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ABSTRACT: Hydrogen of a high purity can be produced from
the advanced gasification of nonrecyclable mixed plastic wastes
(MPW). Due to the fossil nature of MPW, carbon capture and
storage (CCS) capabilities need to be employed for the process to
be considered a low-carbon hydrogen production route. This study
analyzes the environmental performance of a semicommercial
process that (a) provides an end-of-life (EoL) for MPW, (b)
produces hydrogen as the main product (for sustainable
manufacturing, heating, and transport applications), and (c)
captures carbon dioxide emissions which are injected into
geological sites for permanent sequestration. The climate change
impact result is −371 kg CO2 per 1 tonne of MPW treated. The
process was competitive against a similarly modeled Waste-to-
Energy (WtE) plant coupled with CCS�an alternative future end-
of-life scenario. WtE with CCS produced a corresponding impact of 17 kg CO2 per 1 tonne of MPW. The two technologies were
also compared alongside a decarbonizing electricity grid mix.
KEYWORDS: life cycle assessment, waste to energy (WtE), incineration, nonrecyclable plastics, advanced thermochemical treatment

■ INTRODUCTION
The tremendous societal benefits and resultant high demand
for plastics in the last century have unsurprisingly come at the
cost of equally ubiquitous and long-lasting plastic waste
accumulation in the ecosphere�a consequence of the same
resilient properties that they are revered for.

In 2020, waste arising from plastic packaging in the U.K.
totaled ∼2.5 million tonnes, of which ∼47% was mechanically
recycled.1 Therefore, a large volume of nonrecyclable plastic
waste, mainly composed of polyethylene (PE) plastic films,
polypropylene (PP) food containers, polyvinyl chloride (PVC)
pipes, etc., is being directed to alternative end-of-life fates other
than mechanical recycling such as incineration (with or
without energy recovery) and landfill. Waste-to-energy
(WtE) via incineration has been to date the most desirable
nonrecyclable plastic waste disposal method, saving landfill
space and utilizing the high calorific content to generate heat
and electricity, thereby displacing primary energy production
and thus virgin fossil fuel. Modern incinerators, however, still
suffer from low efficiency and the release of toxic and
persistent organic air pollutants such as dioxins, furans,
mercury, and polychlorinated biphenyls (from burning of
PVC), nitrogen oxides (NOx), and sulfur oxides (SOx), posing
a threat to land and marine environments and human health.2

Typically, PE and PP will result in high polycyclic aromatic
hydrocarbon (PAH) levels in the flue gas.3,4 Another issue is

that, with the U.K.’s shortfall of domestic plastic incinerators,
the majority of nonrecyclable plastic waste destined for
incineration is exported. For example, it is estimated that
∼60% plastic packaging is exported for incineration, primarily
to developing countries with inadequate environmental
regulations.5

This highlights the opportunity for advanced chemical
conversion technologies to divert nonrecyclable plastic waste
away from incineration and have them treated locally for the
production of more high-value products that are not limited to
energy generation. Advanced thermochemical treatments of
plastic waste, such as gasification, are capable of decomposing
nonhomogenous waste into a clean syngas stream providing
product flexibility for subsequent upgrading into high-value
fuels or chemicals.6−8 A potential energy dense product from
this process is hydrogen.9−11 With no emissions associated
with its point of use and low-carbon production routes
available, hydrogen can be a clean energy vector, and thus the
development of a low-carbon hydrogen sector is a key element
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of the U.K.’s net zero plan, particularly for “hard-to-
decarbonize” sectors like domestic heating, transportation,
and heavy industries.12,13 The use of hydrogen for district
heating in the U.K., replacing fossil-based natural gas, is already
being facilitated through the “Iron Mains Replacement
Programme”, and by 2032 the majority of the gas network
will be replaced with polyethylene pipes, which are compatible
with hydrogen.14 A demonstration project to blend up to 20%
(vol.) hydrogen in the gas network is underway.15 The H100
project in Fife is planning to supply 300 homes with 100% low-
carbon hydrogen through a purpose-built gas network from
2022.16 Attention, however, must be brought to recent
research pointing to the indirect greenhouse effect resulting
from fugitive hydrogen emissions to the atmosphere.17,18

Transport demand will be driven by sectors that cannot be
easily electrified such as heavy-duty vehicles or shipping.
Industrial users such as refineries, ammonia producers, or glass
manufacturers are also seen as early adopters. The Energy
Research Partnership estimates current hydrogen demand in
the U.K. is 27 TWh/year.19

Current commercial scale hydrogen production is domi-
nated by steam methane reforming of fossil fuels (∼96%),
mainly natural gas.20 To be considered low-carbon (i.e., Blue-
H2), significant direct CO2 process emissions will need to be
captured and permanently sequestered from the process.21

Similar carbon performance can also be realized via gasification
of different waste feedstocks when coupled with CCS. For
feedstocks containing biomass, carbon capture effectively
removes biogenic CO2 from the natural carbon cycle, with
the resulting technology considered as a “negative emissions
technology” according to the IPCC 2006 guidelines for
greenhouse gas accounting.22 For plastic waste feedstocks,
the absence of biogenic carbon means that carbon capture can
at best make the technology carbon neutral. Plastics have a
higher heating value (20 and 40 MJ/kg) and hydrogen content
compared to biomass or municipal solid waste (MPW),
resulting in potentially higher hydrogen production.23

Gasification as an end-of-life strategy for MPW has been
explored previously from a life cycle perspective.24,25 Life cycle
assessments (LCAs) of hydrogen production through this
route are less extensively explored, with Midilli et al.10

calculating preliminary greenhouse gas (GHG) emissions for
reviewed lab-scale studies. For biomass and MSW feedstocks,
more in depth LCA studies are available with some studies also
considering CCS.26−30 However, a clear understanding of the
potential carbon footprint and environmental impact of a
plastic-to-hydrogen plant with CCS is not available. This study

aims to provide a first comprehensive environmental perform-
ance analysis of gasification of MPW to H2 coupled with CCS.
Since the integration of conventional WtE technologies with
CCS is also touted as a future technology to improve the
sustainability of current WtE plants, the study also provides a
comparison against this future waste disposal route.31,32

The main goals of this work are

• Highlight the potential environmental benefits of a
MPW-to-H2 gasification with the CCS plant against the
backdrop of the current disposal route via incineration

• From a future waste disposal perspective, compare
MPW-to-H2 with CCS to MPW-to-Energy (WtE;
incineration) with CCS on an environmental impact
basis

■ TECHNOLOGICAL ASPECTS
The following technologies were modeled using ASPEN Plus
for a reference plant treating >35,000 tonnes of MPW per
annum producing approximately 7,500 t/a or 470 GWh of
hydrogen. This scale is compatible with the output from a
reasonably sized Material Recycling Facility (MRF), account-
ing for residual plastic waste arising from domestic,
commercial, and industrial waste. For example, Grundon
MRF near Heathrow airport has a capacity of 400,000 t/a of
dry mixed recycling waste, ∼5−10% of which is nonrecyclable
MPW. Process model schematics for the two processes
described in this section are provided in Figure 1 and Figure 3.

MPW Gasification for Hydrogen Production with CCS
(H2 w/CCS). The waste generated by Heathrow airport was
considered in this work as a case-study reflecting a U.K.
scenario. Details for composition and associated analyses are
shown in Table 1. Waste collected across all five terminals at
Heathrow Airport is sent to a Material Recovery Facility
(MRF) where a majority of metals (ferrous and nonferrous),
glass, paper and cardboard, and recyclable plastics are normally
recovered. The remaining nonrecyclable plastic waste residue
from the MRF is dirtied by some residual organic components
that adhere to the plastic (such as food remains and paper
labels).33 This fraction of contamination is dependent on the
MRF and the inclusion of further cleaning or treatment stages
of the residual waste, which may not be included due to added
cost and energy for a waste stream that is directed to a landfill
or incinerated. The biogenic fraction of this nonseparated,
nonrecyclable waste can vary, for example, a 12% and a 23%
organic fraction in different samples of rejected plastic
waste.34,35

Figure 1. Schematic detailing the H2 w/CCS process.
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The resulting MPW stream obtained, detailed in Table 2, is
transported via trucks to the advanced thermochemical
treatment plant where it is incinerated. In this work, the
same feedstock will be treated to produce hydrogen, while
capturing the CO2 on site for offshore storage. A distance of 50
km is assumed from MRF to the plant, approximated from the
nearest existing incinerators to Heathrow Airport.36

The design of the Waste-to-H2 plant is based on that of
more advanced demonstration plants which are at the
technology readiness level (TRL) close to commercialization.
A process flow schematic is provided in Figure 1. Most of these
plants utilize a steam-oxygen blown fluidized bed gasifier
operated at 700−800 °C to successfully gasify polymeric chains
down to a syngas stream. The raw syngas, containing mostly
hydrogen, carbon monoxide, carbon dioxide, and a variety of
hydrocarbons including problematic tars, is further treated in a
tar-reformer, in this case powered by thermal plasma, at 1200
°C to separate solid particulates and ashes from the stream,
while reforming the tars into additional useful syngas.37

Gasification parameters including temperature of gasifier,

equivalence ratio, and syngas composition are in line with
those in the literature for MPW gasification.10 The exiting hot
syngas is cooled (down to 200 °C), and the heat is recovered
and recirculated to the energy intensive CCS stages. The
cooled syngas is cleaned and conditioned using dry filters, acid
scrubbers, and alkali scrubber to remove contaminants such as
heavy metals, sulfur, and chlorine.38 The possibility of
removing these contaminants from a gas phase rather than
liquid makes gasification a more preferable option for chemical
recycling of contaminated waste, if compared, for example, to
pyrolysis.39 Following cleaning stages, the gas is fed into a
series of water gas shift (WGS) reactors to increase the
concentration of H2 and CO2. The above-mentioned stages are
well established in the chemical industry and have been
modeled previously with detailed technological aspects
provided in the work by Amaya-Santos et al.27 The H2 and
CO2-rich gas is next fed into a conventional precombustion
carbon capture unit, comprising of an absorber and a stripper,
wherein CO2 is selectively absorbed in the former at 1.4 bar.
An aqueous solution of 30% wt. monoethanolamine (MEA) is
used as the solvent. CCS using MEA is a high TRL technology
with proven integration for various applications and thus
comes with easily transferable knowledge to the process
modeled here.40,41 The stripper subsequently strips the CO2
out of the liquid solvent using steam, allowing the lean amine
to be recycled back to the absorber. Small amounts of
circulating amines are sent to the dry filtration unit before
discharge; fresh MEA is periodically added to replenish lost
solvent. The system employs a 90% carbon capture removal
rate and yields a CO2 stream with a high purity of 99.8%, well
above the requirements for grid injection.42 From the absorber
unit, the remaining product gas, stripped of CO2, is fed to a
PSA whereby H2 of a high purity (99.9%) and low CO
concentration (>300 ppm) is obtained according ISO 14687
specifications for H2 use in fuel cells.43,44 The hydrogen is
pressurized at 200 bar and stored. Remaining tail gas is used to
generate electricity via a Jenbacher gas engine. Details
pertaining to PSA and gas engine can be found in the work
of Amaya-Santos et al.27

The dehydrated and compressed CO2 at 60 bar is
transported to the nearest carbon capture and utilization
(CCUS), Humberside, from a plant in the Greater London
region (Figure 2). The CO2 transport entails initial lorry
transport to the nearest port, assumed to be around 50 km.
The CO2 is then transported via shipping tankers over 500 km
from the Port of London to Humberside.45 From the CCUS
cluster, the CO2 is transported 200 km via pipelines into the
North Sea where it is then injected into a deep saline aquifer
for permanent storage.45 The CO2 is repressurized from 60 to
120 bar to account for pressure drops during pipeline
transportation.

Incineration of MPW with CCS (WtE w/CCS). Recently,
waste incineration integrated with carbon capture and storage
(CCS) technologies has been garnering attention to conciliate
climate change concerns.31,32 However, this integration may
suffer from a large energy penalty associated with CCS and
lower power plant efficiencies.46,47 Currently, WtE w/CCS is
being deployed at scale in Europe for municipal solid waste
(MSW) feedstock (many using amine CCS technologies) and
is thus an important comparative scenario for MPW waste
disposal. The Twence WtE plant for MSW in The Netherlands
will have a CO2 capture capacity of 100,000 t/yr.48 At the
Klemetsrud WtE facility in Norway, following a successful pilot

Table 1. Dry Mixed Recycling (DMR) Composition at the
Material Recovery Facility (MRF)

Material Category

Dry Mixed
Recycling [DMR]

(wt %)

Paper and Cardboard (cardboard, newspapers and
magazines, mixed paper, paper cups, beverage
cartons)

73.2

Plastic (bottles (polyethylene terephthalate/high-
density polyethylene), rigid plastics, flexible plastics)

8.4

Metal (steel cans and aerosols (ferrous), aluminum cans
(nonferrous))

2.1

Glass 0.8
Organic (food waste) 4.3
Textiles 0.2
Waste from Electrical and Electronic Equipment

(WEEE)
0.0

Printer Cartridges 0.0
Decanted Liquid 3.5
Residual Waste 7.3

Table 2. Mixed Plastic Waste (MPW) Composition Analysis

Component Mixed Plastic Waste [MPW] (wt %)

LDPE 25
HDPE 25
PP 39
PVC 1
Residual Biomass 10

Ultimate Analysis [wt %] MPW

C 81.92
H 11.89
N 0.36
S 0.06
O 5.21
Cl 0.57

Proximate Analysis [wt %] MPW

Moisture 0.95
Fixed Carbon 1.71
Volatiles 95.44
Ash 1.90

Energy Content [MJ/kg] MPW

Calorific Value (HHV) 41.11
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project to capture 90% of direct CO2 process emissions,
development of a full-scale MEA based carbon capture of
400,000 tCO2/yr is underway.41 Amager Bakke WtE in
Copenhagen, Denmark, has also established a pilot plant.49

The process flow schematic is depicted in Figure 3. The
modeled WtE plant effectively combusts MPW in an
incinerator at >1500 °C in air. The resulting hot flue gas is
composed, on average, of 8−10% H2O, 7−9% CO2, 75% N2,
and 7−9% O2, which lies within the typical range for existing
WtE plants with some minor deviations due to the difference
between MSW and MPW such as moisture and ash content.
The resulting hot flue gas generated postcombustion is sent to
a heat recovery section which employs a grate-boiler, where
high pressure steam is generated. This steam is then used for
electricity and heat generation with 8 t/h and 49 t/h of steam
generated, respectively, for the scale corresponding to
treatment of 1 tonne of MPW (Functional Unit�See Life

Cycle Assessment (LCA) Methodology). The flue gas is then
treated to remove contaminants using activated carbon, lime,
and urea (selective noncatalytic reduction).50 Additional gas
cleaning components were not modeled for the retro-fitted
CCS case, although additional cleaning may be required so as
to preserve MEA stability and longevity.51 Instead, a MEA
solvent degradation rate was considered to take this into
account.52 In a conventional WtE plant this flue gas is then
released to the air. For the retro-fitted WtE w/CCS, the flue
gas is instead fed to a carbon capture unit using MEA as
absorbent at 1.4 bar where 90% carbon capture rate is
achieved. The core carbon capture technology modeled is the
same as H2 w/CCS above; however, it is a postcombustion
CO2 capture rather than the precombustion capture
technology for H2 w/CCS. The advantage of postcombustion
is that it can be retrofitted to pre-existing WtE plants and can
benefit from long dated experience of CCS from fossil-based
power plants.53 The lean flue gas produced, depleted in CO2, is
released to the environment while the CO2 captured is
compressed, transported, and stored as in H2 w/CCS.

■ LIFE CYCLE ASSESSMENT (LCA) METHODOLOGY
The study complies with the ISO 14040 and ISO 14044
guidelines and is modeled on GaBi 10.0.0.71 using Thinkstep
and ecoinvent v3.6 databases.54,55 Primary data is obtained
primarily from ASPEN plus modeling of the technologies and
is corroborated by plant data from a U.K.-based waste
gasification company and waste incineration company.

Goal and Scope. The goal of this work is to assess the
environmental performance of managing MPW disposal via
gasification coupled with MEA-based carbon capture for the
production of high-purity (99.9%) hydrogen. A thorough
attributional LCA is conducted for the proposed MPW-to-H2
with CCS plant, including a hotspot analysis and a
consideration of the counterfactual case, namely, diversion of
plastic waste to a conventional incinerator. Additionally, a
comparative analysis between MPW-to-H2 with CCS and
MPW-to-Energy with CCS is shown, representative of future
waste disposal technologies. The functional unit corresponds
to the treatment of 1 t of MPW.

The study considers a complex system that (a) utilizes a
waste feedstock, (b) produces hydrogen as the main product
(for heating and transport applications), (c) captures and
permanently sequesters carbon dioxide, and (d) generates
electricity. Following the aforementioned ISO standards, a
system expansion approach is applied to account for this
multifunctionality and thus the avoided environmental impacts
of producing electricity and hydrogen are credited to the
system.54,55 Electricity replaces the current U.K. grid mix. As
hydrogen is currently not employed at any considerable scale
for manufacturing, heating, or transport in the U.K., the study
assumes that it replaces natural gas for district heating and is
used as the reference scenario throughout this work. This
would be similar for manufacturing applications, where natural
gas is typically used for heating purposes in gas-fired boilers. It
should be noted that hydrogen produced by this process is of
transport-grade quality, yet analysis of this use case is omitted
due to challenges in conducting an LCA on hydrogen-fueled
zero emission vehicles due to technological nascency. To
explore the inherent uncertainty related to the choice of the
avoided process used for crediting, the study also considers the
commercial process for hydrogen production, namely, steam
methane reforming (see Introduction). A 10% biogenic carbon

Figure 2. Map of the United Kingdom detailing transport distance for
captured CO2 by freight from Port of London to the Humberside
CCUS cluster, transport via pipeline to nearest CO2 storage region in
Southern North Sea and other CCUS clusters and storage regions
(adapted from Murugan et al.42).

Figure 3. Schematic detailing the WtE w/CCS process.
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content is also assumed for the MPW feedstock (which
maintain a level of contamination with food and paper
labeling), with a ±5% variation. Additionally, a zero-burden
approach is applied where any processes associated with plastic
prior to it becoming waste is not accounted for. Since the LCA
results are also sensitive to impacts and credits for electricity
generation, future energy system scenarios for the U.K. in 2030
and 2050 are analyzed for H2 w/CCS and WtE w/CCS.

The system boundaries analyzed are shown in Figure 4. The
boundary for MPW-to-H2 with CCS begins with the transport
of the unrecyclable plastics from the MRF to the
thermochemical treatment plant. This is assumed to be a
distance of 50 km transported via lorry. The processing stages
include syngas generation, syngas cleaning and conditioning,
carbon capture, hydrogen purification, and compression. The
CO2 captured is transported via lorry and sea tankers and
finally through pipelines prior to being injected in a saline
aquifier. A similar system boundary is also shown for WtE w/
CCS in Figure 4. Life cycle impacts were assessed across the
categories that represent the highest environmental priorities
according to normalization using the EF 3.0 global reference
normalization and weighting factors.56 The results for all
impact categories are reported in the Supporting Information.
Hauschild et al. provides a detailed description of these impact
categories.57

Inventory Data. Data for the Foreground system is
obtained from detailed mass-and-energy balances generated
via Aspen Plus simulation and are reported in the Supporting
Information. Table 3 reports the key inventory data for H2 w/
CCS and WtE w/CCS with respect to the functional unit, 1
tonne of MPW. The environmental burdens of H2 production

include the direct burdens allocated to all the operational units
and elementary flows considered in the system boundaries; the
indirect burdens allocated to the external supply of material
and energy processes; and the avoided burdens allocated to the
production of hydrogen, production of electricity from tail-
gases, and permanent sequestration of biogenic carbon
contaminants. Activities in the background system, which
include the provision of materials and energy and the
treatment of end-of-life wastes, are modeled using the
ecoinvent database, cutoff system model, version 3.8.58,59

These include the chemicals production and supply required as
fluidizing agents (e.g., oxygen); gas cleaning chemicals and
CCS solvent (MEA); net thermal energy and electricity
requirements/generated; the end of life of ash and MEA
discharge via inertization and landfilling; and the treatment of
wastewater effluents. Ecoinvent data sets were also used for
CO2 transportation via lorry and sea tankers. CO2 trans-
portation via pipeline and injection into deep saline aquifers
were modeled based on inventory data from Antonini et al.60

The construction of the plant was also included, using a
chemical organics factory from ecoinvent as a proxy and
assuming 30 years operation at 80% capacity. Where
applicable, data was chosen specific to the U.K. or the Europe
region. The gas cleaning stages are based on industry
standards, and CO2 is the main constituent of tail gas
emissions. Different scenarios for crediting the avoided impacts
from hydrogen production are considered (data retrieved from
ecoinvent); the replacement of natural gas in district heating (a
conservative approach, as higher grade H2 is produced here)
and the replacement of producing high-purity hydrogen via
steam methane reforming of natural gas. The fugitive emissions
of hydrogen, a consequence of its application in district
heating, is not included, although they impart an indirect

Figure 4. System boundary for the (a) H2 w/CCS and (b) WtE w/
CCS plants.

Table 3. Key Inventory Data for H2 w/CCS and WtE w/
CCSa

H2 w/CCS
(90% CCR)

WtE w/CCS
(90% CCR)

Inputs
MPW feed kg 1000 1000

MJ 41040 41040
Oxygen (from ASU) kg 886.5 −
Air kg − 19971
MEA solvent makeup kg 0.7 6.0
Net thermal energy

required
MJ 8568 828

Net electricity required MJ 3780 −
Outputs
Hydrogen kg 215.6 −

MJ 30600 −
Hydrogen purity % 99.9 −
CO2 captured kg 2635 2670
CO2 purity % 99.8 99.7
Net electricity exported MJ 0 2952
Waste-to-X efficiency

(energy basis)
% 74 13

CHP efficiency
(w/o CCS)

% 70 40

CHP efficiency
(w/CCS)

% 57 7

CCS energy efficiency MJ/kg CO2
captured

3.68 4.25

aASU: air separation unit. X: valuable products. Further details can be
found in the Supporting Information.
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impact on climate change; this is a limitation of this study.17,18

However, for the data set for natural gas for district heating,
these emissions are considered. For the scenario analysis, the
electricity grid mix for the U.K. in 2030 and 2050 is modeled
using the GaBi database.61,62

■ RESULTS AND DISCUSSION
Hotspot Analysis of MPW Gasification for Hydrogen

Production with CCS (H2 w/CCS). Figure 5 shows a hotspot
analysis of different stages of a H2 w/CCS plant for the 8
categories with the highest magnitude of impact after
normalization, namely, Acidification (AD), Climate Change
(CC), Ecotoxicity (EC), Eutrophication�freshwater (EF),
Human toxicity�noncancer (HTNC), Ionizing radiation�
human health (IR), Resource use�fossil (RUF), and
Resource use�mineral and metals (RUMM).
Waste Transport. Across all categories, waste transport

carries negligible (<1%) impact contributions primarily due to
a short transport distance and lower mass carrying load
(compared to, e.g., CO2 transport). Syngas generation. The
gasifier and tar reformer have noticeable contributions to all
categories analyzed; AD (14%), CC (8%), EC (11%), EF
(14%), HTNC (10%), IR (24%), and RUF (12%). The
impacts are primarily driven by the energy intensive tar
reformer, which consumes ∼615 kWh/tonne of MPW
(reported electricity requirements range from 400 to 845
kWh/tonne MSW) with >65% of the impacts in the syngas
generation section (in categories AD, EC, EF, IR, and RUF)
attributed to the tar reformer.63 Notably, the parasitic power of
the tar reforming technology (plasma reformer) is dictated by
the amount of ash to vitrify and thus is lower for MPW
compared to MSW. For the categories CC and HTNC, the
supply of oxygen for the gasifier also contributes significantly as
a result of the air separation process.64 The consumption of
oxygen for plastics is higher compared to a biomass or MSW
feedstock because plastics have lower content of O2. Syngas
cleaningand H2bulk production. The production of chemicals

in the gas cleaning stages are substantial contributors to AD
(13%), EF (18%), HTNC and (31%). Hydrogen production in
the water gas shift (WGS) units requires a thermal and
electrical energy input and thus impacts the origin of the
supply of these energy systems contributing to CC (9%), IR
(8%), and RUF (9%). EC (27%) is contributed nearly equally
by chemical supply and electricity. Contributions to cleaning
stages have been explored further in Amaya-Santos et al.27 The
syngas cleaning stage also includes the treated landfill disposal
of air pollution control (APC) residues and bottom ash, with a
negligible impact contribution. Carbon capture. The stripper
solvent regeneration unit constitutes the most thermal energy
intensive unit of the entire plant requiring 2.7 MWh/tonne
MPW even with some thermal energy recovered in the syngas
generation stage used to offset this demand. The associated
impacts, CC (7%) and RUF (7%), are significantly reduced by
using internally generated heat. Although total volumes of
MEA solvent are large, fresh makeup solvent is also considered
and does not impart a large impact. H2 purif ication and
compression. The electricity required to pressurize the H2-rich
stream to 20 bar for PSA operation is the main contributor to
most categories: AD (12%), CC (8%), EC (10%), HTNC
(7%), IR (27%), and RUF (12%). Tail gas emissions. CC (8%)
impacts originate from 10% of carbon released to the air after
capture (with a small part of these emissions with biogenic
origin). CO2 compression, transport, and storage. Compared to
other stages of the process, impacts associated with all
categories are low for CO2 transport and storage with a
notable contribution only to AD (12%), which is dominated by
transport via lorry despite it being used over the shortest
distance. Thus, it is worth highlighting the equivalent impacts
between the different modes of transport used. For example,
climate change impacts for transport via lorry, sea tankers, and
pipeline are 0.16, 0.01, and 0.0001 kg CO2 eq/tkm. The U.K. is
well poised to exploit infrastructure and expertise of its
expansive gas network and transport waterways.45 Electricity
for compression from 1.5 to 120 bar contributes to IR (11%).

Figure 5. Hotspot analysis results for the H2 w/CCS plant for Acidification (AD), Climate Change (CC), Ecotoxicity (EC), Eutrophication�
freshwater (EF), Human toxicity�noncancer (HTNC), Ionizing radiation�human health (IR), Resource use�fossil (RUF), and Resource use�
mineral and metals (RUMM).

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05978
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig5&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Plant construction. Although climate change impact is
negligible compared to other stages of the process,
construction does contribute to AD (15%), EC (31%), EF
(35%), and RUMM (88%) due to large steel and thermal
energy requirements. Credits. Hydrogen production credits for
replacement of natural gas for district heating results in savings
for AD (−21%), CC (−41%), and RUF (−43%). Similarly,
savings across all categories (barring RUMM) ranging from
−6% to −25% are associated with electricity generated from
tail gas via a gas engine due to its high H2 content (although
electricity is generated, the process still requires net electricity
input). Since MPW feedstock is contaminated by 10%
biomass, savings in CC (−7%) are shown from sequestration
of biogenic C.

Different configurations of this process may impart varying
impact contributions. Based on this hotspot analysis,
alternative technologies can be explored. The traditional
amine solvent-based carbon capture technology could be
replaced by other mature technologies such as Selexol,
Rectisol, or Benfield.65 Some lower TRL technologies also
show promising energy savings.66 The H2 produced is of a high
purity for fuel cell use, and thus changing specifications of H2
for other applications would reduce impacts associated with
the PSA and the tar reformer. Other H2 separation
technologies such as membrane separation can be explored.67

Climate Change Impact of the H2 w/CCS Plant. The
climate change impact of the H2 w/CCS plant is presented per
FU alongside uncertainties related to feedstock composition,
hydrogen crediting approach, and energy efficiency config-
uration (Figure 6).

The climate impacts for two different crediting approaches
to hydrogen, namely, replacement of hydrogen from conven-
tional production via steam methane reforming of natural gas
and replacement of natural gas in district heating, highlight the
sensitivity of results to hydrogen credits and the large
uncertainty that arises from this modeling choice.68 Both
crediting options are reasonable and justifiable. MPW-to-H2 is

proposed as an alternative production pathway to the
conventional hydrogen production route of steam methane
reforming (SMR) of natural gas (where H2 is of comparable
purity). The total impact considering avoided burdens of either
producing hydrogen via conventional means or using hydrogen
for district heating are −804 kg CO2 eq/FU and −371 kg CO2
eq/FU (or −48% and −42% contributions), respectively.
Interestingly, H2 in the atmosphere may have some indirect
warming effects on climate, and a growing body of research is
investigating the impacts of fugitive H2 emissions.17,18 Future
research is directed toward addressing the comparative impacts
between methane and H2 fugitive emissions and avenues to
reduce H2 emissions in future applications.

A baseline scenario of 10% contamination with biomass was
modeled based on waste composition data. With the
application of CCS, impacts become sensitive to changes in
feedstock composition and a ±5% contamination is expected,
causing an impact of ±95 kg CO2 eq/FU. An interplay exists
between biomass and plastic feed compositions. Larger
calorific value observed for plastic-rich feed leads to greater
feedstock/syngas and feedstock/H2 efficiencies. A biomass
feedstock, however, gains substantial environmental advantages
due to its biogenic C content which, when coupled with CCS,
generates carbon savings and offsets the marginal benefits from
increases in H2 production and lower feedstock mass
throughput (thus lower waste transport contributions) for
plastic waste.

The more energy efficient scenario of H2 w/CCS where
syngas is pressurized to 3 bar prior to WGS and CCS stages is
also presented to show uncertainty in technology config-
urations. The process introduced in the technical description
above was considered as the baseline case for this research. A
more energy efficient plant was also modeled, whereby the
clean syngas and steam are pressurized separately to 3 bar first.
The absorber unit operates at 3 bar. The energy benefits of this
are seen downstream at the PSA, whereby a large volume flow
is then compressed to 20 bar to utilize the PSA. Savings
equivalent to −40 kg CO2 eq/1 t of MPW are achieved with
this configuration (Figure 6).

Counterfactual Analysis for the H2 w/CCS Plant. The
H2 w/CCS is also compared with different configurations of a
conventional WtE plant in Figure 7. The total impact
considering avoided burdens of producing hydrogen via SMR
for district heating is −371 kg CO2 eq/FU. The total positive
impacts, without the inclusion of hydrogen and electricity
credits (thus only regarding internal heat recovery for CCS
section), is 1453 kg CO2 eq/FU. The climate change impacts
for two different counterfactual cases are provided. For an
incineration plant modeled on ASPEN, considering only
internal heat recovery and no electricity exports, 2655 kg
CO2 eq/FU is emitted. This is in line with the ecoinvent data
set for a similar feedstock (2682 kg CO2 eq/FU). The
emissions for these cases are dominated by CO2 emissions to
the air. In Europe, a WtE plant with electricity and heat exports
is more common and was modeled with an impact of 1617 kg
CO2 eq/FU (notably, a figure similar to that of H2 w/CCS
when credits are not considered). These results highlight the
benefits of CCS applied to gasification for waste treatment and
the value in producing hydrogen. Therefore, inclusion of the
avoided burdens of the counterfactual case would lead to an
even greater negative impact than the −371 kg CO2 eq/FU of
the H2 with CCS system. Its evident that consideration of the
counterfactual case can have a significant influence on results.

Figure 6. H2 w/CCS results showing uncertainty from choice of
crediting approach, increased energy efficiencies and carbon savings
with a different technology configuration, and error bars associated
with changes in biomass contamination of feedstock.
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Comparison with Incineration with CCS. An environ-
mental comparison between a Hydrogen with CCS and WtE
(incineration) with CCS plant is conducted as potential future
scenarios for disposal of MPW.

For Waste-to-Energy as a waste disposal method to stay
relevant in the coming decades, its environmental performance
will need to be improved via a postcombustion capture system.
Several European projects are underway to retrofit WtE plants
with CCS capabilities. In WtE plants, flue gas cleaning
technologies to remove particulates, nitrous oxides, and dioxins
have improved substantially; however, a large percentage of
carbon is completely combusted to CO2 which is subsequently
released to the environment. For a plastic waste feedstock, the
WtE plant modeled in this study yielded 2.9 tonnes of CO2
(fossil and biogenic) for every tonne of MPW combusted. The
WtE w/CCS plant is modeled to redirect some high-pressure
steam used for electricity generation to provide the heat
required for the solvent regeneration at the reboiler. This
allows self-sustained operation of the WtE and CCS plant
albeit at the cost of electricity generated and supplied to the
grid. With the current political climate and unpredictable costs
surrounding natural gas supply, this was considered the
preferred operational scenario.

Climate change impact results for the two technologies are
presented in Figure 8. For both technologies, CCS

implementation comes at a significant energy penalty for
operation. In comparison to precombustion in H2 w/CCS, the
CO2 in the flue gas of WtE w/CCS is highly diluted with N2
resulting in low CO2 partial pressure (11.9 kPa compared to
44.2 kPa for H2 w/CCS), higher circulation volumes of MEA,
and higher duty to regenerate the solvent at the stripper.
Despite the greater thermal energy for solvent regeneration in
WtE w/CCS, internally supplied heat from medium pressure
steam brings down the climate change impact of the CO2
section compared to H2 w/CCS. Similarly, impacts associated
with the supply of the solvent, MEA, are higher for WtE w/
CCS. The lower energy demand for H2 w/CCS due to higher
partial pressures of CO2 is balanced by energy requirements
upstream for the air separation unit (for O2 supply),
reforming/gasification, and lower heat recovery. These factors
along with hydrogen purification and compression stages
ultimately lead to a total positive impact around 3 times higher
at 1715 kg CO2 eq/tonne of MPW treated compared to 659 kg
CO2 eq/tonne of MPW treated for WtE w/CCS. Stack
emissions of fossil CO2 are similar between the two
technologies.

The impacts associated with the avoided burdens is a crucial
differentiator between these technologies as one produces
electricity as its main product, while the other produces high-
quality hydrogen as its primary product and electricity as a
secondary product. The electricity generated in a steam turbine
and exported in WtE w/CCS is 1.5 MWh per FU compared to
0.78 MWh per FU generated from flue gas in a gas engine for
H2 w/CSS, and avoided burdens associated with electricity
production for the U.K. reflects this with an additional −212
kg CO2 eq/FU savings for WtE w/CCS. However, considering
the avoided burdens for hydrogen from natural gas used for
district heating, the total impact for H2 w/CSS is −371 kg CO2
eq/FU respectively, compared to 17 kg CO2 eq/FU for WtE
w/CCS. This could be an underestimation of the credits
associated with hydrogen due to the high purity of H2
produced by the process which is not accurately reflected in
its replacement of natural gas for district heating. Additionally,
avoided burdens are also associated with the permanent
sequestration of the biogenic fossil component of waste which
corresponded to a 10% biomass contamination of MPW
feedstock with minor differences in magnitude between
technologies.

Figure 7. Climate change impact results for H2 w/CCS against conventional WtE as a counterfactual. The following configurations are presented:
(a) H2 w/CCS, including H2 and electricity credits, (b) H2 w/CCS, without H2 and electricity credits, (c) conventional WtE, including heat and
electricity export, (d) conventional WtE, including internal energy recovery, no exports (modeled), and (e) conventional WtE, including internal
energy recovery, no exports (ecoinvent).

Figure 8. Climate change impact for H2 w/CCS and WtE w/CCS
showing contributions from stages and net total impact. Here, the
“Waste conversion” section refers to all stages of the process prior to
the carbon capture units.
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In addition, the counterfactual case of conventional WtE (as
applied in the Counterfactual Analysis section), can be also
considered for the WtE with CCS case. Since the avoided
burdens from the counterfactual case will be of the same
magnitude for H2 w/CCS and WtE w/CCS, the relative
impacts for comparison between these technologies are the
same.

The normalized results, using EF 3.0 method global
normalization factors with units “person equivalents”, for all
other impact categories are shown in Figure 9. Impact
categories with the largest magnitudes include Ecotoxicity
(freshwater), Human toxicity (noncancer organics), Resource
use (minerals and metals), Resource use (fossils), Ionizing
radiation (human health), Eutrophication (freshwater), and
Acidification. For most categories, differences between
technologies can be attributed to the allocation of electricity
credits (WtE w/CCS) vs the allocation of hydrogen credits
and electricity burdens (H2 w/CCS). WtE w/CCS fares better
in most categories due to net electricity production especially
with respect to those dominated by the electricity grid�
Ionizing radiation, Eutrophication (freshwater), and Acid-
ification. For ecotoxicity, the oxygen supply and chemicals for
cleaning, particularly sodium hydrochlorite, render H2 w/CCS
more environmentally unfavorable than WtE w/CCS, which
does not require oxygen and uses different chemicals,
particularly urea and lime. A more robust cleaning process is
crucial for H2 w/CCS to yield H2 of the desired purity.
Catalysts during the WGS stages are also susceptible to
poisoning. Resource use (fossils) is primarily dependent on
avoided burdens from use of natural gas, and the ranking is
based on natural gas use intensity associated with the district
heating and electricity grid.
Scenario Analysis. Many LCA examples of industrial

processes are shown to be strongly affected by changing energy
systems, namely, electricity and heat, from both a temporal or
regional context.69,70 Future decarbonization of heating for
industrial processes has not been analyzed, as one of the main
low-carbon alternatives to thermal energy from fossil fuel
combustion is hydrogen (the other being biomethane from
sustainable biomass sources). This however does highlight the
value in producing hydrogen and the potential for internal use
of hydrogen for heat recovery. The evolution of the district
heating and other hydrogen production technologies would

also serve as interesting scenarios to explore but has been
excluded from this work. The climate change scenario results
for changes to the electricity supply on H2 w/CCS (only the
conservative district heating case is presented) and WtE w/
CCS are shown in Figure 10. The forecasted carbon intensities
of the U.K. electricity grid mix in 2030 and 2050 are 0.193 kg
CO2 eq/kWh and 0.178 kg CO2 eq/kWh, respectively.62

H2 w/CCS shows a reduction by 33% to −492 kg CO2 eq/
FU by 2030 and a 37% reduction to −508 kg CO2 eq/FU by
2050, relative to the current scenario. This sensitivity to
changes in the grid carbon intensity is reflective of the large net
electric power of 1.05 MWh/tonne of MPW for the energy
intensive stages highlighted in the hotspot analysis previously.
Thus, H2 w/CCS tends toward better environmental
efficiencies as electricity becomes less carbon intensive. The
opposite trend is observed for WtE w/CCS; the sensitivity to
electricity changes is pronounced as electricity requirements
and generation are the largest contributors alongside flu gas
emissions for WtE w/CCS at 16% and −38%, respectively
(Supporting Information). An increase from to 112 kg CO2

Figure 9. Normalized impact results in person equivalent (PE) per tonne MPW.

Figure 10. Contribution to climate change for different electricity grid
mix scenarios.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05978
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

I

https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c05978/suppl_file/sc2c05978_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c05978?fig=fig10&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


eq/FU and 125 kg CO2 eq/FU is observed for the 2030 and
2050 scenario. According to these results, WtE w/CCS
becomes less environmentally beneficial with the implementa-
tion of CCS, as credits for electricity begin to carry less weight.
This is an important result as it highlights that incineration of
plastic even when retrofitted with CCS capabilities may not be
a long-term solution for plastic waste disposal, particularly in
light of net-zero targets, and thus must be explored further.
This is in contrast to gasification or incineration with CCS of a
biomass-dominant feedstock that will continue to show climate
negative impacts due to the permanent sequestration of a
biogenic carbon (BECCS).27,47 The results for all other impact
categories follow a similar trend with those that have greater
contributions associated with the electricity grid mix showing
more sensitivity.

The conversion efficiencies of electricity production via
Jenbacher gas engine (H2 w/CCS) and superheated steam
turbine (WtE w/CCS) are mature technologies, and impacts in
the future are unlikely to change drastically on account of
improved efficiencies. Also, the operational configuration
chosen for WtE w/incineration will impact results because of
the interplay between electricity and heat production. The
configuration analyzed here pertains to increased heat
production at the expense of electricity production to cover
all thermal energy requirements of the CCS unit. When the
system is adjusted to maximize electricity production, external
thermal energy will need to be supplied. However, the
substitutional value of electricity generation will still be
reduced, leading to positive impacts.

■ CONCLUSION
It is becoming more pertinent to find a suitable disposal system
for nonrecyclable mixed plastic waste (MPW), as incineration
(WtE) and landfill are insufficient and outdated methods. In
this study, the environmental performance of gasification of
MPW as a flexible disposal route is investigated.

The process produces a high efficiency energy vector,
hydrogen, as its main product and captures carbon dioxide
using an amine-based solvent capture technology (at 90%
carbon capture rate) which is subsequently transported and
injected for permanent geological storage. High electricity
requirements for tar reforming during syngas generation and
high thermal energy requirements at the CCS stage are
environmentally costly. For applications requiring high-purity
H2, separation and purification of the stream also imparts a
high impact from the energy load.

The LCA study adopts a “waste perspective” focusing on the
environmental performance associated with the management
of waste. In this context, H2 w/CCS yields a net negative
climate change impact of −371 kg CO2 eq/1 tonne MPW
treated when considering credits allocated to the production of
hydrogen, assumed as avoided burdens from use of natural gas
for district heating. The LCA results are influenced by the
choice of the crediting approach for H2. WtE coupled with
CCS is touted as an alternative low-emission disposal method
with the possibility of retrofitting existing WtE plants. This
configuration yields a net positive climate change impact of 17
kg CO2 eq/1 t MPW. In addition, the environmental benefits
of WtE plants become less marked as credits from electricity
generation (which is its high-value export) become less
relevant in the changing energy systems landscape. On the
other hand, H2 w/CCS, which is a net electricity consumer, is
advantaged by decarbonization of the grid. Similarly, the

environmental performance of both technologies is sensitive to
biomass contamination of MPW due to permanent sequestra-
tion of biogenic carbon.

Advanced gasification with CCS is proposed as a potential
EoL management for nonrecyclable mixed plastic waste. In
light of net-zero targets, the production of H2, with
technological flexibility in desired purity, is a crucial feature
of the process. The treatment of MPW to produce hydrogen
(with CCS) could contribute to increasing chemical recycling
rates and moving toward a clean hydrogen economy.
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MPW, Mixed plastic wastes; MEA, Monoethanolamine; MSW,
Municipal solid waste; NOx, Nitrogen oxides; PE, Person
equivalents; PE, Polyethylene; PP, Polypropylene; PAH,
Polycyclic aromatic hydrocarbons; PVC, Polyvinyl chloride;
PSA, Pressure swing adsorption; RUF, Resource use�fossil;
RUMM, Resource use�mineral and metals; Sox, Sulfur
oxides; SMR, Steam methane reforming; TRL, Technology
readiness level; WtE, Waste-to-Energy; WEEE, Waste from
Electrical and Electronic Equipment; WGS, Water gas shift; wt
%, Weight percent; vol %, Volume percent
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(21) Muradov, N. Z.; Veziroǧlu, T. N. From Hydrocarbon to
Hydrogen-Carbon to Hydrogen Economy. Int. J. Hydrogen Energy
2005, 30 (3), 225−237.

(22) IPCC. Refinement to the 2006 Guidelines for National
Greenhouse Gas Inventories. FAC; 2019. DOI: 10.21513/0207-
2564-2019-2-05-13.

(23) Lopez, G.; Artetxe, M.; Amutio, M.; Alvarez, J.; Bilbao, J.;
Olazar, M. Recent Advances in the Gasification of Waste Plastics. A
Critical Overview. Renew. Sustain. Energy Rev. 2018, 82, 576−596.

(24) Antelava, A.; Jablonska, N.; Constantinou, A.; Manos, G.;
Salaudeen, S. A.; Dutta, A.; Al-Salem, S. M. Energy Potential of Plastic
Waste Valorization: A Short Comparative Assessment of Pyrolysis
versus Gasification. Energy Fuels 2021, 35 (5), 3558−3571.

(25) Khoo, H. H. LCA of Plastic Waste Recovery into Recycled
Materials, Energy and Fuels in Singapore. Resour. Conserv. Recycl
2019, 145, 67−77.

(26) Antonini, C.; Treyer, K.; Moioli, E.; Bauer, C.; Schildhauer, T.
J.; Mazzotti, M. Hydrogen from Wood Gasification with CCS-a
Techno-Environmental Analysis of Production and Use as Transport
Fuel. Sustain. Energy Fuels 2021, 5 (10), 2602−2621.

(27) Amaya-Santos, G.; Chari, S.; Sebastiani, A.; Grimaldi, F.;
Lettieri, P.; Materazzi, M. Biohydrogen: A Life Cycle Assessment and
Comparison with Alternative Low-Carbon Production Routes in UK.
J. Clean. Prod 2021, 319, 128886.

(28) Mehmeti, A.; Angelis-Dimakis, A.; Arampatzis, G.; McPhail, S.
J.; Ulgiati, S. Life Cycle Assessment and Water Footprint of Hydrogen
Production Methods: From Conventional to Emerging Technologies.
Environ. 2018, Vol. 5, Page 24 2018, 5 (2), 24.

(29) Salkuyeh, Y. K.; Saville, B. A.; MacLean, H. L. Techno-
Economic Analysis and Life Cycle Assessment of Hydrogen
Production from Different Biomass Gasification Processes. Int. J.
Hydrogen Energy 2018, 43 (20), 9514−9528.

(30) Evangelisti, S.; Clift, R.; Tagliaferri, C.; Lettieri, P. A Life Cycle
Assessment of Distributed Energy Production from Organic Waste:
Two Case Studies in Europe. Waste Manag 2017, 64, 371−385.

(31) Magnanelli, E.; Mosby, J.; Becidan, M. Scenarios for Carbon
Capture Integration in a Waste-to-Energy Plant. Energy 2021, 227,
120407.

(32) Wienchol, P.; Szlęk, A.; Ditaranto, M. Waste-to-Energy
Technology Integrated with Carbon Capture − Challenges and
Opportunities. Energy 2020, 198, 117352.

(33) Horodytska, O.; Valdés, F. J.; Fullana, A. Plastic Flexible Films
Waste Management − A State of Art Review. Waste Manag 2018, 77,
413−425.

(34) Adrados, A.; De Marco, I.; Lopez-Urionabarrenechea, A.;
Caballero, B. M.; Laresgoiti, M. F. Pyrolysis Behavior of Different
Type of Materials Contained in the Rejects of Packaging Waste
Sorting Plants. Waste Manag 2013, 33 (1), 52−59.

(35) Adrados, A.; de Marco, I.; Caballero, B. M.; López, A.;
Laresgoiti, M. F.; Torres, A. Pyrolysis of Plastic Packaging Waste: A
Comparison of Plastic Residuals from Material Recovery Facilities
with Simulated Plastic Waste. Waste Manag 2012, 32 (5), 826−832.

(36) Heathrow Airport. Personal Communication, 2018.
(37) Materazzi, M.; Taylor, R. Plasma-Assisted Gasification for

Waste-to-Fuels Applications. Ind. Eng. Chem. Res. 2019, 58 (35),
15902−15913.

(38) Zwart, R. W. R. Gas Cleaning Downstream Biomass Gasification;
Energy Research Centre of the Netherlands: Petten, 2009.

(39) Mukherjee, C.; Denney, J.; Mbonimpa, E. G.; Slagley, J.;
Bhowmik, R. A Review on Municipal Solid Waste-to-Energy Trends
in the USA. Renew. Sustain. Energy Rev. 2020, 119, 109512.

(40) Kearns, D.; Liu, H.; Consoli, C. Technology Readiness and Costs
of CCS - Global CCS Institute; 2021. https://www.globalccsinstitute.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05978
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.wasman.2009.06.004
https://doi.org/10.1016/j.resconrec.2011.05.009
https://doi.org/10.1016/j.resconrec.2011.05.009
https://doi.org/10.1016/j.resconrec.2011.05.009
https://doi.org/10.1016/j.wasman.2010.09.009
https://doi.org/10.1016/j.wasman.2010.09.009
https://doi.org/10.1016/j.resconrec.2020.105191
https://doi.org/10.1016/j.resconrec.2020.105191
https://doi.org/10.1016/j.pecs.2020.100901
https://doi.org/10.1016/j.pecs.2020.100901
https://doi.org/10.1016/j.pecs.2020.100901
https://doi.org/10.2478/rtuect-2018-0003
https://doi.org/10.2478/rtuect-2018-0003
https://doi.org/10.1016/B978-0-12-815554-7.00007-6
https://doi.org/10.1016/B978-0-12-815554-7.00007-6
https://doi.org/10.1021/es402488b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es402488b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/er.7498
https://doi.org/10.1002/er.7498
https://doi.org/10.1016/j.wasman.2019.05.038
https://doi.org/10.1016/j.wasman.2019.05.038
https://doi.org/10.1016/j.wasman.2019.05.038
https://doi.org/10.1002/cind.859_6.x
https://doi.org/10.1093/ce/zkz006
https://doi.org/10.1093/ce/zkz006
https://doi.org/10.1016/j.ijhydene.2021.02.114
https://doi.org/10.1016/j.ijhydene.2021.02.114
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067137/fugitive-hydrogen-emissions-future-hydrogen-economy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067137/fugitive-hydrogen-emissions-future-hydrogen-economy.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067137/fugitive-hydrogen-emissions-future-hydrogen-economy.pdf
https://doi.org/10.1016/j.enconman.2020.112839
https://doi.org/10.1016/j.enconman.2020.112839
https://doi.org/10.1016/j.enconman.2020.112839
https://doi.org/10.1016/j.enconman.2020.112839
https://doi.org/10.1016/j.ijhydene.2004.03.033
https://doi.org/10.1016/j.ijhydene.2004.03.033
https://doi.org/10.21513/0207-2564-2019-2-05-13
https://doi.org/10.21513/0207-2564-2019-2-05-13
https://doi.org/10.21513/0207-2564-2019-2-05-13?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.21513/0207-2564-2019-2-05-13?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2017.09.032
https://doi.org/10.1016/j.rser.2017.09.032
https://doi.org/10.1021/acs.energyfuels.0c04017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.energyfuels.0c04017?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.resconrec.2019.02.010
https://doi.org/10.1016/j.resconrec.2019.02.010
https://doi.org/10.1039/D0SE01637C
https://doi.org/10.1039/D0SE01637C
https://doi.org/10.1039/D0SE01637C
https://doi.org/10.1016/j.jclepro.2021.128886
https://doi.org/10.1016/j.jclepro.2021.128886
https://doi.org/10.3390/environments5020024
https://doi.org/10.3390/environments5020024
https://doi.org/10.1016/j.ijhydene.2018.04.024
https://doi.org/10.1016/j.ijhydene.2018.04.024
https://doi.org/10.1016/j.ijhydene.2018.04.024
https://doi.org/10.1016/j.wasman.2017.03.028
https://doi.org/10.1016/j.wasman.2017.03.028
https://doi.org/10.1016/j.wasman.2017.03.028
https://doi.org/10.1016/j.energy.2021.120407
https://doi.org/10.1016/j.energy.2021.120407
https://doi.org/10.1016/j.energy.2020.117352
https://doi.org/10.1016/j.energy.2020.117352
https://doi.org/10.1016/j.energy.2020.117352
https://doi.org/10.1016/j.wasman.2018.04.023
https://doi.org/10.1016/j.wasman.2018.04.023
https://doi.org/10.1016/j.wasman.2012.09.016
https://doi.org/10.1016/j.wasman.2012.09.016
https://doi.org/10.1016/j.wasman.2012.09.016
https://doi.org/10.1016/j.wasman.2011.06.016
https://doi.org/10.1016/j.wasman.2011.06.016
https://doi.org/10.1016/j.wasman.2011.06.016
https://doi.org/10.1021/acs.iecr.9b01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.rser.2019.109512
https://doi.org/10.1016/j.rser.2019.109512
https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


com/wp-content/uploads/2021/03/Technology-Readiness-and-
Costs-for-CCS-2021-1.pdf.

(41) Fagerlund, J.; Zevenhoven, R.; Thomassen, J.; Tednes, M.;
Abdollahi, F.; Thomas, L.; Nielsen, C. J.; Mikoviny, T.; Wisthaler, A.;
Zhu, L.; Biliyok, C.; Zhurkin, A. Performance of an Amine-Based
CO2 Capture Pilot Plant at the Klemetsrud Waste Incinerator in
Oslo, Norway. Int. J. Greenh. Gas Control 2021, 106, 103242.

(42) Murugan, A.; Gardiner, T.; Brown, R. J. C.; Brewer, P.; Worton,
D.; Bacquart, T.; Robinson, R.; Finlayson, A. Purity Requirements of
Carbon Dioxide for Carbon Capture and Storage; National Physical
Laboratory: 2019.

(43) Mayer, F.; Bhandari, R.; Gäth, S. Critical Review on Life Cycle
Assessment of Conventional and Innovative Waste-to-Energy
Technologies. Sci. Total Environ. 2019, 672, 708−721.

(44) ISO. ISO 14687. Hydrogen Fuel Quality � Product Specification;
International Organization for Standarization: Geneva, 2019.

(45) BEIS. CCS Deployment at Dispersed Industrial Sites; 2020; pp 1−
89.

(46) Bisinella, V.; Hulgaard, T.; Riber, C.; Damgaard, A.;
Christensen, T. H. Environmental Assessment of Carbon Capture
and Storage (CCS) as a Post-Treatment Technology in Waste
Incineration. Waste Manag 2021, 128, 99−113.

(47) Christensen, T. H.; Bisinella, V. Climate Change Impacts of
Introducing Carbon Capture and Utilisation (CCU) in Waste
Incineration. Waste Manag 2021, 126, 754−770.

(48) Kearns, D. T. Waste-to-Energy with CCS: A Pathway to Carbon-
Negative Power Generation; Global CCS Institute: 2019; pp 1−11.

(49) Bisinella, V.; Nedenskov, J.; Riber, C.; Hulgaard, T.;
Christensen, T. H. Environmental Assessment of Amending the
Amager Bakke Incineration Plant in Copenhagen with Carbon
Capture and Storage. Waste Manag. Res. 2022, 40 (1), 79−95.

(50) Jannelli, E.; Minutillo, M. Simulation of the Flue Gas Cleaning
System of an RDF Incineration Power Plant. Waste Manag 2007, 27
(5), 684−690.

(51) IEA Greenhouse Gas R&D Programme. Post Combustion
Carbon Capture From Coal Fired Plants − Solvent Scrubbing. 2007.
http://www.ieaghg.org/docs/General_Docs/Reports/2007-15.pdf.

(52) Thompson, J. G.; Frimpong, R.; Remias, J. E.; Neathery, J. K.;
Liu, K. Heat Stable Salt Accumulation and Solvent Degradation in a
Pilot-Scale CO2 Capture Process Using Coal Combustion Flue Gas.
Aerosol Air Qual. Res. 2014, 14 (2), 550−558.

(53) Ahn, H.; Luberti, M.; Liu, Z.; Brandani, S. Process Simulation
of Aqueous MEA Plants for Postcombustion Capture from Coal-Fired
Power Plants. Energy Procedia 2013, 37, 1523−1531.

(54) ISO. ISO 14040 Environmental Management - Life Cycle
Assessment - Principles and Framework; International Organization for
Standarization: Geneva, 2006.

(55) ISO. ISO 14044 Environmental Management - Life Cycle
Assessment - Requirements and Guidelines; International Organization
for Standarization: Geneva, 2006.

(56) Sala, S.; Benini, L.; Castellani, C.; Vidal Legaz, B.; De
Laurentiis, V.; Pant, R. Suggestions for the Update of the Environmental
Footprint Life Cycle Impact Assessment: Impacts Due to Resource Use,
Water Use, Land Use, and Particulate Matter; 2019. DOI: 10.2760/
78072.

(57) Hauschild, M. Z.; Rosenbaum, R. K.; Olsen, S. I. Life Cycle
Assessment: Theory and Practice; Springer: 2017; .

(58) Clift, R.; Doig, A.; Finnveden, G. The Application of Life Cycle
Assessment to Integrated Solid Waste Management. Part 1 -
Methodology. Process Saf. Environ. Prot 2000, 78 (4), 279−287.

(59) Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz,
E.; Weidema, B. The Ecoinvent Database Version 3 (Part I):
Overview and Methodology. Int. J. Life Cycle Assess 2016, 21 (9),
1218−1230.

(60) Antonini, C.; Treyer, K.; Streb, A.; van der Spek, M.; Bauer, C.;
Mazzotti, M. Hydrogen Production from Natural Gas and Bio-
methane with Carbon Capture and Storage - A Techno-Environ-
mental Analysis. Sustain. Energy Fuels 2020, 4 (6), 2967−2986.

(61) Sphera. GaBi 6 software - system and databases for life cycle
engineering. https://gabi.sphera.com/uk-ireland/index/ (accessed
2022-06-01).

(62) European Commision. EU Reference Scenario 2016: Energy,
transport and GHG emissions Trends to 2050. https://op.europa.eu/
en/publication-detail/-/publication/aed45f8e-63e3-47fb-9440-
a0a14370f243 (accessed 2021-05-11).

(63) Bosmans, A.; Vanderreydt, I.; Geysen, D.; Helsen, L. The
Crucial Role of Waste-to-Energy Technologies in Enhanced Landfill
Mining: A Technology Review. J. Clean. Prod 2013, 55, 10−23.

(64) Smith, A. R.; Klosek, J. A Review of Air Separation
Technologies and Their Integration with Energy Conversion
Processes. Fuel Process. Technol. 2001, 70 (2), 115−134.

(65) Chen, S.; Liu, J.; Zhang, Q.; Teng, F.; McLellan, B. C. A
Critical Review on Deployment Planning and Risk Analysis of Carbon
Capture, Utilization, and Storage (CCUS) toward Carbon Neutrality.
Renew. Sustain. Energy Rev. 2022, 167 (May), 112537.

(66) Petrescu, L.; Chisalita, D. A.; Cormos, C. C.; Manzolini, G.;
Cobden, P.; van Dijk, H. A. J. Life Cycle Assessment of SEWGS
Technology Applied to Integrated Steel Plants. Sustain 2019, 11 (7),
1825.

(67) Shahbaz, M.; Al-Ansari, T.; Aslam, M.; Khan, Z.; Inayat, A.;
Athar, M.; Naqvi, S. R.; Ahmed, M. A.; McKay, G. A State of the Art
Review on Biomass Processing and Conversion Technologies to
Produce Hydrogen and Its Recovery via Membrane Separation. Int. J.
Hydrogen Energy 2020, 45 (30), 15166−15195.

(68) Huijbregts, M. A. J. Application of Uncertainty and Variability
in LCA. Part I: A General Framework for the Analysis of Uncertainty
and Variability in Life Cycle Assessment. Int. J. Life Cycle Assess 1998,
3 (5), 273−280.

(69) Moora, H.; Lahtvee, V. Electricity Scenarios for the Baltic
States and Marginal Energy Technology in Life Cycle Assessments - A
Case Study of Energy Production from Municipal Waste Incineration.
Oil Shale 2009, 26 (3), 331.

(70) Kløverpris, J.; Wenzel, H.; Nielsen, P. H. Life Cycle Inventory
Modelling of Land Use Induced by Crop Consumption: Part 1:
Conceptual Analysis and Methodological Proposal. Int. J. Life Cycle
Assess 2008, 13 (1), 13−21.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://doi.org/10.1021/acssuschemeng.2c05978
ACS Sustainable Chem. Eng. XXXX, XXX, XXX−XXX

L

https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
https://www.globalccsinstitute.com/wp-content/uploads/2021/03/Technology-Readiness-and-Costs-for-CCS-2021-1.pdf
https://doi.org/10.1016/j.ijggc.2020.103242
https://doi.org/10.1016/j.ijggc.2020.103242
https://doi.org/10.1016/j.ijggc.2020.103242
https://doi.org/10.1016/j.scitotenv.2019.03.449
https://doi.org/10.1016/j.scitotenv.2019.03.449
https://doi.org/10.1016/j.scitotenv.2019.03.449
https://doi.org/10.1016/j.wasman.2021.04.046
https://doi.org/10.1016/j.wasman.2021.04.046
https://doi.org/10.1016/j.wasman.2021.04.046
https://doi.org/10.1016/j.wasman.2021.03.046
https://doi.org/10.1016/j.wasman.2021.03.046
https://doi.org/10.1016/j.wasman.2021.03.046
https://doi.org/10.1177/0734242X211048125
https://doi.org/10.1177/0734242X211048125
https://doi.org/10.1177/0734242X211048125
https://doi.org/10.1016/j.wasman.2006.03.017
https://doi.org/10.1016/j.wasman.2006.03.017
http://www.ieaghg.org/docs/General_Docs/Reports/2007-15.pdf
https://doi.org/10.4209/aaqr.2013.05.0150
https://doi.org/10.4209/aaqr.2013.05.0150
https://doi.org/10.1016/j.egypro.2013.06.028
https://doi.org/10.1016/j.egypro.2013.06.028
https://doi.org/10.1016/j.egypro.2013.06.028
https://doi.org/10.2760/78072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2760/78072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1205/095758200530790
https://doi.org/10.1205/095758200530790
https://doi.org/10.1205/095758200530790
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1039/D0SE00222D
https://doi.org/10.1039/D0SE00222D
https://doi.org/10.1039/D0SE00222D
https://gabi.sphera.com/uk-ireland/index/
https://op.europa.eu/en/publication-detail/-/publication/aed45f8e-63e3-47fb-9440-a0a14370f243
https://op.europa.eu/en/publication-detail/-/publication/aed45f8e-63e3-47fb-9440-a0a14370f243
https://op.europa.eu/en/publication-detail/-/publication/aed45f8e-63e3-47fb-9440-a0a14370f243
https://doi.org/10.1016/j.jclepro.2012.05.032
https://doi.org/10.1016/j.jclepro.2012.05.032
https://doi.org/10.1016/j.jclepro.2012.05.032
https://doi.org/10.1016/S0378-3820(01)00131-X
https://doi.org/10.1016/S0378-3820(01)00131-X
https://doi.org/10.1016/S0378-3820(01)00131-X
https://doi.org/10.1016/j.rser.2022.112537
https://doi.org/10.1016/j.rser.2022.112537
https://doi.org/10.1016/j.rser.2022.112537
https://doi.org/10.3390/su11071825
https://doi.org/10.3390/su11071825
https://doi.org/10.1016/j.ijhydene.2020.04.009
https://doi.org/10.1016/j.ijhydene.2020.04.009
https://doi.org/10.1016/j.ijhydene.2020.04.009
https://doi.org/10.1007/BF02979835
https://doi.org/10.1007/BF02979835
https://doi.org/10.1007/BF02979835
https://doi.org/10.3176/oil.2009.3S.14
https://doi.org/10.3176/oil.2009.3S.14
https://doi.org/10.3176/oil.2009.3S.14
https://doi.org/10.1065/lca2007.10.364
https://doi.org/10.1065/lca2007.10.364
https://doi.org/10.1065/lca2007.10.364
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c05978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

