive product and packaging design is estimated to reduce by about
38% packaging demand in Europe by 2050 (ref. 110). A tax or fee on

7. Preserved value. Preserve energy and raw material value for
the long term, which requires the conservation of polymer and
monomer structures, if possible, during physical and chemical
recycling.

8. Easy separation. Minimize the use of additives and other
contaminants, design products for separation, sorting,
disassembly and purification in recycling and replace
multimaterials with homo-composites.

9. Optimized recycling. Maximize yield, value and quality of
properties in recyclates; chemical recycling and upcycling
should minimize energy inputs and preserve value.

10. Synergistic biocompatibility. Design materials for optimal
compatibility with biological recycling plants (aerobic composting
and anaerobic digestion) wherever recycling is unsuitable (for
example, contaminated agricultural and food wastes).

11. Harmless biodegradation. Provide materials with embedded
strategies for full degradation to non-toxic metabolites wherever
polymers are environmentally distributed or dispersed (for
example, water formulations).

12. Minimal hazards. Assess ecotoxicity and human toxicity of
all plastics, additives and degradation products and analyse
negative environmental impacts throughout the life cycle.

plastic products toreflect their social and environmental costs would
also help to reduce demand by increasing the price of plastic per user.
A tax on plastic products may have the added benefit of generating
revenue to subsidize recycling and/or composting infrastructure,
helping to make recycled materials more competitive™. Such so-called
hypothecated tax revenues do not typically appeal to finance minis-
tries, but experience suggests that they make environmental taxes
more politically palatable™?, provided inequitable distributive conse-
quences are avoided or compensated for with an appropriate policy
mix®®,

Switch torenewably sourced plastics
Sofar, global climate targets are driving aspirational policy objectives
for sustainable carbon cycles. However, any efforts tointroduce renew-
able feedstocks must also carefully consider and minimize the other
environmental trade-offs, as mentioned previously. Thisisnot an easy
task, as increasing use of biomass and CO, use might result in trans-
fer of ecological burdens from climate change to other Earth-system
processes*'°. On the other hand, the petrochemicalsindustry also has
other negative environmental effects, including particulate pollution,
ecosystem threat and release of volatile organic compounds, as well
as sulfur-containing and nitrogen-containing contaminant gasses.
Given the pressing need to reduce GHG emissions, the target to
scale up future renewable-feedstock technologies must be guided
by careful environmental-sustainability analyses. Economic and legal
measures also help to drive this change, for example, in the EU, at least
20% of the carbon used in chemical and plastic products should be
fromrenewable sources by 2030 (ref. 113). Realizing these objectives
requires investment in both the infrastructure and markets for such
products. States can facilitate the transition through implementing
targets, forexample, the Dutch Transition Agenda for Plastics plansto
increase the percentage of recyclate and bio-based plastics to41% and
15%, by 2030, respectively™; the USA has a bold goal to, in 20 years,
“demonstrate and deploy cost-effective and sustainable routes to
convert bio-based feedstocks into recyclable-by-design polymers
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the carbonfootprint of plastics. a, Taxonomy for plastic products based on
theirinherentservice lifespan and recoverability, with sector examplesin
each quadrant. b, Estimated GHG emissions for the business-as-usual and

that can displace more than 90% of today’s plastics”*>"¢; and the EU
proposes to mandate the use of compostable packaging for certain
applications'. States can also facilitate these objectives indirectly
through exemptions, for example, the exemption for certain degra-
dable and soluble polymers from the restriction on intentionally
added microplastics under EU chemicals law'®. States can further
create demand for bio-based goods by implementing green public
procurement criteria when exercising large-scale purchasing power
in contracts for goods, services and infrastructure development™, In
the EU, public authorities spend approximately €2 trillion each year
on public contracts, equivalent to roughly 14% of its gross domestic
product (ref. 119). Such spending power serves as an effective tool for
directing markets in a sustainable direction.

Scaling renewable plastics requires cost-competitiveness, a current
key barrier. States can provide financial subsidies to allow manufac-
turers to sell such plastics at lower cost, driving production at scale.
Global growth of renewably sourced plastics could rapidly increase
from about 4% to 10-20% if their adoption was subsidized and politi-
cally supported, similarly to contracts for difference used to grow
low-carbon (emissions) energy'?°. Public—private partnerships that
bring together the expertise and resources of several stakeholders can
accelerateinnovationand advance cost reduction for nascent bio-based
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industries. Further developing such partnershipsis therefore flagged
as critical for achieving the US biotechnology and biomanufactur-
ing goals, including through databases, joint funding opportunity
projects® and user facilities such as the Advanced Biofuels and Bio-
products Process Development Unit (ABPDU), a scale-up facility that
has already helped companies raise more than US$2 billion in private
funding and transition 17 products to market. Similarly, the Circular
Bio-based Europe Joint Undertaking (CBE JU) is a €2 billion public-
private partnership that finances projects advancing competitive cir-
cularbio-based industries. Conversely, phasing out fossil-fuel subsidies
could help tobridge the cost gap between fossil and renewably sourced
plastics' 2, Pressure to phase outinefficient fossil-fuel subsidies will
probably intensify in line with SDG12 (ref. 92) and the Glasgow Climate
Pact', and theinitiatives of some countries already signal achangein
this direction'?. Further, a fossil-carbon-free system requires changing
the investment from petrochemical plants to technologies for biomass
and CCU to chemicals. This could be stimulated by including CCU in
emissions-trading schemes, such as under the recently amended EU
Emissions Trading System (EU ETS), which already supported innova-
tion in CCU and other low-carbon technologies through its Innova-
tion Fund, and where emissions allowances now no longer have to be
surrendered for GHG that are captured and used where they become



permanently chemically bonded in a wproduct (that is, obviating
atmospheric contamination under normal use), including any nor-
mal activity occurring after the product EoL'®. At present, however,
the petrochemical industry continues to invest in new fossil-carbon
plants, which risks petrochemical lock-in'*"18,

Building and maintaining demand for renewably sourced plastics
also relies on effective and accurate communication to downstream
users. Inthe EU, for example, there is at present no systematic certifica-
tionscheme or label for such products, although voluntary standards
have been developed'®. This gap should be addressed through clear
international standards (for example, through the International Organi-
zation for Standardization) and definitions (for example, through the
new plasticstreaty), including for terms such as bio-based, renewable
carbon, biodegradable and compostable plastics, so as to harmonize
domestic measures.

Maximize recycling

Currenttechnologies at scale for mechanical recycling are unlikely to be
abletosolely meet future needs for plastic waste recycling, asthey are
hampered by material degradation, losses and incompatibilities with
mixed-waste streams, multilayers, additives and thermosets. Hence,
notable technicalimprovements, infrastructure upgrades and world-
wide expansion of matured technologies, in coordination with better
waste management, are necessary. Moreover, to maximize efficient
recycling, we need clear definitions, as hasbeen discussed in the context
of revising international technical guidelines on the environmentally
sound management of plastic wastes under the Basel Convention (Sup-
plementary information section 4.3)**"!, Defining what falls within/
outside the definition of plastics recycling hasimportantlegal implica-
tions, both for international waste-management obligations? and for
states tomeet recyclingtargets, such as the EU target to recycle 55% of
plastic packaging waste by 2030 (ref. 132).

Avariety of specific tools exist to promote recycling. These include
the growing practice of extended producer responsibility (EPR)
schemes specific to plastics, for example, packaging, or products
containing them in, for instance, electronics or vehicles. EPR makes
producers responsible physically or financially for their plastic prod-
ucts at EoL inclusive of collection and sorting. Many EPR schemes
require fees, pricing-in environmental costs and charging produc-
ers more when selecting non-recyclable or harmful plastics. Shifting
responsibilities and costs for the EoL of plastics is also intended to
stimulate design change. EPR has been increasingly discussed as a
means of implementing the polluter-pays principle, including within
the context of the new plastics treaty'. By the end of 2024, for exam-
ple, EUmember states must ensure that EPR schemes are established
for all packaging'®. Although some producers resist, more than 100
large-scale plastic-packaging businesses support the expansion of EPR
globally, pointing out the benefits for effective and economic recy-
cling®. More than 400 EPR instruments exist around the world, some
mandatory through law and some not, with varying success ininducing
design changes owing to challenges such as alack of individual rather
than joint producer responsibility, free-riding and implementation
gaps'®¢ although criteria for a successful EPR have been developed
ininternational forums™ ', Producers also increasingly make vol-
untary commitments through the global network of Plastics Pacts. In
the UK, pact participants agreed four targets by 2025, including 70%
plastic packaging effectively recycled or composted, helping to drive
demand for recycling facilities, and a target of increasing to 30% the
average recycled content in plastic packaging, pushing demand for
recycled feedstocks'®.

Other tools to increase recycling include fiscal incentives such as
tax creditsto promoteresearch and development of plastics-recycling
technology.InColorado (USA), for example, a plastic recycling invest-
menttax creditis available for expenditures made towards new plastics-
recycling technology in the state*. Implementing deposit-return

schemes to incentivize consumer behaviour change may be effective
inenhancing consumer recycling rates and generating fewer emissions
thandirect recycling subsidies'. Innovative business-to-business solu-
tions, such as digital trading platforms for recycled plastics, are show-
ing potential to increase recycling in formal and informal economies
(see Supplementary information). In developing economies, building
waste-management facilities will also require supportive regulatory
environments and investment to scale infrastructure projects'. Inter-
nationally, coordinating the investment for scaling recyclinginfrastruc-
ture with that of waste-collection systemsis a continual challenge>'**.

Finally, promoting the uptake of recycled plastics as a feedstock will
require coherency between different areas of law, in particular, waste,
products and chemicals law (see Supplementary information section
4.7)". In the EU, key regulatory obstacles to a circular economy have
already beenidentified, such as different rules on how waste becomes
anew material; legacy substances hampering the uptake of recycled
materials; a lack of information about complex waste streams; and
substances being differently classified as hazardous or not falling under
products and waste law™*¢, Greater regulatory alignment between these
sectors, and across countries, will be vital to generate confidencein the
quality of recycled (plastic) materials. Similarly, policy coordination
including subsidies for recycling and removal of fossil-fuel subsidies
(seeprevious sectiontitled ‘Switch torenewably sourced plastics’) are
critical for the cost competitiveness of recycling against current virgin
fossil-based production.

Minimize broader environmental impacts

Eliminating pollutants will require continuous attention, as the plastics
sector changes over time. Greater transparency is therefore key, from
the content of waste streams to avoiding legacy pollution to identifica-
tion of alladditives used during manufacturing”*, Legal measures for
greater transparency include the active discussion on making certain
polymerssubject toregistration and evaluation under EU chemicals law
(REACH), asis the case insome other jurisdictions’. Acomprehensive
and transparent global knowledge base on the composition of plastics
would benefit downstream users and allow regulators to assess and
manage risks, similar to clearing-house mechanisms established in
other areas™°™', Other measures could include making market access
for products that contain plastics conditional on documenting envi-
ronmental information (product passports)'2. To be most effective,
such measures should apply across the board and not only to specific
products or categories.

Further, a circular plastics economy requires careful management
and evaluation of its flows to eliminate pollution, involving all stake-
holders. Consumer education is key, which calls for clear marking speci-
fications about appropriate waste management and the consequences

of littering, such as foreseen under the EU SUP Directive'®*.

A roadmap towards sustainable plastics

Toinspire ashift towardsamore circular carbon plastics economy and
tostimulate discussion on how to achieve this, we propose an ambitious
timescale for economic and legal measures, from the present until 2050
(Fig.4 and see Supplementary information section 5 for further details).
Although the roadmap proposes, sequences and tentatively suggests
time periods for when their effects on the system may be felt on the
basis of leading policy and academic literature, these interventions
should be considered both cumulative and continuous over time. For
example, acollaborative global approach to solving plastics pollution
is already continuing in several multilateral forums; this includes the
prospect of adopting the aforementioned plastics treaty. Moreover,
some measures (for example, improving waste-management infrastruc-
ture) willbe more readily achieved in economies with existing founda-
tions for such changes, and others (for example, EPR or deposit-return
schemes) may notbe equally effectiveinall parts of the world nor across
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Fig.4|Interventionsroadmap for abold-system-change scenario. Timeline
ofinterventionsto prevent the projected GHG emissions of abusiness-as-usual
pathway and their potential to curb the carbon footprint of the future plastics

alleconomic sectors. Asalso acknowledged in the UNEA resolution for
anew plastics treaty, a wide range of approaches exist to address the
fulllife cycle of plastics, which further highlights the need for enhanced
international collaboration to facilitate access to technology, capacity
building and scientificand technical cooperation®, Successful system
change will require global collaboration, investment and social and
technical capacity building.

Realizing the bold system change is demanding and requires inte-
grated technical, legal and economic interventions, from the mod-
ernization of current laws to consistent implementation of economic
measures across different markets and jurisdictions, and ensuring that
responsibility for plasticsis shared by both upstream and downstream
stakeholders. Further, these technical, legal and economic frameworks
must be adaptable and responsive to future breakthroughs, where
possible avoiding sector lock-ins. Although the transition facing the
plastics sector is very important for the chemicalsindustry, itisaccom-
panied by amarked restructuring of the global energy system, which
is already set to achieve 98% of the increase in global energy demand
using renewables by 2025 (ref. 153). The challenge is substantial but our
perspectiveisthatre-engineering the plastics economyis achievable.
Ongoing international dialogue and coordinated legal and economic
actions are therefore essential todeliver changeintime, and theinter-
national plastics treaty being negotiated at present has a vital role to
play inempowering these efforts at a global scale.
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economy. Theinterventions allsupportthe fourinterlinked targets toreach
thelife-cycle emissions of the bold-system-change scenario outlined in Fig. 2.
Further scaling efforts for carbon removal to attain net zero are also shown.
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