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Abstract

This paper presents the attributional life cycle assessment results of a study of plastic recycling using hydrothermal treat-
ment (HTT), a chemical recycling technology. HTT was investigated due to its potential to address current gaps in the
plastic recycling system, largely due to several plastic packaging materials and formats that are currently not processed
by traditional mechanical recycling technologies. As society transitions towards a net-zero-based circular economy, assess-
ments should be conducted with a futuristic outlook, preventing costly mistakes by employing the right technologies in
the right areas. The results using ReCiPe 2016 impact assessment methodology shows HTT with a GWP of 478 kg CO,
eq. per tonne can generate up to 80% reduction in climate change impacts when compared with comparable end-of-life
treatment technologies whilst conserving material with the system. Additionally, the GWP could be reduced by up to 57%
by changing how electricity is generated for on-site consumption. This represents a new understanding of the chemical
recycling of polymers by establishing a prospective life cycle assessment study that looks to introduce a step-change in
the recycling system and highlights the benefits of introducing this technology as opposed to the current model of disposal

through incineration or landfill.
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Introduction

The phenomenal growth of the plastics industry has resulted
in a vast number of plastics produced worldwide every
year, contributing to the materialistic affluence in human
living [1, 2]. However, the abundance of plastic goods in
the world has also created serious environmental problems
[2]. Globally, around 367 million tonnes of plastic waste is
produced annually and with predicted plastics demand, the
global annual production of waste plastic will almost double
by 2030 [3]. The ever-increasing amount of plastic waste
is overwhelming conventional waste management infra-
structure — landfill, waste to energy technologies, mechani-
cal recycling - globally [3]. In the UK and the EU, disposal
of waste to landfill has been significantly reduced through
environmental regulation, driven by market measures and
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so protect the environment from intractable impacts includ-
ing hazardous leachate, groundwater pollution and gaseous
emissions [4]. New obligations for separate collection of
waste such as bio-waste and textiles were introduced and
an overall 70% recycling rate target to be met by 2030 for
all packaging materials was set [5]. A recycling target per
material type was implemented and targets to limit landfill-
ing rates to 10% by 2035 were introduced [5].

Following governmental direction in the UK [6, 7] EU[5]
and developing countries where plastic is a symptom of eco-
nomic growth,[8] solutions are being sought to address the
recycling of currently non-recyclable, single use plastics,
but to do so in a way that makes both environmental and
economic sense. Within the UK and the EU, the recycling of
post-consumer plastics at scale, following mixed waste col-
lection from the domestic and commercial settings, is a very
complex challenge [9, 10]. Plastic bottles (PET & HDPE)
are extracted and sent to recyclers for closed loop recycling,
whereas other plastics, roughly sorted into single polymer
bales, are sent for further processing to Material Recovery
Facilities (MRFs) or exported for incineration [10]. Poly-
mers which can be sorted to a high degree of purity at MRFs
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are mechanically recycled using heat and pressure treat-
ments to form flakes or pellets which can be extruded or
blow moulded into new uses [11].

Using mechanically recycled plastic in higher-value
applications is technically challenging and leads to
increased process rejects and a generally lower quality of
product, which is why traditional mechanical recycling
processes are often referred to as ‘down-cycling’ [12]. It is
possible to generate good quality products via mechanical
recycling provided there is good control of the quality of
the input feedstock [9]. Optimally, mechanical recycling
requires clean, homogeneous feedstocks, which will require
sorting, and cleaning to remove grit and food residues, and
contamination (paper, card, and other non-target materials)
[10]. But such processes do not remove embedded colour,
separate different polymers or other materials in multi-layer
packaging or address deep contamination of the plastic;
all of which influence the recyclate end-market and valo-
risation [10]. Chemical recycling processes are however
able to tolerate a wider range of non-homogeneity of post-
consumer plastics, relative to traditional re-processors and
therefore these offer a practical solution at scale, as part of
a circular economy model for plastics [9]. Chemical recy-
cling has been defined by the industry as “any reprocess-
ing technology that directly affects either the formulation of
the polymeric waste or the polymer itself and converts them
into chemical substances and/or products whether for the
original or other purposes, excluding energy recovery ’[13].

Hydrothermal treatment (HTT) combines the process
characteristics of pyrolysis (high heat) and solvolysis (dis-
solution) to heat, melt and then dissolve in steam the mixed
plastics feedstocks under supercritical conditions (>373 °C,
>220 bar) [14]. In this process setting, polymers are bro-
ken down into short-chain hydrocarbons, with the water
acting as a hydrogen ion donor to reduce excess cracking
and free-radical formation [14]. The steam-hydrocarbon
mix is then passed through a reactor system and depres-
surised to flash distil the products out across the range of
boiling points [14]. The catalyst is not broken down or
consumed in the reaction, nor does it need regeneration
[14]. Through the direct transfer of heat to the plastic via
the supercritical water process environment, there are no
obvious limitations to process scale up. Additionally, as it
is not a direct-heating combustion process, HTT does not
create harmful combustion by-products such as dioxins and
does not produce char as a by-product of conversion reac-
tions, and so helps to maximise higher product yields than
that of other thermal process technologies such as pyrolysis
[15] and gasification [16]. The aim is that through chemi-
cal recycling, a step-change in the recycling system will
be made to address ‘performance gaps’ left by traditional
mechanical recycling technologies, that otherwise directs
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waste plastic to incineration or landfill. However, there has
been some concern that the energy demand associated with
chemical recycling, due to the process conditions involved,
makes these processes more environmentally damaging
[17]. Moreover, identifying a sustainable pathway to net
zero requires operators to consider consumption, process
efficiency and renewable energy as options to ensure that
circular systems deliver better environmental outcomes than
the conventional systems.

To understand the environmental impact more clearly,
life cycle assessment (LCA) must be completed in a con-
sistent manner to be able to compare the benefits and weak-
nesses of technologies. Previous work has looked at how
chemical recycling can contribute to reducing emissions
but without emphasis on a particular technology [18-20].
It was suggested plastics that are difficult to handle through
mechanical recycling be chemically recycled. Thus, 11%
of total end-of-life plastics could be chemically recycled
in addition to the existing mechanical recycling capability.
Furthermore, existing LCA studies that covered chemical
recycling have been reviewed [21] but it was highlighted
there were only a handful of studies in this area. Some
other commissioned studies have focused on technological
comparisons aiming to analyse the environmental impact
of using chemical recycling technologies compared to tra-
ditional plastic waste treatments landfill and incineration
[22, 23]. Pyrolysis showed better performance compared
to landfill and incineration particularly in the category of
resource scarcity where negative impacts were observed.
Furthermore, existing studies in this area have relied on
industrial scale production data for one chemical recycling
technology (pyrolysis) [23] or others based on demonstra-
tion plants that are in use but not yet at commercial scale
[22]. Studies assessing pyrolysis in the UK, Singapore and
Europe suggest the climate change impact is significantly
lower than that of incineration [24-27] The results show
that chemical recycling via pyrolysis has between a 30-50%
lower climate change impact. Whilst interesting, it should
be noted that chemical recycling is likely best viewed as
complementary to existing techniques such as mechanical
recycling, rather than a competitor, due to the diverse range
of feedstocks that it can process.

A study on pyrolysis to produce propylene and ethylene
monomers in the United States found a significant influence
on the climate change impacts due to regional grid mixes
[28] The GHG emission results showed that ethylene, pro-
pylene, and aromatics mixture (1.08, 1.10, and 1.16 kg CO,
eq. per kg, respectively) are equal to or less than those of
fossil products assuming the U.S. average electricity grid.
An evaluation of regional electricity grids on GHG emis-
sions for all products was also conducted for 50 states in
the U.S. Analyses was presented on waste management in
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countries and European cities and compared with pyroly-
sis of plastic waste to produce petrochemicals including
gasoline, propane and butane [29-31]. The pyrolysis sce-
narios they examined appear to offer environmental benefits
in terms of consumption of fossil fuel resources and GHG
emissions in comparison to reference scenarios like material
recovery, combustion, and landfilling. The scenarios result
in the highest savings in terms of eutrophication potential
mainly due to the avoided impact for the naphtha produc-
tion. Other studies have reported pyrolysis of plastic waste
as offering more environmental benefits, such as reduction
of GHG emissions, when compared to other plastic waste
treatment options [32-35]. The pyrolysis scenarios per-
formed better than the incineration scenarios with respect
to the impact categories of global warming potential and
freshwater ecotoxicity.

As can be seen from the literature there have been several
studies done on LCA of plastic waste treatment via pyroly-
sis, [21, 24-32, 35], but none using HTT. Consequently, the
aim of this paper is to carry out the first LCA study of recy-
cling mixed waste plastics into a naphtha-like fraction using
relevant industrial data for a scaled-up facility, specifically
using HTT, to understand its environmental impacts and
where potential savings can be made for the future.

Materials and Methods

The LCA was conducted following the guidelines contained
within ISO 14,040/14,044 recommendations [36, 37]. This
is broken down in the following subsections.

Goal and Scope Definition

The primary goal of the study is to carry out an assessment
of HTT to understand its impact on the environment. The
scope is gate-to-‘end of waste’ using an attributional cut-off
approach, focusing on understanding the potential environ-
mental impact of the activities themselves. The terminology
‘end of waste’ is chosen to match with the fate of materi-
als as determined by the Waste Framework Directive [38].
The HTT process was modelled on the HydroPRS™ tech-
nology and is located at a facility which is currently being
constructed at the Wilton International Site in Teesside,
UK. As such, this is a pre-operational assessment based on
conservative estimates for the process, using a standardised
approach of estimating the highest potential usage or con-
sumption of the relevant inputs.

For this study, the waste feedstock materials will be
assumed to have zero environmental impact (as the burden
is assumed to lie with the primary production) and the focus
will be on the recycling operations itself. The boundary will

start at the journey of the material to the Wilton site and
ends with the production of the five product streams gener-
ated by the HTT process. Electricity was sourced from a
mix of 16% biomass and 84% UK grid mix, based on BEIS
2020 data [39], as is expected to be supplied to the Wilton
site.

Functional Unit, Data Collection and Allocation

The functional unit for this study is the processing of one
tonne of waste plastic feedstock. Primary data for the HTT
process was supplied by ReNew ELP based on projections
from the facility design stage. As this is a process to pro-
duce material feedstocks for the chemical industry, a mass-
based allocation approach was taken with the co-products.
A procedure based on allocation by economic value was
considered but not progressed due to the prospective nature
of the assessment and the true economic value of each of
the products not being fully realised at this stage, as well as
the changing economic conditions that were being experi-
enced during the development of the work. GaBi software
was used to create the LCA models and generate impact
assessments using the ReCiPe 2016 methodology (hierar-
chical viewpoint). GaBi software was used as it contains
comprehensive LCA databases with over 15,000 annually
updated datasets. ReCiPe 2016 methodology is one of the
most recent and updated impact assessment methods avail-
able hence its use for the purpose of this study.

Feedstock Treatment

The overall model is effectively a cradle-to-gate process,
where the environmental burden is allocated from the start of
the journey of the polymer feedstock to the Wilton site. This
is assumed to be 160 km by a 34—40 tonne (gross weight)
Euro 6 standard truck; the distance was defined based on
the likely polymer feedstock supplier. The expected com-
position of this feedstock was determined based on discus-
sions with ReNew ELP and their suppliers and assigned
to an end-of-life pathway to assist with the LCA develop-
ment. As there are no quality standards within the UK for
waste plastic bales, the supplied plastic waste feedstock is
expected to contain non-target contaminants which need
to be removed within a purpose-built material preparation
plant (MPP) before the polymeric material can be pro-
cessed within the HTT system. The feedstock is shredded,
and metal contaminants are removed at this first stage. A
dry clean of the shredded feedstock removes further solid
contaminants such as stones, glass, wood, grit etc. These
contaminants are expected to be typically 23 kg (2.3%) of
inert waste (which will be transported 10 km by truck to
a landfill), and 8 kg (0.8%) ferrous metal & 2 kg (0.2%)
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Fig. 1 Hydrothermal treatment System Boundary

non-ferrous metals (which are sold to other recyclers). The
final stage of the cleaning process is a near-infrared sort to
ensure only the appropriate polymers enter the process. The
facility currently plans to process films and flexible plastics,
largely polypropylene and polyethylene. The processing of
chlorinated polymers is being avoided, so rejects include
PVC as well as paper, dry cleaner dust etc. These rejects
are estimated to have a total mass of 72 kg (7.2%). They are
all combustible and are expected to be transported 18 km
by truck to an energy-from-waste (EfW) facility. Electricity
consumption for the feedstock treatment stage is estimated
to be 5800 MWh/annum. Emissions from the EfW facility
have not been attributed to the HTT process as that activ-
ity would have occurred regardless of a chemical recycling
intervention, and thus it is not fair to attribute the activity in
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Gas

this instance. The remaining 895 kg of waste plastic (films
and flexibles that are predominantly LDPE & PP) would be
processed using HTT.

Hydrothermal Treatment

HTT is effectively a one-stage process (Fig. 1) with sev-
eral different inputs as listed below. The year refers to the
datasets used from the GaBi database. Whilst the facility
is under construction and soon to be operational, some his-
torical background datasets have been used to complete the
LCA model. In all cases, it is the most recent data available.
The assumption is that any changes in the datasets between
2017 and 2020 and the date of implementation are likely to
be negligible. The full life cycle inventory assessment can
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Table 1 Yield of potential products from HTT (as estimated by ReNew

ELP)

Product Yield Range  Yield used for LCA
Process gas 10-15% 11.4%

Naphtha 20-30% 26.0%

Distillate gas oil (DGO) 20-30% 25.3%

Heavy gas oil (HGO) 20-30% 24.3%

Heavy wax residue (HWR) 10-20% 13.0%

be found in the supplementary information. As the catalyst
is not consumed within the reaction, it is not considered as
an input for the process as the overall environmental impact
per tonne of input is negligible.

Electricity usage: 16 200 MWh/annum.

Consumption of potable water (fire water, safety show-
ers and general hygiene) —2020 data: 900 tonnes per
annum.

e Demineralised water used in the boiler —2020 data:
14,000 tonnes per annum.

e Process water used to enhance the cooling of the sys-
tem, particularly during the summer —2020 data: 8,500
tonnes per annum.

e Process gas used onsite for steam generation: 1600
tonnes/annum.

e Wastewater treatment used to remove contaminants
from the wastewater —2020 data: 15,768 tonnes per
annum.

e Natural gas consumption (start-up fuel and pilot lights)
—2017 data: 440 MWh per annum.

This inventory also includes the separation stage, whereby
the mixture is depressurised, and products are separated by
distillation into five product streams (Table 1). The yield of
each product has an estimated range depending on the exact
conditions used in the reactor, and a value within that range
has been taken for the purposes of the LCA study based on
an average expected value per annum.

The process differs by using steam under supercritical
conditions as a solvent to break down polymeric material,
with the thermal energy used to generate steam being pro-
vided by re-use of the product gas in the boiler system

The products are stored and the naphtha-equivalent
fractions (naphtha & DGO, 51.3% of the total product)
can be used as a steam cracker feedstock for the manufac-
ture of polyolefins, replacing traditional petroleum naph-
tha, although the environmental burden of this process is
not assessed as it is attributed to the downstream naphtha
processing. All fractions from the HydroPRS process are
registered as products under EU REACH [40] and UK
REACH [41] and are therefore ‘lawful’, which is a criterion
of the End of Waste under EU Waste Framework Directive
[42] and UK End of Waste criteria. Therefore, any further

downstream burdens will be attributable to the onward pro-
cessing by the product offtakers.

Results and Discussion
Feedstock Treatment and HTT Process Stages

The complete life cycle inventory of the HTT process and
overall impacts generated through the LCA process can be
found in the supplementary information. The overall Global
Warming Potential (GWP) of the study based on the data is
478 kg CO, eq. per tonne of input feedstock. The full LCA
impact assessment results, calculated using the ReCiPe (H)
methodology can be seen in Fig. 2, is broken down into the
feedstock pre-treatment and HydroPRS™ stages. A table
containing the numerical data showing the magnitude of the
impacts can be found in the supplementary information.

Looking at the contribution of the two sections — the
feedstock pre-treatment dominates the impact assessment in
two categories, freshwater eutrophication, and natural land
transformation. The natural land transformation is being
driven by using landfill as a disposal method for some of
the discarded materials from the pre-treatment step, and the
freshwater eutrophication is also dominated by landfill as
the significant contribution, presumably due to contaminant
run-off from landfill sites. Alongside this, the results show
that the contribution of the feedstock treatment is signifi-
cant (28.6%) for the GWP of the overall process, and the
contribution of the feedstock pre-treatment is between 24
and 31% in the majority of impacts, highlighting the need
to investigate the feedstock pre-treatment more thoroughly
as it is not negligible in the overall assessment. GWP will
be the focus of this study given the global attention on dra-
matically reducing anthropogenic carbon emissions to limit
warming to 1.5 degrees Celsius above preindustrial levels to
avoid the worst impacts of climate change.

Feedstock Treatment

Looking at the GWP of the feedstock treatment in more
detail (Table 2), the emissions due to electricity consumption
has the largest contribution at 59% (80.2 kg CO,eq). Waste
processing activities have been assessed with the starting
point feedstock treatment at the front end to protect the HTT
process because feedstock is unlikely to be optimal. Car-
bon emissions because of the decomposition of the materi-
als in landfill contribute 31% (42.2 kg CO,eq). This would
indicate that a simple way to improve the impacts of the
pre-treatment would be to improve the bale quality received
by chemical recyclers with reduced levels of contaminants,
particularly those that end up in landfill; this would impact
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Fig. 2 Impact Assessment Results of Hydrothermal treatment

Table 2 Detail of feedstock treatment contribution to GWP

Process GWP/ kg CO,eq % contribution
Electricity consumption 80.2 59%

Landfill 422 31%

Transport & others 13.6 10%

Total 136 100%

not just the GWP but also significant contributions in natu-
ral land transformation. Additionally, as this is an attribu-
tional model, no credits for the consequences of recycling
the metals sifted out at this stage have been applied, as they
would be attributed to the manufacturing of any subsequent
product to include recycled metal content. If a consequen-
tial approach was taken, it would only serve to improve the
environmental impact, and GWP specifically, of the feed-
stock pre-treatment. An attributional approach gives an esti-
mate of how much of the environmental impact belongs to
the product studied[36, 37]. A consequential approach gives
an estimate of how the environmental impact is affected by
the product being produced and used[36, 37]. Given the
scope of this study, an attributional approach is more appro-
priate as it does not include environmental benefits or other
indirect consequences that arise outside the HTT.
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Transport and other contributions are relatively small
in comparison, but it is worth noting here that the contri-
bution of transportation when allocated to a product often
looks small due to the nature of the allocation process, even
though transportation is a known significant contributor to
GWP. Typical loadings of a 34—40 tonne Euro 6 truck would
mean that around 4-5% of the emissions generated from the
journey would be allocated (using an allocation by mass
approach) to each tonne of plastic waste transportation,
which perhaps gives the overall impression that transporta-
tion is not as significant problem as it is because it unduly
masks the magnitude of the issue. These emissions could
be mitigated through the use of electric vehicles[43]. Elec-
tricity consumption is the most significant contributor here,
which will naturally decrease over time as the grid is made
greener through planned improvements[39].

Hydrothermal Treatment

The GWP of the HTT process is estimated to be 341 kg
CO,eq. Examination of the relative contributions to GWP
(Table 3) shows that the electricity consumption is the
most significant contributor at 59% (201 kg CO,eq). This
is followed by process emissions at 37.2% (126 kg CO,eq),
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Table 3 Contribution of HTT process steps to GWP

Table 4 Sensitivity analysis on electricity production

Process GWP /kg % Contri-
CO,eq bution

Electricity consumption 201 58.9

Process emissions 126 36.9

Demineralised water consumption 13 3.8

Others 1 0.4

Total 341 100

mainly reflecting process gas consumption in the high-pres-
sure boiler but also consumption on-site in a low-pressure
boiler. The HTT process will reuse gas generated as a prod-
uct stream so the process does not source natural gas from
the grid, which is a benefit, but the gas is still being gen-
erated from what was originally a fossil-based source and
the emissions should be accounted for. Other inputs into
the process including water consumption and treatment are
relatively minor.

Allocation and Comparison to Petrochemical
Production of Naphtha

The HTT process produces five product streams, of which
at least two (DGO and naphtha) can be combined and used
as a replacement for fossil naphtha. This equates to 460 kg
of naphtha-equivalent product being produced by 1 tonne
of waste plastic processing. If the overall GWP of the pro-
cess (478 kg CO,eq) is allocated by mass to each individual
product, that would mean 245 kg CO,eq of the total GWP
could be allocated to 460 kg of steam cracker feedstock
production.

As a comparison, the production of 460 kg of naphtha
from crude oil at a refinery within the UK has a value of
184 kg CO,eq [44]. If the feedstock processing stage (dis-
cussed above) was removed or consolidated with other
recycling activities such as mechanical recycling to pro-
duce a more optimal system, the value to produce the steam
cracker feedstock could be lowered as far as 175 kg CO,eq
(utilising the same process of allocation as above). Addi-
tionally, the processes involved in the production of naph-
tha in a refinery are largely thermal processes that rely on
energy to be produced using gas or the equivalent. There is
also no accounting for flaring and other fugitive emissions
in the quoted refinery model, and there is work that suggests
that anthropogenic methane emissions have been underesti-
mated [45]. This suggests that the value of 184 kg CO,eq is
likely to be an underestimate of the real figure.

Additionally, as HTT is more reliant on electrical energy,
and with the grid expected to be made more carbon efficient
over time, this transition will naturally reduce the GWP of
HTT, to equivalent or better than fossil naphtha. It could
therefore be reasonably assumed that if it is not already, in
the future use of HTT to produce steam cracker feedstocks

Site grid  100% “Net
mix wind zero”
power scenario
Climate change / kg CO,eq 478 204 218

will be less environmentally damaging than extraction of
virgin materials.

Table 4 shows a sensitivity analysis for the electricity
supply for the HTT process, looking at if the process was
powered entirely by wind energy, or a prospective ‘net zero’
scenario-based removing coal and gas from the current grid
mix and scaling up the remaining contributions accordingly.
This would be an assumed grid mix of 13% biomass, 44%
nuclear, 5% hydro, 7% solar and 31% wind [44] and gen-
erates a GWP of 218 kg CO, eq. This is an unlikely sce-
nario in the UK in the short-to-medium term due to the high
contribution of nuclear power, but it does demonstrate the
possibility of reducing the overall impact of the process
significantly simply by improving the grid mix; highlight-
ing the need for policy interventions in the energy sector to
further push towards low- and zero-carbon electricity gen-
eration. The use of 100% wind power was also modelled
(GWP of 204 kg CO, eq as there is an offshore wind farm
located nearby to the site location (Teesside Wind Farm).
Additionally, there is a difference between the two prospec-
tive electricity scenarios because of the varying impact of
renewable energy generation technologies such as solar,
biomass etc. Furthermore, the modelling of HTT is of a pro-
spective first-generation industrial process and it is highly
likely that technical improvements made for future genera-
tions of HTT will reduce the environmental burden further.

End of Life Treatment Comparisons

Whilst naphtha production is an interesting comparator, it
is not the main driver for the process as HTT is a waste
treatment technology and is designed to deal with end-of-
life plastic materials. Plastics will continue to be produced
as they have key role within society, and as such, disposal
measures need to be considered and evaluated based on
their environmental metrics associated with their operation.

Currently, the most common approach for disposing of
hard-to-recycle films and flexibles, the target market for
the HTT process, is through incineration to generate energy
from waste. The disposal of one tonne of mixed plastic
waste through incineration is estimated to have a GWP of
2340 kg CO,eq [46]. This shows that HTT has approxi-
mately 80% reduction in the climate change impact when
compared to incineration, when looking at the comparable
disposal routes for one tonne of mixed plastic waste. This is
in line with another study commissioned by the Consumer
Goods Forum that has looked at the chemical recycling of
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Table 5 Environmental impacts of generating 5020 MJ of electricity

Hard coal Hydro Incineration Natural gas  Nuclear Solar Wind
(plastic)
Global Warming Potential / kg 1370 10 2050 610 7 94 8
CO,eq
Terrestrial Acidification / kg SO,eq. 2.02 2.47 0.38 2x107! 2.13 2.05%x107! 1.2
x 1073 x 1072 x 1072
Freshwater Eutrophication / kg P 5%107° 1.72 5.8x1072 7.81 3.85 1.49 1.12
eq. x107° x 107¢ x 1073 x 107* x 1073
Ozone Depletion / kg CFC-11 eq. 1.38x10°13 7.37 241x1073 7.86 2.78 3.63 6.36
X107 x 10714 x 1071 x 10710 X
10712
Fossil Depletion / kg oil eq. 248 2.26 10.4 179 1.95 18.7 1.62
x 107!
Freshwater Ecotoxicity / kg 1,4-DB  2.02x 1072 6.9 43x107! 1.1x1073 3.74 1.82 8.28
eq. x 1073 x 107! x1072 x1074
Human Toxicity / kg 1,4-DB eq. 12.5 3.47 3.03 3.15 5.75 16 4.24
x 107! x 107!
Ionising Radiation / kg U235 eq. 1.4 232 0.44 5%x107! 335 6.77 1.28
x 1072 x 107!
Marine Ecotoxicity / kg 1,4-DB eq.  4.91x1072 1.09 1.8x1073 7.9%1073 8.4 3.14 1.35
x 1074 x 1072 x 107! x 1072
Marine Eutrophication / kg N eq. 9.34%1072 1.39 0.02 1.18 7.49 7.91 7.16
x 1074 x 1072 x 1073 x 1073 x 1074
Metal Depletion / kg Fe eq. 1.4 8.2 -6.14 1.41 2.23 38.4 3.16
x 107!
Natural Land Transformation / m*>  3.88x 1072 -1.16 n/a 4.62 -3.62 3.89 -1.11
x 1073 x 107 x 1073 x 1074 x 1073
Particulate Matter Formation / kg 6.89x 107! 1.72 0.1 8.24 6.93 6.9 4.54
PMI10 eq. x1073 x1072 x1073 x1072 x1073
Photochemical Oxidant Formation/ 2.23 2.2 0.45 3.22 2.38 1.82 1.03
kg NMVOC eq. x 1073 x 107! x1072 x107! x1072
Terrestrial Ecotoxicity / kg 1,4-DB  6.07x107> 3.49 32x107* 1.64 6.88 1.11 1.38
eq. x 1073 x 107* x 1073 x 107! x 1073
Water Depletion / m* 42.5 815 4.9 57 6.06 136 7.9

polymers and shown similar levels of benefits when com-
pared with incineration [47]. Furthermore, incineration does
not produce a product to retain in the system, so on top of
the climate change impact of the disposal, there is a further
cost of the production of virgin material to replace the plas-
tic that has been lost from the system.

It could however be argued that incineration has value
because energy is generated from the system. However,
incineration is an inefficient way (in terms of climate change
impacts) of generating electricity as there are many other
more climate-friendly options of generating electricity than
waste incineration. When disposing of 895 kg of plastic via
incineration, 5020 MJ of electricity is generated. Table 5
shows a comparison of the climate change impacts of gener-
ating 5020 MJ of electricity from a variety of conventional
sources in the UK [44].

It becomes apparent that incineration is significantly more
damaging to the environment in terms of global warming
potential than equivalent methods of generating electricity,
including hard coal. If it is understood that coal is undesired
within the context of electricity generation because of the

@ Springer

high levels of carbon emissions, then it is logical to also
state that electricity sourced from waste plastic is also unde-
sirable. It becomes useful if there are no other methods for
the disposal of the waste, but as this work demonstrates,
new solutions are being demonstrated and applied on an
industrial scale. This gives a further rationale for the intro-
duction of new recycling technologies, and improvements
to waste separation and sorting to remove residual plastic
from refuse-derived fuel.

Conclusion

The environmental impact of reprocessing hitherto unre-
cyclable waste plastic via a novel chemical recycling tech-
nology, HTT, has been assessed. The key driver behind the
main impacts of this process is the consumption of electric-
ity from the grid. This gives prioritisation for future research
on the process to look at the reduction of electricity con-
sumption through the implementation of energy efficiency
technologies (e.g. heat exchangers) or looking more broadly
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from a national perspective at how electricity is generated,
although this is an ongoing theme across governments and
NGOs. The consumption of gas in the process could also be
investigated — could steam generation be more efficiently
achieved through electricity rather than gas? However, if
that was employed, then a route for the utilisation of the
gas generated by HTT would need to be investigated. This
could potentially be achieved by condensing the gas into a
liquefied natural gas which can be used as a steam cracker
feedstock, a route commonly applied within the US. Fur-
thermore, by removing the plastics from incineration, HTT
offers a pathway to reduce carbon intensity of the grid by
taking the incinerated plastic out of the system and having it
replaced with low carbon electricity sources.

The impact in terms of climate change of naphtha pro-
duced via HTT is comparable to current fossil chemical
feedstock production processes for future plastics (and
other hydrocarbon products), presenting circularity options
for plastics manufacturing alongside HTT as an end-of-life
treatment option. Plastic will need to be disposed of and it is
essential that this is conducted in the most environmentally
safe way possible. HTT represents up to an 80% reduction
in climate change emissions when compared with incin-
eration, the main alternative method of disposal currently
used for plastics that cannot be mechanically recycled. Fur-
thermore, unlike incineration, HTT conserves the material
within the system, leading to a reduction in consumption of
fossil-based resources. Future research in this area should
include building system-wide models on recycling to incor-
porate all of the complementary technologies in a fair man-
ner, taking into account that mechanical recycling, pyrolysis
etc. will deal with different feedstocks generating a range of
both products and by-products.

It has been considered that incineration has benefits in
terms of energy generation. However, given that the inciner-
ation of waste plastics to produce electricity generates 50%
more CO, per MJ than hard coal, it becomes clear that this
should no longer be considered as an appropriate method
of disposal for our waste materials as it is a sub-optimal
method for both the treatment of waste plastics and the gen-
eration of electricity. As we move towards a more circular,
net zero economy, these technologies should be phased out
for more environmentally conscious routes. This therefore
shows that the addition of chemical recycling to the end-
of-life waste treatment options is essential within the global
economy over the current fossil-based production and waste
management system, from a combination of benefits in
material circularity, reducing global warming potential and
resource depletion standpoints.

This work also represents an initial starting point into
the LCA of chemically-recycled materials and where the
technology fits in the larger recycling landscape and the

influence it may have on other recycling systems, as well
as investigating the overall impact of recycling materials to
achieve a circular economy. Research can also focus on add-
ing extra detail to the model in order to identify specifically
the causes of high areas of environmental burden and how
the technology can be optimised in order to mitigate them.
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