
Green Chemistry

PAPER

Cite this: DOI: 10.1039/d5gc05081b

Received 26th September 2025,
Accepted 7th November 2025

DOI: 10.1039/d5gc05081b

rsc.li/greenchem

Enhancing circularity of polyolefins via
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evaluation of variant processes
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Gasification is often promoted as a primary means of converting plastic waste into a valuable product,

advancing the goals of waste reduction and resource conservation. However, the most common form of

chemical upcycling – converting plastic waste into other chemicals – results in the continued production

of plastics from fossil fuels and requires more energy than conventional methods of disposal. This work

models a fully circular system in which plastic waste is gasified to syngas and reconstituted into polyolefins

via methanol and olefin synthesis, allowing gasification to be rigorously compared with other polymer re-

cycling technologies. The model is designed to test a range of waste feeds and process conditions with

the aim of minimizing cost and carbon footprint while maximizing the circularity. It is found that gasifica-

tion alone has worse performance in terms of minimum selling price (MSP of $1.85 per kg product) and

carbon footprint (CFP of 1.79 kg CO2-equivalent per kg waste) than mechanical and solvent-based re-

cycling methods, and even conventional polyolefin production from fossil fuels followed by disposal via

incineration with energy recovery ($1.50 per kg product, 1.33 kg CO2-eq. per kg waste). This is primarily

due to the high energy demand of gasification and syngas reforming, the need for additional process

inputs such as pure O2, and the relatively low product yield. To address these challenges, novel process

modifications are proposed and evaluated to improve both the economic and environmental perform-

ance of the gasification process. It is found that integrating gasification with mechanical recycling process

results in an overall increase in circularity with an acceptable cost ($0.87 per kg product) and carbon foot-

print (1.25 kg CO2-eq. per kg waste). This indicates that future gasification systems should be designed to

target highly mixed and contaminated, secondary plastic waste streams that would normally be rejected

by other methods.

Green foundation
1. This work advances green chemistry by critically analyzing gasification, a process proposed as a solution to plastic waste. It covers a wider range of per-
formance indicators (environmental, economic, material) and process configurations than any single previous study. Although gasification does not perform
well when used to create circular polymers, a path to success is found though integrating gasification with other recycling processes.
2. This work analyzes gasification using detailed, flexible process models with energy integration. Three process metrics are used to compare seven different
gasification process configurations for their potential to increase material circularity while decreasing carbon footprint and cost relative to other recycling
routes and the conventional polymer lifecycle.
3. Advances in methanol synthesis and methanol-to-olefins processes will increase the efficiency of gasification as a circular solution to plastic waste, but a
major hurdle is the cost and availability of green hydrogen. Further research into wholistic plastic recycling systems, including a minimum of noncircular
“upcycling”, is the current best direction for a green polymer ecosystem.

1 Introduction

Plastics have many benefits that make them indispensable to
modern society, but their linear lifespan has resulted in a
buildup of waste that is causing incalculable damage to the
environment and human health.1 While international concern
has long focused on the buildup of plastic waste in the
environment and depletion of fossil resources, production &
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disposal of plastic is also a significant source of greenhouse
gases, accounting for over 4% of global CO2-equivalent emis-
sions in 2015.2 Recent action to replace landfilling with incin-
eration has significantly reduced the problem of waste enter-
ing the environment but further increased the lifetime CO2

emissions of plastics.3 It is vital to move towards a circular eco-
system in which both negative environmental impacts of
plastic waste are virtually eliminated through reduction, re-
cycling, and proper disposal.

Thermal recovery – burning waste to generate heat or elec-
tricity – is the most common form of disposal in Japan, while
mechanical recycling is the most common form of recycling,
accounting for just over 20% of post-consumer plastic waste –

a share that has been increasing in recent years.3 Because
physical sorting alone is insufficient to create a stream of pure
polymer, the product of mechanical recycling is invariably of
lower quality than virgin plastic and follows a downward cas-
cading ‘life spiral’.4,5 Solvent-based recycling, a form of
mechanical recycling in which specific plastics are selectively
dissolved and precipitated to isolate them from a mixture, is a
promising alternative.6–8 While it produces a nearly-virgin-
quality product, solvents must be carefully chosen to suit the
input waste and target polymer.9 Moreover, the waste feed
requires some degree of physical sorting beforehand to remove
excessive contamination, and the presence of additives can
reduce the effectiveness of this method.10,11 Other options
exist but have not yet achieved practical implementation. For
example, chemical depolymerization is effective for certain
plastics but is not practically applicable to polyolefins.12–14

Depolymerization via supercritical water shows promising
initial results but is still in the early stages of investigation.15

Gasification is a well-developed alternative to mechanical
recycling and depolymerization. Because it breaks down most
plastic waste into small molecules, it has proven effective at
converting a variety of waste into a uniform product.16,17 The
resulting syngas can be separated to extract H2 and CH4 or
used in chemical synthesis.18–20 Prior investigations into gasi-
fication of plastic waste are typically limited to producing
chemicals other than polymers, so-called chemical “upcy-
cling”. For example, Prifti et al. investigated a process that con-
verts mixed polyethylene (PE) and polypropylene (PP) into
methanol via gasification, steam-methane reforming (SMR)
and methanol synthesis from syngas.21 They determined that
the process is economically feasible, but did not perform an
analysis of the greenhouse gas emissions.22 Another poten-
tially limiting factor is the choice of waste feed. Because of
material availability constraints, Prifti et al. were limited to PE
and PP in their reactor feed, which will have a different syngas
product from that produced from mixed plastic waste. The
effect of this discrepancy on circular polyolefin production is
one subject of this work. Other researchers, most notably
Kuusela et al., have analyzed the process of converting cap-
tured CO2 into polyolefins via methanol synthesis, a methanol-
to-propylene (MTP) reactor, and polymerization of the isolated
ethylene and propylene.23,24 Their lifecycle analysis indicates
that the process provides a net sink for captured CO2, but the

process would operate at a loss without subsidies or signifi-
cantly higher credits for CO2 capture. Analyzing the processes
separately misses the large potential for integration between
gasification, a net endothermal process, and methanol and
olefin synthesis, which are net exothermal. Other factors, such
as the variability of the waste plastic feed, sources of raw
materials such as oxygen and hydrogen, and potential options
for optimizing the process should be explored in depth. To
give gasification a thorough investigation as a potential route
to circular polymers, it is necessary to investigate the entire
process, from waste to product, under a variety of
configurations.

This work looks at this part of the circular plastic ecosys-
tem, analyzing the potential for plastic recycling via gasifica-
tion, with a thorough investigation of process designs and a
look at integration with other recycling methods. The target
waste is a mix of plastics commonly found in post-consumer
waste in Japan, including polyethylene (PE), polypropylene
(PP), polystyrene (PS), and polyethylene-terephthalate (PET)
and the target products are simple polyolefins (PE and PP).
Because anything short of a circular process results in continu-
ing production of plastics from fossil fuels at increasing rates,
the products of the process are the polyolefins polypropylene
and polyethylene. The entire process consumes considerable
energy and a significant amount of the original mass is lost.
To counteract these effects, variations on the process design
and operation are investigated with the goal of minimizing the
carbon footprint and process cost while maximizing the
circularity.

2 Methods
2.1 Gasification process design

The novel process designed for the base case scenario is illus-
trated in Fig. 1 (a detailed process flow diagram is included in
the SI as Fig. S1). In this process, plastic waste with a compo-
sition close to that of municipal plastic waste is fed into a flui-
dized bed gasification reactor and decomposed into syngas.
The syngas must then be upgraded to remove CH4 and
increase the H2/CO ratio via SMR, which requires high-temp-
erature heat typically provided by burning natural gas. The
upgraded syngas is then converted to methanol, which needs
to be separated from reactants and byproducts, and then trans-
formed via a methanol to propylene (MTP) reactor. The main
product of the MTP reactions is propylene, but there are sig-
nificant fractions of propane, ethylene, ethane, and other
lighter and heavier components. The separation of these frac-
tions to isolate propylene and ethylene for polyolefin synthesis
requires more energy, while disposing of unwanted byproducts
via combustion replaces natural gas as the heat source for the
SMR. Although not precisely circular, since other plastics
included in the feed are not recreated, PP and PE are chosen
as the target products due to their simplicity. If gasification
proves to be viable for this case, expansion to other polymers
should be investigated for future processes.
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Prior to being fed into the process, plastic waste is collected
by a municipal government at a material recovery facility (MRF)
and then transported to the location of the recycling plant for a
fee. Municipal plastic waste collected in Japan has an average
composition of 35% PE, 24% PP, 12% PS, and 29% others by
mass.3 The other plastics are modeled as PS and PET with a
simplified decomposition mechanism to represent saturated,
cyclic, and oxygenated polymer chains as well as possible
organic contaminants. In principle, PVC is not collected along
with other post-consumer plastic waste in Japan, but chlori-
nated polymers may still enter the waste recovery system. This
process ignores that fraction to simplify the model and give gasi-
fication some economic leeway. Chemical and thermal methods
are available for treating PVC in the pyrolysis feed.25 While PET
has been observed to cause agglomeration during pyrolysis, the
use of PET as a representative polymer for this model is con-
sidered acceptable because (1) the high temperature of gasifica-
tion should encourage rapid, complete decomposition and (2)
the actual PET content of Japanese municipal plastic waste is
actually quite low, as PET has a high collection rate as its own
category.26 As the plastic is supplied from the existing waste
management system, capital costs for the MRF are not included

in calculations. However, the operating costs of this process are
reflected in the delivered cost of the plastic waste while material
and energy usage are included in the lifecycle analysis.

The plastic waste from the MRF enters section (A), being
fed into a fluidized bed gasifier at a rate of 5000 kg h−1 with a
mix of steam and pure oxygen as the fluidizing gas. The
amount of oxygen is controlled at an equivalence ratio of
approximately 2.1 so that incomplete combustion of the con-
tents maintains the temperature of the reactor at 600 °C.
Calculations for conversion for this and subsequent reactors
are described in the Modeling methodology section, 2.2. The
products of gasification are mixed with additional steam,
achieving a ratio of approximately 2.6 mol H2O per mol C fed,
before entering the steam-methane reforming furnace, which
contains a Ni/MgAl2O4 catalyst and is maintained at 900 °C via
combustion of the process byproducts.21,22 The stream exiting
the SMR has a molar composition of approximately 40% H2,
15% CO, and 10% CO2 with the balance being mostly water.
Water is removed via condensation and the resulting stream is
compressed in two stages with intercooling to 80 bar and
enters section (B). The fresh syngas is mixed with recycled,
unreacted syngas and fed into the methanol synthesis reactor.

Fig. 1 Outline of the gasification process modeled for this work. Sections are (A) gasification and steam methane reforming, (B) methanol synthesis,
(C) methanol-to-propylene, (D) propylene recovery and (E) ethylene recovery. Trapezoids represent compressors, while hollow rounded rectangles
are flash vessels. Not all equipment is shown.
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The exothermal MeOH synthesis reactions occur in a Lurgi
boiling water reactor, operated at a target temperature of
230 °C over a commercial catalyst.27 The stream exiting the
reactor is cooled to 40 °C to condense methanol and water,
with 95% of the remaining vapor recycled to the MeOH reactor
and 5% purged to the SMR furnace. The pressure of liquid
product is reduced to 2 bar and flashed again to remove CO2

that had condensed with the first flash. Methanol at 98.5%
molar purity is separated from water in a distillation column
(T1) with a recovery rate of 99.5%. This is the feed to the
Methanol to Propylene (MTP) process (C).

Methanol from the gasification/MeOH synthesis area is pre-
heated with reactor effluent and reacted in a Lurgi MTP reactor
at 400 °C.28 The product of this reaction contains 1% CO2,
52% H2O, 6% C2H4, and 21% C3H6 by mass. After cooling to
condense water, this stream is pressurized to 20 bar and sent
through a series of distillation columns (sections D and E) for
separation. Column T2 separates ≤C2 molecules from ≥C3

molecules. The heavy fraction is then separated into C3 mole-
cules and heavy ends (≥C4) in T3, and the C3 molecules are
further separated into propane and propylene in T4. The
overall yield of 99.9% pure propylene is approximately 40% of
the mass of plastic input. Ethylene at 99.9% purity and
approximately 12% overall mass yield can be recovered from
the light fraction through a series of three refrigerated
columns. T5 (condenser at −126 °C) removes light ends (H2,
CH4, CO), T6 (−33 °C) removes ethane, and T7 (−160 °C) separ-
ates ethylene from CO2. Light ends, ethane, propane, and
heavy ends are recovered in small amounts with low purity and
so are not deemed worthwhile to recover in saleable form.
They replace natural gas as fuel in the SMR furnace, with
excess heat used to generate process steam and electricity.

Propylene and ethylene produced by the process are sup-
plied to a polyolefin plant for processing into plastics. As this
process replaces a traditional source of ethylene and propy-
lene, the capital cost of constructing the plastic production
facility is not included in calculations. However, the material
and energy usage contribute to the operating costs and the
corresponding CO2-equivalent emissions are included in the
lifecycle analysis.

2.2 Modeling methodology

The base case gasification process described in section 2.1 and
variations on it were modeled in Aspen Plus.29 The resulting
mass and energy balances are used to estimate the CO2-equi-
valent emissions and cash flow of the process, while the
process conditions are used to size equipment for the calcu-
lation of capital expenses. The detailed flow diagram and
stream details are included in the SI. As, aside from the first
step, the process primarily involves small, nonpolar molecules
and water, the Peng–Robinson equation of state with Boston–
Mattias correction is used to model phase equilibrium. Due to
the rapid nature of the gasification and steam-methane
reforming reactions, the gasification reactor and SMR are
modeled as equilibrium reactors. The methanol synthesis reac-
tions are modeled using the Vanden Bussche–Froment kine-
tics in a plug-flow reactor with constant thermal fluid tempera-
ture.30 The methanol to propylene reactor is modeled with
fixed component yields based on Lurgi MTP processes found
in the literature (not counting H2O, 64.6%, the remainder is:
45.4% C3H6, 25.3% C2H6, 18.5% C2H4, 4.1% C4H10 3.3%, C3H8

1.8% C4H8, 1.1% CH4, 0.3%C5H10, 0.2% H2, 0.2% CO on a
molar basis).28,31–34 Each distillation column is optimized for
recovery and purity of its desired product, with flow rates and
temperatures recorded in Table S1. Heat integration is carried
out to minimize the consumption of heating and cooling
energy, with important points of integration illustrated in
Fig. S1. Pumps are given 85% overall efficiency, while compres-
sors and turbines are given 75% overall efficiency.

2.3 Evaluation methodology

Technoeconomic and Lifecycle analysis are performed based
on the boundary illustrated in Fig. 2. It includes mechanical
sorting, gasification, and polymerization. Although the
strength of gasification is its ability to accept waste with a high
degree of mixing and contamination, certain other plastics,
particularly polyvinyl chloride (PVC), and contaminants, such
as metals, need to be physically removed via mechanical
sorting. Mechanical sorting and polymerization are estab-
lished processes operating at many industrial sites and so are

Fig. 2 Process evaluation boundary (green) showing material (black) and energy (red) flows. Processes with solid outlines are modeled in detail,
while dashed outlines indicate processes not modeled but included in the analysis.
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not modeled in detail here. Their contribution to the lifecycle
of recycled polyolefins is estimated from literature data. The
gasification and energy recovery sections are modeled in detail
to determine the mass and energy balance for lifecycle analysis
as well as estimate operating and capital expenses.

Carbon footprint. Each type of mass and energy flow cross-
ing the boundary has an associated CO2-equivalent emission
factor that is determined by its method of production (for
material inflows) or disposal (for waste outflows). Products can
be credited with avoided emissions relative to the conventional
method of production, in which case these avoided emissions
are subtracted from the net emissions of the process. For
example, the generation of one kilowatt-hour of electricity
results in 0.435 kg of indirect CO2-equivalent emissions (the
average for the Japanese electric grid). This is added to the
CFP for each kWh of electricity is supplied to the process and
subtracted for each kWh of electricity is exported from the
process. In short, the carbon footprint (CFP) is:

CFP ¼
P

FXẊ
FU

ð1Þ

where FU is the functional unit (discussed later in this section),
FX is the emission factor (in kg CO2-equivalent per flow unit),
and Ẋ is the flow (typically kg h−1 or kW) for each material or
energy component X crossing the system boundary.

The emission factors for all mass and energy flows crossing
the process boundary are included in Table 1. Some, such as
electricity and purified oxygen, are obtained from publicly
available data while others are calculated based on the energy
required for their production. For example, the emission factor
of cooling water is derived from the electricity needed to
operate the pumps of a circulation loop including cooling
towers. Steam production is attributed primarily to the emis-
sions of natural gas combustion in boilers with additional con-
tribution from electricity used for condensate recirculation.
The emission factor for plastic waste is calculated based on
transportation (50 km by light truck), shredding, and baling.

The emission factors for fossil-fuel based PP and PE are calcu-
lated based on the lifecycle inventory compiled by Narita
et al.35 and are in line with the values reported for other
regions.36,37 These factors are applied to the products of the
process as avoided emissions, which may be subtracted from
the CFP to represent the emissions avoided by replacing
current production methods.

When evaluating the CFP of the gasification process, two
functional units can be applied. When comparing gasification
with methods of disposing plastic waste that produce different
products, a basis of 1 kg waste input is the most appropriate.
In this case, products exported from the process generate
avoided emissions. When comparing circular processes,
however, it is preferable to use the basis of 1 kg product.38

This allows direct comparison of equivalent products, with
processing inefficiencies reflected in the CFP increasing or
decreasing inversely to yield.

Minimum selling price. The cost of each mass and energy
flow across the process boundary is also included in Table 1.
These costs are used with the mass and energy balance to calcu-
late the operating expenses and revenues of the recycling
process. Other recurring costs such as overhead and mainten-
ance are calculated based on the cost estimation methods of
Turton et al.43 Capital costs are based on equipment sizes deter-
mined by the optimal operating parameters as determined by
the simulation, and updated to reflect prices in 2023, the most
recent year for which price data is consistently available, with a
Chemical Engineering Plant Cost Index (CEPCI) of 798.44

The capital costs and net operating income are then com-
bined into the net present value (NPV), a well-known metric
that represents the profitability of a proposed plant over its
operating lifetime. NPV is a function of the capital expenses,
CAPEX, operating expenses, OPEX, operating income from sale
of polyolefins, OPIN, and economic factors (such as internal
rate of return, depreciation structure, tax rate, etc.), ECON, up
to year n of operation:

NPV ¼ NPVðCAPEX;OPEX;OPIN;ECONÞn ð2Þ

with the complete set of equations explained in section II of
Turton et al.43 The minimum selling price (MSP) is the price of
PP needed to achieve the break-even NPV at the end of the
final year of plant operation, N:

NPVðCAPEX;OPEX;OPINðMSPÞ;ECONÞN ¼ 0 ð3Þ

When calculated, it assumes that the price ratio of PP : PE
is maintained at the current value of 1 : 1.03. MSP is a useful
way to compare the economics of PP and PE produced via re-
cycling with those derived from fossil fuels.

The NPV and MSP are calculated based on a typical plant
lifespan of 15 years. The capital expenses are invested during
construction prior to “year zero” and then depreciated linearly
over the first 5 years of operation. Additional financial con-
siderations for base case evaluation are a discount rate of 10%,
typical for a process that has been well-studied with some com-
mercial implementation, and an annual tax rate of 40%.

Table 1 Emission factors and prices of materials and energy that cross
the process boundary

Material (unit)
Emission factor
(kg CO2-eq. per unit)

Price
($ per unit)

Plastic waste (kg) 0.121a 0.160d

Oxygen (kg) ∼1b 0.054e

Process water (ton) ∼0 0.177 f

Waste water (ton) ∼0 0.056 f

Electricity (kWh) 0.435c 0.109c

Steam (kWh) 0.284a 0.039a

Cooling water (kWh) 0.0046a 0.0013 f

Refrigerant (kWh) 0.261a 0.065a

V.L.T. refrigerant (kWh) 1.958a 0.491a

Polypropylene (kg) 2.01a 1.49e

Polyethylene (kg) 2.02a 1.53e

a Calculated. b Inventory database for environmental analysis (proprie-
tary).39 c Japan electric power information center (2024).40 d Low esti-
mate of Honma & Hu (2021).41 eMinistry of economy, trade, and indus-
try.42 f Turton et al.43
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Carbon circularity. The circularity of a process can be evalu-
ated using the carbon balance. This is performed by compar-
ing the amount of carbon that leaves the boundary in usable
form with the amount of carbon entering the system. In this
case, all carbon enters the system boundary via the plastic
waste stream, while usable carbon is found in PE and PP pro-
ducts and unusable carbon escapes as waste emissions (mostly
CO2 released to the atmosphere). The circularity can be
described by the equation:

Circularity ¼ Cproducts

Cfeed
ð4Þ

where C is the mass of carbon atoms in the products or feed. A
higher value of carbon circularity indicates that the process
maintains a larger portion of carbon in a usable form, as
opposed to being lost via waste emissions.

3 Results and discussion
3.1 Base case

The plastic waste feed into the process, based on the average
of post-consumer plastic waste in Japan as reported by the
PWMI, contains 24% PP and 35% PE, with the mix of other
plastics represented by PS (19%) and PET (22%) for modeling
purposes. The gasification reactor requires 2662 kg of O2

(approximate equivalence ratio of 0.5) and 13 606 kg of steam
to maintain temperature and generate the desired ratio of H2

to CO from the SMR. Single pass conversion of CO into
CH3OH in the MeOH reactor is 19% (molar basis), with the re-
cycling of noncondensing gases bringing the overall conver-
sion to 68% on a carbon atom basis (a methanol production
rate of 7561 kg h−1). As the MeOH synthesis reactions are
exothermal, steam from this reactor is used to heat other oper-
ations, such as the reboiler of the methanol distillation
column. The fixed conversion of methanol to olefins yields
1600 kg h−1 propylene and 435 kg h−1 ethylene, over 99% of
which is recovered via the intensive distillation process. A
small amount is lost in the conversion from propylene and
ethylene to PP and PE. The overall mass yield of polyolefins
(PP + PE) from waste plastic is 40%. Table 2 includes key

process metrics for the base case scenario. A process flow
diagram with detailed stream information can be found in the
SI. The results are consistent (<1% deviation when process
conditions are equivalent) with those of previous models
based on experimental studies, namely the plastic waste to
methanol process of Prifti et al.21,22 and the syn-gas to poly-
propylene process of Kuusela et al.23

The largest source of emissions is the combustion of bypro-
ducts, which contribute 4.17 kg CO2-eq. per kg product. This is
followed by oxygen (1.46 kg kg−1), which is isolated from air
via an energy-intensive process, and electricity (0.49 kg kg−1),
whose main users are the syngas compressors for MeOH syn-
thesis and air compressors for combustion in the SMR. The
balance of heat generation and consumption indicates that no
external source of heating is required, but not enough heat is
produced to justify exporting it to another process. As such, no
heat crosses the process boundary, and the equivalent emis-
sions and cost of process heating are both zero. Electricity gen-
erated from residual heat from SMR makes up over half of the
electricity requirements of the process, but there are still emis-
sions and costs associated with importing the remaining
amount. The total emissions, 6.74 kg CO2-eq. per kg product,
are significantly higher than the emissions for fossil-fuel-
based production of polyolefins, which are around 2 kg CO2-
eq. per kg for both polypropylene and polyethylene. Fig. 3
shows detailed contributions to the carbon footprint, capital
expenses, and operating expenses of the process.

The considerable capital expenses are due mainly to the
SMR reactor, which accounts for 30% of the overall cost. As a
fundamental step in any gasification process, the cost of the
SMR reactor is exceedingly difficult to mitigate without chan-
ging the feed or intended products. The total capital cost of
the plastic-to-methanol portion of the plant, parts (A) and (B)
in Fig. 1, is closely aligned to that calculated by Prifti et al.21

for the same process once inflation is accounted for. Other sig-
nificant capital expenditures are the compressors for syngas
before MeOH synthesis and air for the SMR, as well as the dis-
tillation columns which present significant contributions to
the cost towers and heat exchangers. Operating costs are domi-
nated by the cost of waste collection, contributing $0.40 per kg
product out of $0.64 per kg total. This indicates that the

Table 2 Selected process metrics for the base case

Metric Flow across boundary
Equivalent emissions
[kg CO2-eq. per kg product]

Cost
[$ per kg product]

Material inputs Waste feed 5000 kg h−1 0.30 0.40
Oxygen 2662 kg h−1 1.46 0.07

Material outputs Polypropylene 1589 kg h−1 −1.58 −1.14
Polyethylene 428 kg h−1 −0.43 −0.34
Direct CO2 emissions 8404 kg h−1 4.17

Energy inputs/outputs Process heating 9211 kW 0 0
Heat generation 10 754 kW
Electricity 5834 kW 0.49 0.12
Electric. generation 3571 kW
Cooling water 15 344 kW 0.03 0.01
Refrigerant 994 kW 0.29 0.05
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process is particularly sensitive to the method of waste acqui-
sition, with government-subsidized or free feed making a large
impact on the potential profitability. Other significant contri-
butions come from electricity for the compressors and the pur-
chase of pure O2. With such high capital expenditure, the esti-
mated maintenance costs are correspondingly high, and the
complexity of the system requires significant operating labor.
These two factors are greater than process operating costs,
doubling the total operating expenses and resulting in a net
operating income barely above zero.

3.2 Comparison with other plastic disposal methods

The CFP, MSP, and carbon circularity of gasification recycling
are compared with alternative end-of-life treatments for plastic
waste, summarized in Fig. 4. Using a basis of 1 kg waste allows
noncircular methods to be compared, particularly thermal
recovery, which produces no product, and mechanical re-
cycling, which produces an inferior product. The process
boundary is similar to that shown in Fig. 2, with mechanical
sorting and combustion for thermal recovery included. As
these processes use older simulations45 in which thermal
recovery is not modeled in detail, values for thermal recovery
are estimated via direct substitution of the heat of combustion
of natural gas with that of the studied plastic waste. For
example, 1 kg of unsorted plastic waste replaces 0.70 kg of
natural gas (CH4), based on the higher heating values of the
constituent plastics.46 Values for mechanical recycling, which
includes shredding, washing, drying, milling, wind sifting,
and extrusion were obtained from literature47 and correlated
with industry observations. Values for solvent recycling are
based on models from a previous work, which combined pre-

liminary float-sink separation with a targeted solvent extrac-
tion process.45 In the conventional solvent/antisolvent process,
PE and PP are targeted by successive extractions with a solvent
and precipitated by mixing with an antisolvent. This process
requires a large amount of heat energy to separate the solvents
for reuse via distillation. In the supercritical (SC) solvent
process, supercritical fluids are used in succession to extract
PP and PE, with temperature and pressure reduced to induce
precipitation. Since most of the fluid is maintained in the
supercritical state, energy consumption is much lower than
that of the solvent/antisolvent process.

In this framework, the processes are credited with avoided
emissions, which are emissions that would be produced from
an equivalent amount of virgin PP and PE. The product of
each recycling process is modified by an equivalence ratio to
determine the mass of virgin PP/PE replaced by each process,
which is then multiplied by the emissions factor for the pro-
duction of PP/PE (2.01 kg CO2-eq. per kg). While it can vary
drastically based on many factors, the equivalence ratio for
mechanical recycling is set at 0.7 kg recycled per kg virgin,
which is on the low end of the estimates compiled by Nordahl
et al.48 and the high end of those estimated by industrial recy-
clers. Because of this, the carbon circularity of mechanical re-
cycling is displayed in two parts: the virgin-equivalent portion
is given a solid fill while the rest is patterned to represent the
difference in quality. The equivalence ratio for solvent-based
recycling is 0.99, based on literature and industry reports on
the quality of plastic from these processes.49–51 The avoided
emissions from product are also affected by the yield, which is
77% of the input PP/PE for mechanical (45% of total waste),
99% of input PP/PE for solvent-based (58% of total waste), and

Fig. 3 Breakdown of (A) carbon footprint, (B) capital expenses, and (C) operating income/expenses for the base case. Operating (Op.) Costs include
all raw materials (waste delivery, O2) and utilities (electricity and electricity for cooling).
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40% of the total waste input for gasification. For mechanical
and solvent-based recycling, rejected waste is sent to a separate
facility for thermal recovery; therefore, both emissions from
combustion and avoided emissions from energy recovery are
included. Other sources of emissions are indirect emissions
from materials (e.g. O2 for gasification and solvent makeup for
solvent-based methods), electricity consumption including
cooling, and heat demand from both direct (natural gas-fired)
and indirect (steam) sources.

In terms of CFP, gasification performs worse than any other
disposal methods. This is due to the need for pure O2, the
energy requirement of SMR, and the low yield of product. It
offers a degree of circularity that thermal recovery does not,
but due to the low yield it performs worse than any other form
of recycling in this comparison. The outlying case is mechani-
cal recycling, which converts a higher portion of the feed into
product than gasification but at a lower quality with limited
usefulness. The calculated MSP follow the trend of energy
usage (and thus CFP), making gasification the most expensive
route, and significantly worse than fossil-fuel based PP/PE
(approximately $1.5 per kg). Mechanical recycling has a very
low MSP due to the simple process with low energy usage, and

does not adhere to the trend of MSP following CFP due to
lower product quality reducing avoided emissions and rela-
tively larger emissions from burning rejected waste. Clearly,
major process changes are needed to make gasification a
viable component of a circular plastic ecosystem.

3.3 Options for improving gasification

To improve the economic and environmental performance of
the gasification process, several innovative process modifi-
cations are investigated and evaluated. These include (1)
removing the ethylene recovery section to greatly reduce
refrigeration costs and reduce capital expenditure, (2) adding
H2 prior to methanol syntheses to increase the H2/CO ratio
and improve methanol yield, using H2 produced via conven-
tional steam methane reforming or (3) produced via electroly-
sis with green electricity, (4) pre-sorting the waste to remove
non-polyolefins, thereby decreasing the difference between
feed and product and increasing the yield of polyolefins, (5)
pre-sorting the waste to remove PP and PE, allowing these frac-
tions to be recycled mechanically while sending the remainder
to gasification, and (6) arbitrarily increasing the yield of MTO
through hypothetical advances in catalysts or reactor designs.

Fig. 4 Comparison of gasification to other polyolefin disposal routes, including thermal recovery, mechanical recycling, and solvent-based re-
cycling. CFP and contributing emissions are on the left axis, MSP on the right axis, and Carbon Circularity is represented with pie charts beneath
each column.
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Table 3 summarizes the potential benefit and major drawback
of each process variation. The final proposal is speculative,
intended to demonstrate the large effect that low polyolefin
yield has on the process, but the other five changes are poss-
ible with current technology. Fig. 5 illustrates the location of
each proposed change on a simplified process diagram, and
the flows of major process streams can be found in the SI.

Variant 1. When the ethylene recovery section is removed,
low-temperature refrigeration is no longer required and three
distillation columns (T5–T7) are eliminated. This reduces CO2-
equivalent emissions from refrigeration and electricity con-
sumption, as ethylene is separated along with other by-products
and then combusted to generate heat and power. However, the
21% reduction in polyolefin production reduces circularity and,
along with the increase in direct emissions from burning ethyl-
ene, causes a net increase in the CFP from 6.74 to 8.60 kg CO2-
eq. per kg product. The ethylene recovery section has many unit
operations, but each one has relatively low throughput and so
only contributes a small portion of the plants capital and oper-
ating costs. Thus, the slight reduction in operating and capital
expenses that result from its elimination are insufficient to
offset the value of lost product, leading to a higher MSP of
$2.18 per kg PP. These results, along with those of the base case
and following process variants, are included in Fig. 6.

Variant 2. H2 is introduced prior to methanol synthesis at a
rate sufficient to maintain the MeOH reactor feed H2/CO ratio

at 2.1, thereby increasing the overall carbon yield of methanol
from 68% to 86%. The increase in methanol yield has down-
stream effects, increasing the carbon circularity to 0.53 kg
Cprod. kg Cfeed

−1. Since MeOH synthesis and the MTP process
are exothermal, there is little effect from reduced burning of
byproducts other than a reduction in direct CO2 emissions.
The main effect of higher yield is to reduce the relative contri-
bution of other factors, lowering the CFP to 4.49 kg CO2-eq.
per kg product before including the contribution of H2.
However, since H2 produced from fossil fuels via SMR has an
emission factor of 13.2 kg kg−1 H2 (see Table 4), the CFP of
this variant rises to 6.65 kg CO2 per kg product, nearly equal to
the base case. The cost of H2 from SMR is relatively low,
however, which together with the higher conversion reduces
MSP to $1.73 per kg PP, almost competitive with conventional
polyolefins.

Variant 3. Similar to Var. 2, additional H2 is added to main-
tain the MeOH reactor feed H2/CO ratio at 2.1. While the
process itself is unchanged, with the same carbon circularity
as Var. 2, the H2 is assumed to be produced by electrolysis of
water using electricity generated from wind power, which has
an emission factor less than one tenth that of SMR. This
almost eliminates the contribution of H2 to CFP, bringing it
down to 4.63 kg CO2-eq. per kg product. However, the high
cost of electrolysis results in the highest MSP among the var-
iants, at $3.06 per kg PP.

Variant 4. Sorting plastic waste via float/sink separation is
an energy-efficient method to mostly isolate polyolefins from
other plastics, as PE and PP are the only two major plastics
with a density less than that of water. The mechanical sorting
step is expanded to include float/sink separation, which yields
a stream of approximately 98% PE and PP waste. This should
increase the atomic efficiency of the gasification process by
bringing the feed and product compositions closer together.
This modification increases the conversion of waste to poly-
olefins by 5%, though the benefit is offset by higher O2 con-
sumption to ensure complete gasification and a slight
reduction in electricity generation. However, the plastic waste
fraction rejected by float/sink separation must still be
managed, and as in all cases it is treated via thermal recovery.
This causes the overall carbon circularity to drop to 0.27, the

Table 3 Summary of changes that might improve the gasification recycling process

Variant Brief description Effects

(1) Omit ethylene + Eliminate costs associated with ethylene separation section
– Reduce production of polyolefins

(2) Add H2 (SMR) + Increase conversion from syngas to methanol
– Increase CFP with fossil-fuel-based H2

(3) Add H2 (green) + Increase conversion from syngas to methanol
– Increase cost with H2 from electrolysis with green electricity

(4) Pre-sorted + Increase conversion in the gasification process
– Decrease overall yield when rejected waste is burned

(5) Mechanical + gasification + Reduce emissions by diverting waste to mechanical process
+ Increase overall yield by recovering more of original mass
– Decrease in overall product quality

(6) Better MTP + Increase yield of polyolefins
– Decrease amount of energy generated by burning byproducts

Fig. 5 Simplified diagram showing points of process improvement.
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lowest of any variant, and burning 40% of the original mass
greatly increases both the CFP, to 8.85 kg CO2-eq. per kg
product, and MSP, to $2.32 per kg PP. This highlights that,
given the reality of mixed plastic waste streams, gasification
should not be applied selectively to a single polymer type or
class of polymers. On the other hand, the small change in
product yield for the gasification portion indicates that pro-
cesses designed on the basis of just PE and/or PP feed, as
found in the literature, will perform similarly when subjected
to mixed waste streams, as long as the contamination does not
pose a problem for the operation of the gasification reactor.

Variant 5. In direct opposition to Var. 4, this option con-
siders a system in which polyolefins are recycled mechanically
while the waste rejected from the mechanical recycling process

is recycled via gasification. Unlike Var. 4, this gasification is
less atomically efficient, with a highly mixed feed (modeled
with PS and PET), resulting in a CFP of 7.30 kg CO2-eq. per kg
product for gasification alone. However, when both processes
are combined, the overall CFP falls to 2.44 kg kg−1, reflecting
the high share of mechanically recycled polymer (46.5% of the
original mass) compared with gasification product (12.9% of
the original mass). This includes the assumption that the
mechanically recycled polymer is of lower quality and thus has
lower avoided emissions from its product, as discussed in
section 3.2. The combined approach performs better than the
current lifecycle of fossil-fuel-based polyolefins in terms of
CFP. Due to the low MSP of mechanical recycling, the mean
MSP of the two processes is only $0.87 per kg PP. With 66% of
the carbon recovered as polyolefins, 18% of which is virgin
quality, this is the variant with the highest degree of carbon
circularity as well. This suggests high potential for a polymer
recycling strategy in which inexpensive mechanically recycled
plastic is paired with high-quality plastic produced via gasifica-
tion of the waste rejected from the mechanical recycling
process.

Variant 6. It is noteworthy that the conversion of the MTP
reactor is not high and the low overall process yield results in
high CFP, high MSP, and low circularity. To explore the effect
of improved catalyst performance, the MTP reactor is assumed
to achieve aa 14% increase in the carbon yield of ethylene and
propylene (from combined 62.5% to 71.2%). This raises the

Fig. 6 CFP, MSP, and carbon circularity of the base case and six variants for possibly improving gasification.

Table 4 Emission factors and prices of materials unique to variant
gasification processes

Material (unit)
Emission factor
(kg CO2 per unit)

Price
($ per unit)

Hydrogen, SMR (kg) 13.2a 1.26a

Hydrogen, wind (kg) 0.88a 7.86a

Waste, sorted (kg) 1.11b 0.32c

Waste, mech. reject (kg) 0.06b 0.08d

a Parkinson et al. (2019).52 b Calculated. cMiddle estimate of Honma &
Hu (2021).41 dHalf of value for unsorted waste.
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overall carbon yield of the gasification-reconstitution process
to 47%, reducing CFP and MSP per kilogram of product with a
concurrent decrease in energy recovery from by-product com-
bustion. The net effect is to reduce CFP to 6.18 kg CO2-eq. per
kg product, and MSP to $1.73 per kg PP. Considering that
these represent only 8% and 6% reductions in CFP and MSP,
respectively, it seems unlikely that a gasification process will
become competitive with fossil polyolefins (requiring
reductions of 50% in CFP and 19% in MSP) by improvements
in the MTP section alone.

Summary. Fig. 7 illustrates the tradeoff between CFP and
MSP for the polyolefin recycling/production options discussed
in this work. Circularity is also illustrated by altering the size
of the points. Of the gasification routes, the base case is in the
middle. Options that reduce the amount of product, such as
omitting ethylene collection (Var. 1) and diverting incompati-
ble waste to thermal recovery (Var. 4) negatively impact CFP,
MSP and circularity. When H2 is added to the process (Var. 2/
3), circularity is increased while the effect on CFP and MSP
varies depending on the source of H2: using fossil-fuel based
H2 results in a slight reduction in both metrics, while H2 from
green electricity results in a significant decrease in CFP but at
a prohibitive increase in cost. While the performance is depen-
dent on the high cost or CFP of H2, even green H2 at the same
cost as fossil-based H2 would not result in a process competi-
tive with the conventional linear route. Increasing the yield of
product though improvements in MTP yields a reduction in
both CFP and cost. When combined with mechanical recycling

process (Var. 5) is the only gasification-involving process that
performs better than the linear route for polyolefins from
fossil fuels to thermal recovery. This combined process has the
highest circularity of all the options, with a CFP and MSP
closest to that of mechanical recycling. However, the low
quality of mechanically recycled polymer makes economic and
effective circularity estimates uncertain. Included in the group
of processes favorable to the linear route, the two solvent-
based recycling processes included here have higher MSP than
mechanical but the potential for lower CFP. Based on these
results, it is likely that a combination of gasification and
solvent-based recycling would provide an even higher degree
of circularity, with a similar or lower cost and lower CFP than
conventionally produced polyolefins.

4 Conclusions

The results of this study indicate that gasification on its own
has little promise for producing circular polyolefins in an
environmentally friendly and economical manner. Various
process variants were tested, and some improved the econ-
omics, emissions, and/or circularity of gasification, but none
were competitive with linear route of conventional polyolefins.
The unavoidable factor is the large, high-temperature energy
requirement of gasification and SMR (approximately 19 MJ
kg−1 waste), which must be provided by partial combustion of
reactor contents (autothermal gasification with O2) and com-

Fig. 7 CFP, MSP, and carbon circularity for various routes for polyolefins. Carbon circularity is indicated via the radius of the points, with the outer
rings representing 100% carbon circularity. The linear route from fossil fuels to thermal recovery is marked in red, gasification routes in blue,
mechanical recycling routes in brown, and solvent-based recycling routes in green.
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bustion of byproducts. As a result, even a process approaching
complete circularity, converting all carbon in the plastic waste
into polyolefins, will have a high CFP due to the replacement
of byproducts with natural gas as means of heating the SMR.
Such a process would not even be as circular as expected, since
the methane in natural gas represents an additional source of
carbon that will be lost in the form of CO2. In order to reduce
the CFP below that of the current fossil carbon-based poly-
olefin lifecycle, a gasification process would likely have to
incorporate addition of H2 – preferably green H2, which will
not be available at the necessary scale for the foreseeable
future – and the CO2 produced from the combustion of bypro-
ducts would have to be captured. Both improvements would
incur additional costs that would lower the prospects of econ-
omical implementation.

One option not considered here, the conversion of plastic
waste to some other value-added chemical via gasification,
warrants further study. While the exclusion of this option is
justified when comparing routes for circular polymers, there
are many other chemicals that can be produced from syn-gas.
Some of these chemicals may be cheaper or have a lower CFP
when produced from plastics, relative to their conventional
production process, but the loss of potential plastic recycling
cannot be ignored. Finding an appropriate way to incorporate
the unmitigated emissions of plastic production into the cal-
culation of CFP for other chemicals is a significant consider-
ation for this ongoing work.

While gasification has little prospect as a stand-alone solu-
tion for polymer circularity, these results point to specific
cases where its implementation should be further explored. As
part of a circular polymer ecosystem, gasification could be
used to process the rejected waste of mechanical or solvent-
based recycling processes. It has been shown that combining
mechanical recycling with gasification, while higher in CFP
and cost than mechanical recycling alone, enhances circularity
at a CFP and MSP lower than that of conventional polyolefins.
Similar results would be expected for certain solvent-based
routes, with the higher quality of solvent-recycled polymers
enhancing the circularity even further. In short, gasification is
not a complete solution to the interrelated problems of waste
plastic buildup and global warming, but it should continue to
be studied as one part of an interconnected circular polymer
ecosystem.
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