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ABSTRACT: The linear nature of the current plastics economy and increasing
demand for polymers poses a pressing global problem. In this work, we explore
the environmental and economic performance of a circular alternative for
polymer production through chemical plastic recycling following the waste-to-
methanol-to-olefins (WMO) route. We assess the life-cycle environmental
impacts and techno-economic feasibility of this novel circular production route
(CPR) in 2020 and 2050, and compare them to the existing linear production
route (LPR), deploying naphtha steam cracking for olefin production, and a mix
of landfill and incineration as end-of-life treatment. Our results showcase that
CPR could enable significant impact reductions, notably in 2050 assuming a low-
carbon electricity mix based on renewables. However, the shift from linear to
circular comes with burden-shifting, increasing the impacts relative to LPR on
five environmental indicators in 2020 (i.e., terrestrial and freshwater
eutrophication, particulate matter formation, acidification, and metal/mineral resources use). From the techno-economic viewpoint,
we found that ethylene from waste polymers could become competitive with fossil ethylene when deployed at large scale. Moreover,
it is significantly cheaper than its green analogs, which deploy methanol-to-olefins with green methanol from captured CO2 and
electrolytic H2, showcasing the potential of implementing high-readiness level technologies to close the loop for polymers.
KEYWORDS: ethylene, methanol, chemical plastic recycling, circular polymers, life cycle assessment

■ INTRODUCTION
The current plastics economy, based on a mostly linear
production route (LPR), accounts for 4.5% of the global
annual greenhouse gas (GHG) emissions.1 Additionally, the
growing demand for polymers in numerous industrial sectors
generates substantial amounts of waste globally.2 Despite the
known threats of plastics to the environment,3 recycling rates
are still small (19.5% in 2015) compared to the share of waste
polymers that ends up in landfills (55%) and are incinerated
(25.5%).2 Moreover, most polymers are derived from fossil
feedstock, relying on refinery operations for monomer
production.4,5

The business-as-usual (BAU) process for ethylene produc-
tion, i.e., naphtha steam cracking, consists of breaking down
crude oil components into valuable building blocks for the
petrochemical industry, such as olefins, used as monomers.6,7

The process is energy-intensive, requiring approximately 15 GJ
fired heat t−1 ethylene, in the cracker alone.6 Electrifying the
cracker could decrease GHG emissions from ethylene
production assuming large availability of low-carbon electricity
in future markets.8 However, electric crackers still rely on fossil
feedstock to operate, and cannot solve the plastic waste
problem unless coupled with effective waste management
strategies, thus requiring innovations on this front.4 The

linearity of polymers becomes notably problematic in the
packaging sector (42% of the global polymers demand in
2019), in which polymers have a short life span.4 Polyethylene
(PE) is the most used commodity polymer worldwide,
representing 24% of the global polymer production in 2019
in the high- and low-density versions (HDPE and LDPE
respectively).9 However, PE recycling rates are very low (5.8%
for LDPE in 2014),10,11 which renders it a cheap, resource-
intensive and wasteful polyolefin.
Future projections of global municipal plastic waste

showcase a positive outlook on plastics, in a scenario where
waste management infrastructures improve with a growing
economy.12 However, improving collection and sorting
efficiencies is not sufficient to draw low-carbon circular
plastics. Additives incorporated into plastics to enhance their
properties prior to commercialization for specific applications
pose a challenge to mechanical recycling.4 Indeed, they might
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cause cross-contamination of chemicals or degrade during the
steps of melting and extrusion, thus affecting the final
properties of the recycled plastic, which returns to the market
with a reduced efficiency compared to virgin polymers.13

Furthermore, the choice between end-of-life alternatives plays
an important role not only in the quality of the recycled
polymer but also in its overall carbon footprint.14 For instance,
van der Hulst et al. showed that deploying chemical recycling
for mixed waste polymers potentially reduces GHG emissions
by 40% compared to incineration.15

Growing attention has been given to the development and
implementation of chemical recycling technologies to extend
polymers’ lifetime and decrease the environmental burdens of
current end-of-life treatments. Recent studies showcase the
environmental benefits of deploying thermo-recycling pro-
cesses (i.e., pyrolysis and gasification) for producing chemicals
and fuels.16−18 Notably, Schwarz et al. found that gasification
for monomer recovery is among the preferred methods for
treating HDPE and LDPE waste from an environmental
perspective.14 The main differences between pyrolysis and
gasification lay in the operating conditions, which dictate the
product distribution.14 On the one hand, pyrolysis is
performed at temperatures between 300 and 600 °C, in the
presence of low or no oxidating agent, generating pyrolysis oil,
which has to undergo a series of separation steps for product
recovery.18 On the other hand, polymer gasification operates at
higher temperatures (>700 °C) to yield syngas, a mixture of
H2, CO, and CO2, widely used in the chemical industry as
feedstock to platform chemicals and fuels production.19,20 For
instance, syngas can be converted into methanol, a precursor to
the high-technology readiness level (TRL) methanol-to-
hydrocarbons processes,7,19 providing olefins (MTO) and
aromatics (MTA) employed in a myriad of synthesis pathways.
Moreover, deploying green and renewable methanol in the
MTO and MTA processes is conductive to a green chemical
industry.19 Green methanol has gained attention in recent
years for that matter, and several studies have arisen to
showcase the environmental benefits as well as the techno-
economic feasibility of implementing methanol synthesis from
captured CO2 and electrolytic H2.

21,22 Furthermore, it was
recently shown that plastic waste gasification for methanol
production has the potential to decarbonize methanol
consumption.23 Thus, coupling gasification with the high-
TRL technologies syngas-to-methanol and MTO allows the
production of monomers, which in turn issue virgin polymers
with the same properties as their fossil analogs. Namely,
closing the loop via waste-to-methanol-to-olefins (WMO)
challenges the current LPR both in the production and waste
treatment fronts, simultaneously defossilizing and decarboniz-
ing the plastics industry.
To quantify novel technologies’ emission-reduction potential

and assess their environmental appeal, the field of Process
Systems Engineering has increasingly recognized the
importance of life cycle assessment (LCA). Ioannou et al.
and Negri et al. highlight how LCA allows for the
comprehensive evaluation of the environmental and social
aspects of a technology.24,25 It can be used as a powerful tool
to guide decision-making and contribute to a sustainable
future.26−28 Prospective LCA (pLCA) is a recent addition to
the LCA toolbox, enabling the environmental assessment of
activities and technologies at future points in time, by
integrating them into an evolving economy.29 pLCA enables

practitioners to explore different scenario narratives describing
alternative plausible futures.28

In the context of plastics, Bachmann et al. discuss mitigation
strategies to reduce, by 2050, the impacts that current
polymers apply on Earth-system processes within the planetary
boundaries framework.30 Their study showcases that increasing
recycling rates can reduce planetary footprints related to the
current LPR by up to 50%.30 Analogously, results by Meys et al.
indicate that it is possible to realize net-zero GHG emission
plastics by 2050 in a cradle-to-grave scope.31 This can be
achieved by switching to biomass- and CO2-based plastic
production together with increasing waste collection and
recycling rates (up to 70%) in a low-carbon economy, which
heavily relies on renewable energies and carbon capture and
storage.31 Their study includes emerging technologies for
chemical recycling, i.e., pyrolysis to monomers, which have not
yet been deployed at scale, and neglects other chemical
recycling pathways that deploy high-TRL technologies, such as
WMO. Crucially, previous LCAs of chemical recycling
technologies assume that the interconnected network of
industrial systems with which chemical processes exchange
mass and energy flows, referred to as technosphere, will remain
unaltered in the future. However, decarbonization trends in
power, transport, cement and steel production, among others,
may strongly affect the LCA outcomes, so omitting them could
overestimate environmental impacts (EI) from future tech-
nologies.29

Our study pioneers the assessment of the GHG emission-
reduction potential of deploying the high-TRL WMO route for
circular polymers. Multiple low-TRL routes are being
investigated to recover monomers from polymer waste.14

However, focusing on a mature pathway, as done here, has the
advantage of providing quantitative evidence of environmental
benefits from using existing technologies to handle plastic
waste while setting a baseline for future comparisons of
alternative circular production routes (CPR). Moreover, our
study is the first to perform a pLCA to assess how future
technological and economic trends might affect the environ-
mental footprint of the plastics economy. Finally, we put our
WMO chemical recycling technology into perspective with a
techno-economic assessment, comparing it to the BAU
ethylene production (naphtha steam cracking), and to other
routes based on MTO that have already been studied in the
literature. We find that CPR via WMO enables polymers with a
significantly lower carbon footprint than the current LPR,
notably in a future with low-carbon power mixes.

■ METHODS
We quantify the environmental performance and techno-economic
feasibility of deploying high-TRL technologies to enable CPR via
WMO as an alternative to LPR, based on fossil feedstock. In essence,
polymer waste is first gasified to produce syngas, which is converted to
methanol, and further transformed into olefins. We focus on
developing a detailed waste-to-methanol process model, while the
MTO step is modeled based on Ioannou et al.24 Similarly, the BAU
process for fossil ethylene, used for comparison purposes, follows
Keller et al.32

We combine process simulation with pLCA to quantify the global
warming impact (GWI) of CPR and LPR at two points in time (2020
and 2050). Moreover, we assess the occurrence of environmental
burden-shifting in CPR across 16 impact categories, and include a
techno-economic study of the proposed solution for closing the
polymers loop, discussing its feasibility.
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Waste-to-Methanol Process Modeling. The waste-to-methanol
process is the first step of the CPR scenario. The process was
simulated in Aspen Plus v12, using the SRK thermodynamic property
method. SRK follows the Soave−Redlich−Kwong cubic equation of
state and is suitable for processes involving mixtures of mildly polar
gases at high pressures and temperatures.33 The flowsheet (Figure 1)
was designed to produce methanol at 99.8 mol % purity from waste
PE (WPE). It was created based on Salah et al.16 and Gonzaĺez-
Garay et al.,20 and consists of three main sections: WPE gasification,
methanol synthesis, and carbon capture and storage via oxy-fuel
combustion.24 Two additional property methods were used in R2
(PENG-ROB) and D1 (NRTL) to enable better modeling accuracy
for the kinetic model and liquid−liquid separation, respectively.

We feed 3.2 t WPE h−1 and 4.8 t low-pressure steam h−1 to the
gasifier (R1), to generate syngas, which is then compressed to 50 bar
in three steps with intercooling (K1). CO and CO2 react with H2 in
the syngas to produce methanol in the presence of a commercial Cu−
ZnO−Al2O3 catalyst (R2), following the Langmuir−Hinshenwood
type kinetic model by Vanden Bussche and Froment (eq 1).34 R2,
modeled as an RPLUG, operates at 50 bar with a temperature
gradient going from 220 to 280 °C.20

CO 2H CH OH

CO H O CO H

CO 3H CH OH H O

2 3

2 2 2

2 2 3 2

+
+ +
+ +

F

F

F (1)

The outlet of R2 is a mixture of methanol, water, and unreacted
syngas, that is cooled down to 40 °C (C2) before entering a flash
drum (F1), which separates syngas (vapor phase) from the liquid
content at high pressure (48.9 bar). The vapor stream leaving F1 is
split into a recycle stream, recompressed to 50 bar (K2) before re-
entering R2, and a purge (1.3%), used for energy generation via oxy-
fuel combustion (R3). R3 is modeled as an RGIBBS reactor and
operates at 1.5 bar and 1300 °C.35 The resulting stream has a high
CO2 content. It is cooled down to 40 °C (C5) and the remaining
water is flashed (F3). The pure CO2 vapor stream (97.4 mol %) is
compressed to storage conditions (40 °C, 150 bar) in four steps with
intercooling (K4 and C6).

The liquid stream leaving F1 contains traces of syngas and
undergoes a second flash (F2) at 1.1 bar. The recovered syngas is
recompressed to 50 bar (K3) and recirculated to R2. Analogously, the
water/methanol liquid mixture is heated to 80 °C (H3), and fed to
the distillation column (D1), modeled with the RadFrac model, which
separates methanol with a 99.8 mol % purity.
Methanol-to-Olefins (MTO) and BAU Processes. Methanol

leaving the afore-described process is fed to MTO, where ethylene is
generated. Mass and energy flows for MTO were obtained from

Ioannou et al.,24 and used to perform the techno-economic and
environmental assessment of the WMO section of CPR. The high-
TRL process deploys SAPO-34 to dehydrate methanol into light
olefins, producing ethylene and propylene in a 1.52 ratio. To date,
MTO has been successfully scaled and implemented industrially,
enabling large-scale production of olefins from synthetic methanol.36

It is currently implemented in China with methanol from coal as its
primary feedstock, and four main technologies are available for
commercial implementation.37 The variety of technologies available
for MTO provides a greater flexibility to the process to meet future
olefins demand, as the catalyst of choice determines the ratio of
ethylene/propylene.38 Additionally, MTO offers the possibility of
producing environmentally appealing building blocks for the chemical
industry, when coupled to low-carbon methanol sources.39 We here
aim at closing the polymer loop via WMO, in contrast with BAU
ethylene.

The latter is a fossil route, deploying prominent refinery products
as feedstock, i.e., naphtha, LPG, and ethane, typically obtained from
coal tar or crude oil.32,40 In the steam cracking process, fossil
feedstock and steam are fed to a furnace and heated to around 850 °C,
thus requiring high heat inputs (6 MJ kg−1 ethylene).41 Operating the
cracker with lighter hydrocarbons (i.e., naphtha, LPG, or ethane)
results in light alkenes (i.e., ethylene, propylene, and butadiene),
whereas heavier hydrocarbons generate aromatics and longer carbon
chains, generally used for liquid fuel production.41 Here we deploy
naphtha steam cracking as BAU technology for ethylene production.
Techno-Economic and Feasibility Assessment. A techno-

economic assessment was carried out to determine the production
cost of the proposed ethylene technology. For this purpose, we first
computed the total annual cost (TAC) of our waste-to-methanol
process, and coupled it to MTO, to compare the cost of circular
ethylene to that of fossil and green ethylene. The TAC was calculated
following the approach described by Sinnott and Towler eq 2,
considering the annual capital cost (ACC), and the fixed and variable
operating costs (FOC and VOC respectively).42

TAC ACC FOC VOC= + + (2)

The capital expenditures (CAPEX) were calculated using cost
correlations from Martelli et al.43 for the gasifier and Sinnott and
Towler for the other equipment.42 ACC was derived from the CAPEX
considering a plant lifetime of 25 years and an interest rate of 10%.
The operational expenditures (OPEX) correspond to the sum of FOC
and VOC. The FOC consists of costs related to labor, taxes,
insurance, maintenance, land, and plant overheads, thus being a
function of the CAPEX. It is calculated following the approach
described by Sinnott and Towler.42 All remaining operation costs, i.e.,
the purchase of raw materials, electricity, and utilities are included in

Figure 1. Process flowsheet of the waste-to-methanol process. The produced methanol is sent to MTO to be further transformed into ethylene.
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the VOC. Tables S13 and S14 contain the data used in the OPEX and
CAPEX calculations. All costs of the economic assessment are
expressed in USD 2022 and were adjusted with the Chemical
Engineering process cost index (CEPCI) whenever needed.
Life Cycle Assessment (LCA). An attributional LCA was carried

out following the ISO14040/14044 framework.44,45 First, we define
the scope of the LCA whose main objective is to assess CPR’s GWI-
reduction potential compared to the current LPR scenario in 2020
and 2050. Additionally, we aim to investigate potential burden-
shifting across 15 additional impact categories. The analysis follows a
cradle-to-grave approach, taking into account all life-cycle stages
needed to produce and treat the subsequent waste of one kilogram of
LDPE for consumption.

In the second phase of the LCA, the life cycle inventories (LCI) of
the foreground system (i.e., all the inputs and outputs of energy,
natural resources, and emissions associated with the relevant
processes) were generated in Brightway2 v2.4.3 as global averages
using background data from ecoinvent v3.8.46,47 The LCIs were
defined by combining simulation data with literature and background
data. Assumptions made for LCI modeling are described in section 2
of the Supporting Information. As shown in Figure 2, LPR deploys
BAU ethylene and the global average end-of-life strategies for
polymers (i.e., 19.5% is recycled, 25.5% incinerated, and 55%
landfilled).2 In contrast, CPR deploys WMO, hence avoiding the
treatment of WPE through other means while producing ethylene that
partly substitutes fossil virgin feedstock. A detailed description of the
scenarios in Figure 2 is provided in the Supporting Information, with
the LCI data sets (Tables S1−S10).

As a third LCA step, we calculate the life-cycle GHG emissions of
LPR and CPR according to the IPCC 2021 GWP100 method, which
accounts for the global warming potential of GHGs, short-lived
climate forces, H2, and biogenic CO2 during the 100 years after their
release to the atmosphere. We apply this method for both scenarios in
2020 and 2050, to further assess their emission-reduction potential.
For 2020, the data sets were linked to ecoinvent v3.8, whereas for
2050, a prospective database was used as the background system. We
used the premise v1.6.7 framework59 to align the LCIs in the
ecoinvent database with the output data of the REMIND v2.1.0
integrated assessment model (IAM) for the year 2050 following the

“middle of the road” shared socio-economic pathway (SSP) and the
SSP2-PkBudg500 scenario, which estimates a remaining carbon
budget from 2020 to 2100 of 500 Gt CO2 with a 50% likelihood of
limiting global warming to 1.5 °C.48,49 This scenario estimates that
the net global CO2 emissions will go from 40.9 Gt y−1 in 2020 to
1.1 Gt y−1 in 2050.

The interpretation of results is the last phase of the LCA and is
carried out iteratively with the three previous steps. Here, we interpret
the results, concluding on the emission-reduction potential of the
proposed CPR scenario. Moreover, to identify potential burden-
shifting, we assess the EIs of LPR and CPR on the remaining 15
categories (additionally to global warming) of the environmental
footprint (EF) 3.1 method recommended by the European
Commission for product LCA i.e., acidification, freshwater ecotox-
icity, fossil resources use, eutrophication (freshwater, marine, and
terrestrial), human toxicity (carcinogenic and noncarcinogenic),
ionizing radiation, land use, metal/mineral resources use, ozone
depletion, particulate matter formation, photochemical oxidant
formation, and water use.50

An uncertainty assessment of the 2020 scenarios was made with a
Monte Carlo sampling for 500 different backgrounds, stochastically
generated from the ecoinvent Pedigree matrix, which contains
information on the uncertainty level of LCI parameters, estimated
based on temporal and spatial approximations.51−53 An analogous
assessment could not be performed for the year 2050, due to the lack
of uncertainty data for this year and the absence of an analogous
Pedigree matrix in the premise database. Assumptions and limitations
of this approach are described in section 2 of the Supporting
Information.

For each generated background (i) and foreground system (s), and
each impact category (c) of EF 3.1 (C), the environmental impact
(EIc,s,i) was calculated. The paired comparison (Pc,i) was computed as
the relative difference between the impact of CPR and LPR eq 3.

P
EI EI

EI
(i I and c C)c,i

c,CPR,i c,LPR,i

c,LPR,i
=

(3)

As an example, a score of Pc,i = 75% corresponds to a 75%
likelihood of CPR having a higher impact than LPR on category (c).54

Figure 2. Scenarios for the LCA of (a) LPR and (b) CPR deploying solely the WMO recycling route (waste-to-methanol + MTO) as an end-of-life
alternative. The dashed line corresponds to the system boundaries, enabling exchanges with the global market (background system) for mass and
energy flows.
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Here, we consider that Pc,i > 75% indicates a high likelihood of
burden-shifting, and Pc,i ≤ 25% a high likelihood of impact reduction.

■ RESULTS AND DISCUSSION
The results are presented and discussed in three subsections.
First, we assess the GWI of LPR and CPR in 2020 and 2050,
providing insights into the benefits of deploying CPR. Then,
we compare both routes in 2020 based on the 16 impact
categories of the EF 3.1 method, to identify eventual burden-
shifting. Finally, we assess the economic feasibility of deploying
WMO as an alternative to BAU ethylene to produce LDPE.
Global Warming Impacts (GWI). Figure 3 depicts the

breakdown of the main life-cycle GHG emissions contributors

of both scenarios in 2020 and 2050. In 2020, closing the loop
with CPR resulted in a 25.5% GWI reduction from LPR, going
from 3.35 to 2.49 kg CO2 eq kg−1 LDPE. Different by design,
CPR deploys technologies that make use of both the carbon
and hydrogen content of WPE to generate new LDPE, which is
reinserted into the economy, instead of generating incineration
emissions.
The breakdown of impacts showcases that electricity is the

main GWI contributor to both LPR (29.8%) and CPR
(60.1%) in 2020, as all processes considered in LDPE’s life
cycle deploy electricity (Figure S1b), namely the ones
requiring high-pressure conditions. For instance, olefins
separation is carried out at 30 bar in naphtha steam cracking
and MTO,24,32 the conventional high-pressure polymerization
process takes place at 15 to 35 bar,55 waste-to-methanol
requires 50 bar and mechanical recycling deploys electricity in
the shredding and extruding steps.56 Moreover, the global
2020 electricity grid relies mainly on fossil feedstock (i.e., 36%
coal and 23% natural gas),57 and has a high carbon intensity
(0.68 kg CO2 eq kWh−1).58 However, to meet the 1.5 °C
climate target of the IPCC, the REMIND IAM estimates that
the global electricity mix in 2050 will mainly consist of
renewables i.e., solar photovoltaic cells (52.7%), onshore wind
(25.2%), hydropower (9.1%), offshore wind (6.2%), and
nuclear power (4.8%), with fossil fuels accounting for
only 0.1%.48,59 Consequently, GHG emissions from
electricity generation are expected to decline to
5.1 × 10−3 kg CO2 eq kWh−1, leading to a significant drop
in both scenarios’ GWI by 2050: LPR’s drops to 2.18 kg CO2
eq kg−1 LDPE (35% reduction from 2020), and CPR’s to
0.64 kg CO2 eq kg−1 LDPE (74% reduction from 2020).
Hence, deploying low-carbon power mixes enables a significant

decarbonization of the polymers sector. Life-cycle processes
that contribute to LPR and CPR’s GWI in both years are
shown in Figures S2−S5.
Another key contributor to LPR’s GWI in 2020 is end-of-life

emissions of WPE incineration (24.3%). These are inexistent
in the CPR scenario, which deploys WMO as the sole end-of-
life alternative. It is worth noting that LPR assumes the same
landfilling, incineration, and recycling rates in 2020 and 2050.
Analogously, direct emissions of LPR and CPR show no

reduction potential by 2050. In both cases, the emissions come
mainly from naphtha steam cracking (Figure S1a), which is
used to produce 100% of LPR’s ethylene, and the 30.3% fossil
ethylene makeup in CPR (Figure 2b). Deploying a fossil
ethylene makeup in CPR also implies that emissions linked to
the naphtha feedstock are present in the life cycle of circular
polymers (Figure 3), though 64.3% less than in LPR. The GWI
of the remaining life-cycle processes sees little to no change in
both scenarios when transitioning from 2020 to 2050.
In essence, CPR has a higher decarbonization potential than

LPR considering future footprints adjusted based on low-
carbon power mixes. Shifting from LPR to CPR deploying
WMO increases LDPE’s reliance on electricity and reduces
direct emissions linked to LDPE production and end-of-life,
thus enabling a 25.5% GWI decrease in 2020, and 70.6% in
2050, with decarbonized power mixes. This result is consistent
with the work by Bachmann et al., who estimate a 50% GHG
reduction in the plastics’ life cycle by 2050, considering a 70%
polymers recycling rate via mechanical recycling and pyrolysis-
to-monomers.30

Burden-Shifting to Other Environmental Impact (EI)
Categories. The EIs of both scenarios were calculated for the
16 indicators of the EF 3.1 method and the 500 sampled
backgrounds in 2020. The distribution of the relative difference
between the EI of CPR and LPR for each impact category is
shown in Figure 4.
The first subplot of Figure 4 reiterates the previous

observations on GWI (Figure 3): switching from LPR to
CPR in 2020 shows a 95% likelihood of lowering LDPE’s life-
cycle emissions. Four other indicators, i.e., freshwater
ecotoxicity (99%), fossil resources use (100%), land use
(87%), and ozone depletion (100%), also show a high
likelihood of impact reduction when deploying CPR instead
of LPR. Indeed, these four categories are heavily affected by
naphtha production, notably by the onshore extraction of fossil
fuels, which uses land to create wells60 (Figure S7), and
involves refinery operations that generate a significant amount
of water discharge,60 affecting freshwater toxicity (Figure S6).
Moreover, petroleum extraction by definition depletes fossil
resources, and the process emits ozone-depleting substances60

(Figures S8 and S9).
Furthermore, although CPR showcases environmental

benefits compared to LPR, burden-shifting is observed in five
categories, for which the probability of EICPR > EILPR is high in
the sampled backgrounds; i.e., acidification (94%), freshwater
eutrophication (100%), terrestrial eutrophication (87%),
metal/mineral resources use (100%), and particulate matter
formation (97%). For four out of five categories (i.e., excluding
metal/mineral resources use), electricity is the main impact
driver (Figures S10−S13). Indeed, the current global
electricity mix strongly relies on coal (36%),57 which when
combusted for power generation releases pollutants such as
NOx, SOx, and particulate matter, creating a toll on
ecosystems.61,62 For instance, acidification is measured as the

Figure 3. Global warming impact of the LPR and CPR scenarios in
2020 and 2050. Breakdown of main contributors to the total life-cycle
GHG emissions. Acronyms used: LPR: linear production route; CPR:
circular production route; GWI: global warming impact; WPE: waste
polyethylene.
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concentration of H+ ions in soil and lakes as a result of NOx,
SOx, and NH3 emissions, while eutrophication is measured as
O2 depletion caused by nitrogen and phosphorus nutrients.50

Therefore, the significant electricity dependency of CPR
compared to LPR translates into higher impacts on the four
categories in 2020. These observations are subject to change in
a future with a defossilized electricity grid, relying on
renewables. Moreover, uncertainties of the foreground systems
were not quantified in this study, and are therefore not taken
into account in the burden-shifting assessment. This represents
a limitation of the current work since parameters of BAU

technologies are likely to have lower uncertainty compared to
new technologies.
For the six remaining categories (i.e., marine eutrophication,

human toxicity (carcinogenic and noncarcinogenic), ionizing
radiation, photochemical oxidant formation, and water use), no
conclusion could be drawn on burden-shifting nor impact
reduction according to our criterion since the probability of
EICPR > EILPR was found to be between 25 and 75%.
Lastly, to complement the analysis on the best-performing

route from an environmental viewpoint, we calculated the
single overall score of LPR and CPR in both years, following

Figure 4. Probability of burden-shifting (CPR > LPR) in 2020 across the 16 impact categories of the EF 3.1 methods recommended by the
European Commission for product LCA. Acronyms used: CPR: circular production route; LPR: linear production route. Green bars correspond to
cases where the environmental footprint of CPR is lower than the LPR; red bars correspond to cases where the environmental footprint of CPR is
higher than the LPR. Burden-shifting is observed when P(CPR > LPR) ≥ 0.75; impact reduction is observed when P(CPR > LPR) < 0.25.
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the European Commission recommendations for the EF 3.1
method.50,63 The characterized EIs on the 16 impact categories
of EF 3.1 (Table S11) were normalized and weighted with the
factors listed by Bassi et al.63 (Table S12). The weighted sum
of EIs issued an overall score of 2.91 × 10−4 person eq kg−1

LDPE for LPR, and 2.42 × 10−4 person eq kg−1 LDPE for CPR
in 2020. In 2050, the scores were respectively 2.17 × 10−4

person eq kg−1 LDPE for LPR, and 1.19 × 10−4 per-
son eq kg−1 LDPE for CPR. These results indicate that CPR
has a better overall environmental potential than LPR both in
2020 (16.8%) and 2050 (45.1%), also showing a bigger
potential for improvement in a future with decarbonized
energy mixes. CPR’s overall score sees a 50.7% decrease from
2020 to 2050 whereas LPR’s score decreases by 25.4% in the
same time horizon. Further details on the single score
calculations are found in Section 3 of the Supporting
Information.
Techno-Economic Assessment and Feasibility of

WMO. The TAC of ethylene obtained via WMO was
estimated at 1.3 USD 2022 kg−1 ethylene, only 23% higher
than the average market price of ethylene in 2022
(1.1 USD kg−1 ethylene).64 The focus of this work is to assess
the feasibility of chemical recycling via WMO, which seems
appealing from both an environmental and economic
perspective. However, to put the technology’s cost into
perspective, additional scenarios were added to the economic
assessment, to enable a comparison of the circular route with
its fossil and green analogs (Figure 5). Thus, the costs of MTO
from coal-based and green ethylene were also calculated.
Methanol from coal was assumed to be the market technology
in China,36 for which the corresponding average market price
in 2022 was 0.36 USD kg−1 methanol.65 In counterpart, green
methanol was obtained from electrolytic H2 powered by wind
and solar energy, as well as CO2 from direct air capture
(DAC), as described by Gonzaĺez-Garay et al.20 Cost
parameters used to estimate the respective TACs are
summarized in Tables S13 and S14. Although more expensive
than the BAU and coal-based technologies (1.1 USD kg−1

ethylene), ethylene from plastics is much cheaper than the
green analogs H2,wind + CO2,DAC-to-MTO (4.0 USD kg−1

ethylene) and H2,solar + CO2,DAC-to-MTO (5.1 USD kg−1

ethylene). Moreover, it can become competitive with the
BAU technology in periods of high market variability, linked to

social-economic contexts66 (e.g., April 2022, when the ethylene
price peaked at 1.34 USD kg−1).67

The main contributor to the WMO cost is the annualized
CAPEX (70%), specifically the cost of compressors used in the
waste-to-methanol process (53.5% of the total CAPEX; Figure
S15). Indeed, the process requires large compressors to bring
syngas from 1.5 to 50 bar (K1 in Figure 2), and to set CO2 to
geological storage conditions (i.e., 150 bar; K4 in Figure 2).68

These compression steps are not as prominent in the green
olefins routes, where CO2 storage is not deployed and H2 is
supplied at 30 bar, thus requiring smaller compressors and less
electricity to bring H2 and CO2 to reaction conditions (50 bar).
Moreover, the plant sizes considered for the different methanol
routes deployed in MTO are not comparable to the waste-to-
methanol plant, which is designed to withhold a plastic flow
rate that corresponds to the average hourly plastic waste
generation in big cities (i.e., London),16 thus having a low
capacity of 49.4 kt methanol year−1. Therefore, following an
economy of scale with a centralized methanol production from
plastics, and increased plant capacities, the overall CAPEX of
the WMO process would need a 27% reduction to become
competitive with the global ethylene average market price
(Figure S16).
Unlike the green MTO scenarios, i.e., H2,wind + CO2,DAC-to-

MTO, and H2,solar + CO2,DAC-to-MTO, the cost of waste-based
ethylene is CAPEX-driven. Indeed, WPE feedstock only
accounts for 13.5% of the WMO TAC, whereas H2 and CO2
combined account for 89.9% and 92.0% of the green routes’
TAC, respectively for H2,wind and H2,solar. Therefore, deciding
to place the WMO plant in locations with low to null waste
cost, could further decrease ethylene’s TAC to 1.1 USD kg−1

ethylene if WPE is free, thus becoming competitive with the
ethylene market price. Hence, the WMO route could become a
viable option for polymer production in a circular economy.
Moreover, since ethylene is the biggest contributor to the
LDPE cost (70.5 to 77.5% of the total cost),55 deploying more
expensive monomers could drastically increase polymers’ costs.

■ CONCLUSIONS
In this work, we modeled a waste-to-methanol process, which
we coupled to the well-implemented methanol-to-olefins
(MTO) to close the loop on plastics. We compared the
circular approach for LDPE, CPR, to the linear model, LPR,

Figure 5. Total annual cost (TAC) breakdown of different ethylene production routes. All costs were calculated to 2022 prices, or adjusted using
the CEPCI. The BAU market price was taken from the literature,64 based on naphtha steam cracking; WMO corresponds to the production cost of
the chemical recycling route here proposed; Coal-to-MTO corresponds to methanol obtained via coal gasification, here estimated assuming the
methanol market price in China; H2,wind + CO2,DAC-to-MTO corresponds to green methanol obtained from electrolytic H2 powered by wind and
CO2 from DAC, following Gonzaĺez-Garay et al.,20 coupled to MTO; H2,solar + CO2,DAC-to-MTO is an analogous route to the latter, deploying H2
from electrolysis powered by photovoltaic panels. Acronyms used: BAU: business-as-usual; WMO: waste-to-methanol-to-olefins; MTO: methanol-
to-olefins; WPE: waste polyethylene, CAPEX: capital expenditures; DAC: direct air capture. The error bars correspond to the TAC calculated
respectively with the minimum and maximum prices of raw materials (WPE, H2, CO2, and fossil methanol) indicated in Table S13.
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which deploys fossil feedstock to produce olefins (via naphtha
steam cracking), and a mostly linear end-of-life for waste
polymers, mainly consisting of landfilling and incineration.
We found that implementing the proposed CPR in the

following years can reduce GHG emissions from the plastics
sector even without any changes in the electricity mix. By
deploying WMO, we shift from a high-emitting plastics
economy with direct emissions from polymer production and
incineration, to a low-emissions chemical recycling option,
which heavily depends on electricity. This shift enables a high
decarbonization potential, specifically in a future with low-
carbon power grids, based on renewables. Moreover, reducing
life-cycle emissions via WMO leads to a high likelihood
(>90%) of decreasing impacts on four other environmental
indicators, i.e., freshwater ecotoxicity, ozone depletion, and
land and fossil resources use, as CPR has a lower dependency
on naphtha and thus requires less fossil feedstock and refinery
operations. Nevertheless, burden-shifting is observed for
terrestrial and freshwater eutrophication, particulate matter
formation, acidification, and metal/mineral resources, where
impacts could increase compared to LPR.
Addi t iona l ly , adopt ing CPR issues an ethy l -

ene cost of 1.3 USD 2022 kg−1 ethylene, only 23% higher
than the global 2022 ethylene market price and significantly
cheaper than green ethylene from solar- and wind-based H2.
Moreover, the cost of chemical recycling via WMO is
dominated by CAPEX (70%), which could be reduced by
deploying bigger plants in a centralized economy with large-
scale chemical recycling. Indeed, a 27% CAPEX reduction is
enough to be competitive with the 2022 ethylene market price.
Furthermore, implementing WMO in regions with cheaper or
free WPE could further contribute to achieving competitive
costs, thus highlighting CPR’s economic appeal.
In summary, this work demonstrates the economic and

global warming benefits of deploying WMO to close the loop
on polymers. The herein assessed process comprises a short-
term solution to impact plastic circularity until other chemical
recycling approaches reach maturity. It enables a faster
decarbonization of the polymers sector in a future with low-
carbon power mixes at economically appealing costs. Here,
increasing circularity goes hand-in-hand with decarbonizing
plastics. Thus, adopting low-carbon policies that limit the use
and exploitation of fossil resources, apply stricter emission
targets, and incentivize recycling can drastically change the
current plastics scene. Moreover, thoroughly regulating waste
management and virgin material production routes is critical to
building a low-carbon plastics economy.
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