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Abstract

Chemical recycling technologies are gaining attention, yet their environmental benefits remain debated due to
high energy demand, low yields, and limited data quality. This study conducts a comparative life cycle
assessmentofa 130 kg/h pyrolysis plant converting post-industrial packaging waste into high-value chemicals.
Its environmental performanceis benchmarked against waste incineration and virgin chemical production. The
chemical recycling process emits 1.4 kgco..o/kg feedstock, 50 % lower than for incineration. Considering
product substitutions, emissions of the recycling process are reduced up to -0.9 kgcopq- Compared to virgin
production, the chemical recycling process provides a suitable alternative, generating up to 40 % less CO,
emissions. It also results in lower impacts on acidification and fossil fuel depletion, although freshwater and
marine eutrophication are higher than those of fossil-based production. The results show high dependency on
data and methodological assumptions that can reduce the emissions by up to 64 % but can increase them by
114 %.
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1. Introduction

The global production of plastics has been steadily increasing in recent years (Plastics Europe, 2022a), and
both the quantities produced (Lau et al., 2020) and the associated waste (Geyer, 2020) are expected to double
by 2040, while only 9 % of the waste generated worldwide is recycled (OECD, 2022). At the same time, the
European Union's Green Deal (European Commission, 2019) has set the goal of becoming carbon neutral by
2050. In order to achieve this goal for the plastic sector, which has a significant share of the total emissions
(Chaudhari etal., 2022), the development and implementation of a circular economy for the plastic sector is
an important step (Meys etal., 2021). The preferred pathways for a circular economy are waste prevention
strategies such as reduce, refuse and reuse, followed by short-loop strategies such as repair, remanufacture and
repurpose (Awino & Apitz, 2024). Still, from a circular economy perspective, resulting waste needs to be
recycled rather than incinerated for recovery or disposed of (Awino & Apitz, 2024).

State-of-the-art technologies to recycle plastics are mechanical recycling processes that struggle with
complex waste compositions, unsortable compound materials and impurities, resulting in lower-grade quality
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products (Dai et al., 2022; Ragaert et al., 2017). Therefore, to additionally convert those complex waste
streams, the implementation of chemical recycling processes is needed to increase the recycling rate (Lase et
al., 2023). Especially, the development of pyrolysis and liquefaction processes are discussed, which are able
to convert those plastic wastes into a variety of monomers by cracking the polymer chains (Lechleitner et al,,
2020; Zeller et al.,2021). The resulting products are mostly oil fractions that are reintegrated into the chemical
industry (Biessey et al., 2023).

To assess the environmental impacts and potential savings of such processes, an ecological assessment of
these technologies must be performed. While there is a variety of chemical recycling life cycle assessments
(LCA) available today, recent review papers advise future studies to improve data quality, methodological
boundary conditions, and data transparency (Antelavaetal., 2019; Davidsonetal., 2021; Pires Costa et al,
2022). Previous LCAs have shown that mechanical recycling has a lower environmental impact than pyrolysis
and liquefaction, mostly due to its lower energy consumption (Meys et al., 2020). Consequently, chemical
recycling processes should not focus on feedstocks which are suitable for mechanical recycling, indicating
that both processes should be viewed as complementary technologies (Biessey etal., 2023; Davidson et al.,
2021). The spectrum of remaining feedstocks for chemical recycling differs in their composition and
impurities, leading to different products and product compositions (Genuino et al., 2023), which in tum
influences the results of an LCA (Antelava etal., 2019). To transparently link LCA results to the respective
feedstocks and to enable a comparison between different LCA studies, a feedstock characterisation should be
stated. The state-of-the-art treatment of non-mechanically recyclable plastic waste is incineration. Past studies
have sufficiently demonstrated that the incineration of plastic waste streams has a greater environmental
impact than the utilisation via chemical recycling (Civancik-Uslu et al., 2021; Hermanns et al., 2023; Wang et
al., 2015). These statements were mostly based on laboratory-scale investigations and respective literature
data, or data obtained from process simulation. Theinterpretation and comparability of these prospective LCAs
are linked to uncertainties arising from data limitations (Moni et al., 2020) and variations in scale-up methods
(Erakca etal., 2024). To reduce the uncertainties, processes with a higher technology readiness level need to
be evaluated (Pires Costa et al., 2022) and compared to the state-of-the-art. Therefore, the comparison is
nevertheless considered an objective in life cycle studies. Other LCA studies shift the focus away from the
waste treatment comparison, either by calculating the environmental impacts based on the derived products of
the chemical recycling processes (Da Monteiro et al., 2022; Iribarren et al., 2012; Kulas et al., 2023) or, with
a treatment and a product comparison, defining two objectives in one study (Das et al., 2022; Jeswani et al.,
2021). For such a comparison, the products must meet the specific requirements and specifications of the
respective substituted products. Therefore, separating and upgrading the derived product is an indispensable
step to reintegrating them into the chemical industry (Civancik-Uslu et al., 2021; Kusenberg et al., 2024).
Mainly thermal separation processes, such as distillation, are used for the fractionation of pyrolysis oils (Faisal
etal., 2023), and the product oils are processed by hydrogenation to lower the olefin share and for the removal
of heteroatoms (Kusenberg et al., 2022). During the distillation, the product oils are typically separated into
three fractions: A naphtha fraction with a boiling point <180 °C, a diesel fraction with a boiling point between
180 and 360 °C and a heavy oil fraction with a boiling point>360 °C (Faisal etal., 2023; Zeb et al., 2023).
During hydrogenation, the double bonds of the olefins are saturated with hydrogen and heteroatoms are
removed in the presence of a catalyst. The process conditions in literature vary between 275 and 420 °C and
5 and 6.5 MPa. (Almohamadi et al., 2021; Dgbek & Walendziewski, 2015; Djandja etal., 2021; Hita et al,
2015) As these upgrading steps can have a significant environmental impact, they should be considered in the
methodology of LCAs (Holtkamp et al., 2024).

Still, even in mostrecentstudies (Charietal., 2025; Garcia-Garcia etal., 2024; Klotz etal., 2024; Schwartz
et al., 2025; Tsangas et al., 2024), the process data is mostly derived from literature, process simulations or
scaled laboratory experiments and only partly accounts for the emissions of product upgrading and separation,
limiting their representativeness for near-commercial systems. Furthermore, the different product-oriented
functional units in each study make it difficult to compare the technologies ecologically. To address these
limitations, this study contributes with an LCA, using primary operational data from a technology readiness
level (TRL) 8 continuous liquefaction plant to quantify real-world environmental performance, supplementing
inventory data for product post-process with process simulation data and introducing a product-oriented
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functional unit to enhance the comparability between different studies. All methodological boundaries, as well
as the environmental impacts of each process step, are reported individually, ensuring a transparent and
traceable database for comparison with future LCA studies.

2. Materials and Methods

The LCA study was conducted according to the standards of DIN EN ISO 14040/44 (ISO, 2006a, 2006b) and
in accordance with the specific chemical recycling guidelines of Chemical Recycling Europe (Sphera, 2025)
and general life cycle inventory guidelines for the plastics sector as of Plastics Europe (Plastics Europe,
2022b). Even though social assessment of waste management has become an objective in recent literature
(Ardolino et al., 2023; Gutierrez-Lopez et al., 2024), it is excluded from this publication.

2.1. Definition of goal and scope

Two objectives are defined in this study: The first objective is to compare environmental impacts for the
treatment of two non-mechanically recyclable feedstocks in the chemical recycling process with the state-of-
the-art, which is incineration for both feedstocks. To enable this comparison, a functional unit of 1 kg of
feedstock is defined. The second objective is to compare the environmental impact of the chemical recycling
products in relation to the environmental impact of conventional production routes ofthe respective products.
Therefore, a second functional unit is defined as 1 kg of total obtained products (TOP). TOP is the sum of all
chemicals thatare declared as a productin the LCA. Itis chosenas a functional unitbecause chemical recycling
products vary depending on the chemical recycling technology and feedstocks used, and thus enables a
comparison to future LCA studies that are based on different technologies. As this functional unit sums up all
products, there are no calculated avoided burdens by side stream substitutions, which therefore enables a
product-independent comparison to other recycling processes that treat similar feedstocks but result in other
products. Although TOP aggregates product streams, individual environmental intensities are normalised per
kilogram of product in the supplementary information.

The Life Cycle Impact Assessment was calculated in the software OpenLCA, using the method “Recipe
Midpoint (H)”, which is widely used in the chemical industry (Santos et al., 2019). Since chemical recycling
processes aim at providing chemical products with reduced CO, emissions compared to fossil-based routes,
and the overall reduction of fossil resource dependencies by utilising waste material (Ellen MacArthur
Foundation, 2017), the impact categories global warming potential (GWP) and fossil fuel depletion potential
(FFDP) are considered for the assessment and discussion. As chemical production processes also have an
impact on terrestrial and aquatic ecosystems, the categories marine (MEP) and freshwater (FEP)
eutrophication potential and terrestrial acidification potential (TAP) are also discussed. The system was
modelled using substitutions to account for the avoided production of fossil equivalents, consistent with recent
chemical recycling LCA literature. The use of mass allocation was avoided, as the economic value of the
different products, e.g., naphtha to caprolactam, differs by a factor of up to four (BusinessAnalytiq, 2025a,
2025b) as well as economic allocation, as the price of oil derivatives is fluctuating (BusinessAnalytiq, 2025a)
leading to comparability issues with future or past LCA studies. For result simplification, individually for each
impact category, process parts that had an impact of less than 1 % in the category are cut off.

2.2. System boundaries

The processes, including pretreatment and product upgrading, and the resulting system boundaries of
liquefaction and the comparison processes are described in the following sections. The foreground system
represents the considered process steps. The background system shows the origin of the inputs, the treatment
method of the wastes and the substituted reference materials of the derived products.
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2.2.1. Chemical recycling process The system boundaries of the recycling process are shown in Figure
1. The process was developed by Carboliq GmbH and is operated by Carbowest GmbH. The process has been
assigned a technology readiness level of 8 due to its ability to process feedstocks as refuse-derived fuel and
multilayer waste with a feedstock-dependent capacity of between 100 and 200 kg/h (Biessey et al., 2023). In
the first step, the feed material is sieved for particles smaller than 2 mm and then run through non-ferrous and
ferrous separators. Before being forwarded into the reactor, the feed is preheated, a zeolite catalyst is added,
and the residual moisture is removed. The reactor operates electrically. Evaporating products are quenched
and, subsequently, separated with a phase separator into an aromatic-rich and an olefin-/paraffin-rich fraction
and then transferred to a storage tank. The gaseous phase is treated in a regenerative thermal oxidation plant.
Solid residues of the reactor are collected in a container and disposed of as refinery sludge in hazardous
substance incineration. The water obtained by drying the feedstock is sent to a wastewater treatment plant.
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Figure 1. System boundaries of the life cycle inventory. The foreground system represents all material and energy
flows. The background system shows the origin of the inputs (brown), the ways of treating the waste streams (red) and
the substituted products (green)

The olefin- and paraffin-rich fraction is separated into three fractions in a distillation column: naphtha,
which consists of carbon chains with a boiling point of less than 200 °C (GESTIS-Stoffdatenbank, 2024b), a
diesel fraction (200 - 360 °C) (GESTIS-Stoffdatenbank, 2024a) and a heavy oil fraction (>360 °C). The
resulting product streams were hydrogenated at 350 °C and 50 bar. As both feedstocks contain PA, the
aromatic-rich fraction consists mainly of the PA monomer caprolactam and a BTEX fraction. As caprolactam
is energy-intensive to produce (Hong & Xu, 2012) and considered a high-value chemical, it is isolated and
purified. This is typically done in a thermal separation sequence (Hugo Fuchs, 1994; Losier, 1995; Tinge et
al., 2000). The industrial purity is between 99.5 and 99.9 wt.-% (Domo Chemicals GmbH, 2022; Fibrant,
2024) and is set to 99.9 wt.-%. Unlike the other process steps, caprolactam purification is only considered if
the feedstock contains PA. Energy for the upgrading of all oil products is provided by steam.

2.2.2. Incineration process The system boundaries and the mass balance of the incineration process are
determined using Doka’s municipal waste incineration model, which calculates the emissions based on the
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specific composition of the waste. The model uses the elemental composition of the feedstocks as an input,
which are derived from the combustion analyses for both feedstocks shown in Table 1.

Table 1. Combustion analyses of the examined feedstocks A and B

Component Feedstock A Feedstock B Unit
C 74.0 80.8 wt.%
H 12.0 11.5 wt.%
N 4.0 1.4 wt.%
S - <0.1 wt.%
(¢} 5.0 52 wt.%
Cl - 0.2 wt.%

- 200 ppm

107 - ppm

Ti 180 - ppm
Si 960 - ppm
Fe 260 - ppm
Ca 3060 - ppm
Al 390 - ppm

With the transfer coefficients ofthe model, the emissionsare categorised into directairand water emissions
and electrostatic precipitators (ESP) ash, boiler ash, bottom ash and scrubber sludge. (Doka, 2013) The
resulting system boundaries are shown in Figure 2.
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Figure 2. System boundaries of the incineration process based on the inventory model of Doka from 2013 (Doka,

The incineration process requires electricity, especially for flue gastreatment,and thermal energy to preheat
the combustion air. Direct emissions generated are released into the atmosphere and groundwater. The ash
residues are deposited in landfills. (Egli, 2005) In addition, the process produces both electrical and thermal
energy. The quantities are calculated using the efficiencies taken from Doka’s model with #,001icqr 0F 15.84 %
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and 7erma 0F 28.51 % from the lower heating value (LHV) of the feedstock according to Equation 1 (Doka,
2013). The lower calorific value can be estimated specifically for the feedstock composition using Wemer
Boie's formula, Equation 2 (Boie, 1957). Where m is the mass fraction of the indicated elements carbon (C),
hydrogen (H), oxygen (O), sulfur (S) and the water fraction (W).

et = Ne1 X LHV (M] /kg) and qpeat = Nnear X LHV (M] /kg) Eq.1

LHV =33.9 X m¢ + 93.9 X my — 10.8 X mg + 33.9 X ms — 33.9 X my, (MJ/kg)  Eq. 2

2.3. Data acquisition

To obtain the mass balance for the foreground system of the recycling process, an experimental run was
performed for each feedstock. The period for the runs depended on the amount of available feedstock. In a
period of 51 hours for Feedstock A and 74 hours for Feedstock B, a total of 6747 kg and 8927 kg of feedstock
were treated, which equals a meancapacity of 132 kgand 121 kgper hour. The feedstocks, wastesand products
were weighed before and after the conducted period. The waste process gas was measured with a flowmeter,
and the electricity supply for the entire process was measured with an electricity meter. The composition of
the product oils was analysed using two-dimensional gas chromatography. The results were clustered by
carbon chain length into paraffins, olefins, alkylbenzenes and single compounds > 0.5 wt.-%. The resulting
component list was implemented in ASPEN Plus. The electrical and thermal energy requirement for the
product purification and separation was calculated based on the ASPEN Plus simulation. Details on the
separation sequence are provided in the supplementary information.

The background data for the provision of the inputs, the treatment of wastes and the substituted products
are taken from the database ecoinvent 3.9.1 (ecoinvent, 2022). Therefore, the electrical energy mix is
calculated using the grid from Germany in 2023 (Icha & Lauf, 2024). The obtained oil fractions substitute the
respective refinery products naphtha, diesel and heavy oil. The caprolactam obtained from the aromatic-rich
fraction substitutes for conventionally produced virgin caprolactam. The aromatic-rich BTEX fraction
substitutes reformate. The inventory data for the caprolactam is not available in ecoinvent and is taken from
the Carbon Minds database (Carbon Minds, 2024). The inventory data of the incineration case was calculated
using the presented model by Doka.

3. Results

3.1. Life cycle inventory of the recycling process

Table 2. Life cycle inventory of the chemical recycling process based on 1 kg of feedstock

Input and Output Flows Feedstock A Feedstock B Unit
Feedstock 1.00 1.00 kg
Catalyst 19.70 17.80 g
é Electricity Recycling Process 2.05 1.41 kWh
= Steam product oil upgrading 0.26 0.18 kWh
Electricity product oil upgrading 0.16 0.08 kWh

Hydrogen 45.50 23.90 g
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Table 2 (Cont.). Life cycle inventory of the chemical recycling process based on 1 kg of feedstock

Input and Output Flows Feedstock A Feedstock B Unit
Paraffines/Olefins 0.75 0.40 kg
of which Naphtha 0.15 0.06 kg
of which Diesel 0.39 0.23 kg
of which Heavy Oil 0.21 0.11 kg
Wastewater 0.04 0.03 kg

- Aromatics 0.12 0.28 kg

% of which caprolactam 0.11 0.22 kg

© of which BTEX 0.01 0.06 kg
Particles <2 mm 0.00 0.01 g
Ferrous metals 1.10 0.80 g
Nonferrous metals 0.00 0.20 g
Residue 0.00 0.15 kg
Process gas 0.11 0.14 kg

The life cycle inventory of the recycling process, based on 1 kg ofprocessed feedstock, is shown in Table
2. The results based on the functional unit of total obtained products are available in the supplementary
information. The energy consumption for the treatment of 1 kg of feedstock is higher for Feedstock A with
2.47 kWh compared to 1.67 kWh for Feedstock B. Considering the paraffin/olefin and aromatic fraction as
products, the conversion of Feedstock A is 87 % and for Feedstock B 68 %. The higher energy demand can
therefore be correlated with the higher conversion rate of Feedstock A. The higher hydrogen consumption of
Feedstock A is due to the higher share of olefinic oil. The amount of non-condensable gases is similar, with 11
% for Feedstock A and 14 % for Feedstock B. However, due to the lower conversion of Feedstock B, the
residue is significantly higher at 15 % compared to almost 0 % for Feedstock A. Both feedstocks show a
relatively low content of impurities as metals, moisture, small particles and sand, which is due to the post-
industrial origin. Post-consumer plastics might lead to higher shares of impurities, which could lead to lower
oil yields.

3.2. Life Cycle Impact Assessment

The Life Cycle Impact Assessment was calculated for both functional units, and the results are discussed for
both objectives of the study in a separate chapter.

3.2.1. Comparison of the chemical recycling process to incineration The environmental impacts
caused by the chemical recycling process and the incineration process are shown in Figure 3 for the categories
GWP, MEP, FEP, FFDP, and TAP.
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Figure 3. Calculated environmental impacts for the chemical recycling and incineration case based on 1 kg feedstock

for the impact categories MEP (marine eutrophication potential, top left) and FEP (freshwater eutrophication potential,
top right), FFDP (fossil fuel depletion potential, middle left), TAP (terrestrial acidification potential, middle right), and
GWP (global warming potential, bottom left).

The amount of CO, equivalents generated by the chemical recycling process is 1.39 kg and 1.35 kg perkg
feedstock, roughly the same for both feedstocks, although the origin varies: For Feedstock A, 73 % of the total
emissions are caused by the chemical recycling process itself and 7 % by the waste treatment of the solid
residue and gas phase. For Feedstock B, a proportion of only 53 % of the emissions is caused by the chemical
recycling process and with 36 % a larger proportion is attributed to the treatment of the waste streams, which
is due to the larger quantities of residue and gas phase. The impact of product stream upgrading also takes a
significant share of both feedstocks, accounting for between 10 and 19 % of the CO, equivalents. The avoided
emissions granted for the substitution of the produced chemicals depend not only on the overall conversion.
They also depend on the yields of the individual products, which are influenced by the respective feedstocks.
Caprolactam, which is obtained from the PA fraction in the feedstock, has a share of 60 - 82 % of the total
avoided CO, equivalents. Despite it is only representing 13 - 32 wt.% of the total products obtained. This is
due to the high energy demand and emissions associated with the fossil-based production of caprolactam.
Accounting for the generated and the avoided emissions due to substitution, both feedstocks result in a net
negative GWP. Feedstock A with -0.20 kg CO, per kg input and -0.93 kg for 1 kg of Feedstock B. The
calculated emissions from the incineration process are also almost the same for both feedstocks A and B at 2.8
and 2.9 kg CO, per kg feedstock. Therefore, they are 99 % and 116 % higher compared to the chemical
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recycling scenario. Considering the substitutions, the ecological preference of the chemical recycling process
even increases.

The MEP for feedstocks A and B, at 10.5 and 7.7 x 10 kg nitrogen equivalents per kg feedstock, are 5 and
7 times higher than for the incineration process. This is mainly due to the electrical energy used in the process,
which contributes more than 80 % of the emissions. Nitrogen oxide emissions from the burning of fossil fuels
such as coal, oil and gas and the further formation of nitrates, lead to damaging aquatic ecosystems. An
increasing share of renewables, with only a mere fraction, can reduce emissions. Taking into account the
avoided emissions for the substitutions, the MEP of the recycling process for Feedstock A is reduced to 1.1
and for B to a net negative -1.5 x 10 kg. This lowers the gap to the incineration but still has a higher
environmental impact of 1.3 and 2.5 x 107 kg nitrogen equivalents for both feedstocks. The FEP of the
recycling process is 14.3 and 10.1 x 10 kg phosphorus equivalent, which is significantly higher than the
incineration process with 0.2 and 0.1 x 10 kg, favouring the incineration for this impact category. As for the
MEP, about 90 % of the emission contribution is due to the electrical energy supply for the process. Product
substitution has a comparatively smaller impact on the emissions of the recycling process compared to the
other impact categories. It reduces FEP between 10 and 26 % for Feedstock A and B, while the calculated
emissions for the incineration reduce to a net negative -5.8 and -6.1 x 10* kg phosphor equivalent.

The FFDP for Feedstock A is 0.42 kg oil equivalent perkg feedstock, which is 25 % higher than the FFDP
for Feedstock B of 0.33 kg. This is mainly due to the higher energy demand for the process and the preparation
of the products. The disposal of the waste streams has no impact on the FFDP for Feedstock A. However, it
accounts for 27 % of'the FFDP for Feedstock B due to the higher proportion of the gas and residual phase.
Considering the substituted products, the FFDP for both feedstocksis reduced to a net negative of -0.84 and -
0.94 kg oil equivalent. Despite the higher overall conversion of Feedstock A, the substituted amount of oil
equivalent is the same for both feedstocks. This is because Feedstock B produces more aromatics and
caprolactam, which require more energy to produce and therefore result in a higher FFDP. The incineration
process has no direct fossil consumption and is therefore lower than the FFDP of the recycling process. Taking
into account the substitutions, the FFDP calculates to a net negative of -0.33 and -0.34 kg oil equivalent per
kg feedstock due to the substitution of electricity and heat. Both processes lead to a calculated saving of fossil
resources, but the chemical recycling process, with twice to three times higher saving potential, is preferred.

The TAP of the recycling process of Feedstock A is 0.29 x 102 kg SO, equivalent per kg feedstock, which
is 20 % higher than that of Feedstock B with 0.23 x 102 kg. This is due to the increased energy requirement
of the reaction. By calculating the substitution, the TAP is reduced to net negative -0.16 and -0.44 x 10% kg
SO, equivalent. Although the total product yield is higher for Feedstock A, the substituted value ofthe TAP is
35 % lower than for Feedstock B. This is due to the higher yield of caprolactam for Feedstock B, which is
more emission-intensive to produce than the paraffin products. The TAP of the incineration process is 4.7 and
1.5 x 102 kg SO, equivalent caused by the direct emissions generated during the incineration. The difference
between the feedstocksis due to the higher nitrogen content of Feedstock A. Comparing the processes, the
environmental impact of the incineration of Feedstock A and B is 17 and 7 times higher than that of the
recycling process, even increasing when taking into account substitution effects.

Both the direct emissions and the calculated substituted emissions vary between the two feedstocks. This
means that the choice of feedstock with the linked overall conversion and yield of different products has a
major impact on the environmental performance of the chemical recycling process. The evaluation of the
comparison between the recycling process and incineration favours the chemical recycling process with lower
emissions in the GWP, FFDP and TAP categories. When comparing the impact categories for the aquatic
ecosystems, incineration has significantly lower environmental impacts in FEP and MEP.

3.2.2. Comparison ofthe chemicalrecycling process to virgin production By comparing the products
of'the recycling process with conventional production, the results are calculated based on the TOP. The TOP
includes all upgraded olefin/paraffin and purified aromatic oil fractions defined in the system boundaries.
Therefore, substitutions are no longer considered when calculating the emissions. The different total
conversion of the two feedstocks changes the amount of waste entering the system for 1 kg of product. Ata

9



10 Journal of Sustainability (2025) 1:2, 1-20

conversionrate of 87 %, 1.15 kg of waste is required for Feedstock A and 1.46 kg of waste is required for
Feedstock B at a conversion rate of 68 %. The results of the environmental impact calculation of the recycling
process and the conventional production of products are shown in Figure 4.
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Figure 4. Calculated environmental impacts for 1 kg of obtained products by the chemical recycling process and the
conventional production for the impact categories MEP (marine eutrophication potential, top left) and FEP (freshwater
eutrophication potential, top right), FFDP (fossil fuel depletion potential, middle left), TAP (terrestrial acidification
potential, middle right), and GWP (global warming potential, bottom left).

Feedstock B has a GWP of 2.0 kg CO, per kg of product, which is 25 % higher than Feedstock A's 1.6 kg,
mainly due to higher emissions from the waste treatment of the generated solid residue and gas fraction. For
both feedstocks, the recycling process generates fewer emissions than the fossil production, with 1.81 kg and
3.33 kg of CO, per kg of product, respectively. While the emissions are 12 % lower for Feedstock A, they are
40 % lower for Feedstock B due to the high caprolactam yield, showing that the product composition has an
impact on the LCA results. The FFDP of the recycling process is similar for both feedstocks at 0.48 and 0.49
kg oil equivalent per kg product, while the fossil production contributes three and four times as much to the
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FFDP at 1.4 and 1.9 kg. This shows that production using the chemical recycling process places less strain on
fossil resources and can therefore contribute to a circular economy.

The TAP of the recycling process is also in the same order of magnitude for both feedstocks, at 3.3 and 3.4
x 107 kg SO, equivalent per kg products. The comparison process for fossil production with 5.1 and 9.8 x 10-
? kg shows significantly higher emissions of 55 and 188 %, indicating a higher pollution of terrestrial
ecosystems. The MEP of the recycling process for Feedstock A and B is 1.16 and 1.12 x 10 kg nitrogen
equivalent per kg product. The environmental impact of conventional production is in a similar range in both
cases, at 1.08 and 1.34 x 10 kg nitrogen equivalent. The emissions from the fossil route are 7 % lower for
Feedstock A, but 19 %higher for B, so there isno clear trend towards either scenario. The FEP ofthe recycling
processis 16.6and 14.81x10*kgphosphorus equivalent perkg of products. The emissions ofthe conventional
route are 1.84 and 3.97x 10* kg, which are 89 and 73 % less than the recycling process. This shows that the
recycling process has a greater impact on freshwater ecosystems than the conventional route.

For the impact categories GWP, FFDP and TAP, the assessment shows that the recycling process has a
lower environmental impact than the fossil route. For MEP, no clear statement can be made as the emission
values are in the same order of magnitude. For FEP, conventional production has significantly lower emissions.
The differences in the calculated environmental impacts between the different feedstocks are between 2 and
11 % based on Feedstock A, showing only small variations. The only exception is the GWP, where Feedstock
B has 25 % higher emissions than Feedstock A, which is caused by the larger amount of treated waste streams.
In contrast, the influence of the type of substituted products is much stronger, with differences ranging from
24 to 116 % between the two feedstocks. This means that the main influence on the environmental impact of
this recycling process does not depend on the type of input material and the overall conversion, but rather on
the type and quality of the products obtained.

The comparison of the results to other studies should be interpreted carefully, because every study uses a
different database, assumptions, and methods. Nevertheless, it can give a categorisation of the results. The
GWHP is calculated in almost every study and can therefore be used for comparison, as shown in Table 3. From
the waste perspective, the chemical recycling process with -0.20 and -0.93 kgcop-cq Per Kgreedstock Shows lower
emissions than most studies. This is mainly due to caprolactam products derived from PA in the waste, which
account for up to 82 % of the total substitution credits. Without the isolation of the monomer of caprolactam,
the GWP of ~ 0.75 to 0.95 kgcoeq Would align with the studies used for comparison. This shows that the
presence of PA in the feed leads to a promising scenario for chemical recycling from an environmental
perspective. Comparing the results of this study, 1.6 to 2.0 kgcoy-q per kg TOP, with other product-oriented
LCA studies is challenging because the functional units used in the literature vary according to the type of
product, whether oil derivatives or specific plastic granulates/films, as shown in Table 3. These differences
lead to reported GWPs ranging from hardly to interpret, -1.2 to 5.34 kg CO2-eq. To address the difficulty of
comparing recycling processes that yield different products, the authors propose using the functional unit
“TOP”, which allows for an independent assessment of emission gaps relative to the average fossil-based
pathway in future LCAs.

Table 3. Comparison of Global Warming Potential (GWP) results from this study with literature data. Abbreviations:
TOP = Total Obtained Products; MPW = Municipal Plastic Waste; PE = Polyethylene; PP = Polypropylene; PS =
Polystyrene; PA =Polyamide, PO = Polyolefin

Functional unit GWP [kg CO2-eq/functional unit|
Publication Feedstock Data origin . cte Product Waste Product
perspective perspective perspective perspective
. . TRL 8 1 kg post-
. Post-industrial . .
+ - -
This study PE/PA waste process industrial 1 kg TOP 0.2t0-0.9 1.6 to 1.98
simulation waste
. . . 1kg
(Garcia-Garcia et~ Contaminated Laboratory .
al., 2024) MWP experiments K;[)I;t\&;.\]nllnated . 224 .
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Table 3 (Cont.). Comparison of Global Warming Potential (GWP) results from this study with literature data.
Abbreviations: TOP = Total Obtained Products; MPW =Municipal Plastic Waste; PE =Polyethylene; PP =
Polypropylene; PS =Polystyrene; PA = Polyamide, PO = Polyolefin

Functional unit GWP [kg CO2-eq/functional unit|
Publication Feedstock Data origin Waste Product Waste Product
perspective perspective perspective perspective
.. . 1 ton of
(Civancik-Uslu et /P;)Porlrgil(%gs;gld Simulation respective i 100/-
al., 2021) o household 1580/539/101
waste
. . . 5 kta 1 ton of light
(Jeswani et al., Light packaging process packaging 1t PE granulate 739 -447
2021) waste
plant waste
(Chari et al., Simulation 1 tof PE/ PP
2025) MPW + Literature 1 ton of MPW film 778 -1379
lkg
naphtha/mixed
(Yadav et al., . . ) product/aromati i 2.74/4,64/2.2/5.3
2023) MPW Simulation corich 4
product/olefin-
rich product
(Hermanns et al., . 1 kg sorted
2023) sorted MPW Literature MPW - 0.41 to 0.46 -
(Klotz et al, Plastic waste Literature 1 kg plastic - -0.8t0 1.5 -

2024)

3.3. Sensitivity analysis to data uncertainties and methodological

assumptions

The LCA results are calculated based on two experimental trials of the TRL 8 liquefaction plant. To assess the
impact of deviations in the yield of the chemical recycling process on the GWP, two scenarios are modelled:
an increase and a decrease of 5 % yield. The provision of process energy modelled with the German electricity
grid, with a share of 51 % renewables, has the highest impact on the GWP, with up to 92 % of the total
emissions. Since the composition of the electricity mix not only varies from region to region but also changes
over time, three additional scenarios were investigated. In that the future development from 80 % renewables
towards a fully renewable energy grid is considered, as well as a fully fossil grid. Furthermore, the GWP of
the hydrogenation was calculated using hydrogen with average global emissions data from ecoinvent with 2.7
kg CO2-eq per kg H2. However, the emissions related to hydrogen production vary from 11.5 kg CO2 (grey
hydrogen) (Kleijne et al., 2024) to 2.0 kg CO2 (green hydrogen) (Maniscalco et al., 2024). Two scenarios,
assessing the influence of grey and green hydrogen supply onthe GWP, are assessed. The GWP deviation of
the scenarios compared to the assessed GWP is shown in Figure 5.
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Figure 5. Changes to the GWP of the chemical recycling process for +/- 5 % product yield, chosen electricity grid

power supply, the source of hydrogen supply, best case (+ 5 % yield, fully renewable, green hydrogen), and worst case
(-5 % yield, fossil grid, grey hydrogen).

Increasing the oil yield can reduce the GWP of the recycling process by up to 6 %, while a reduction of the
oil yield increases the GWPby up to 13 % for both feedstocks. Main contributors are the increased utility per
kg total product, as well as the higher share of residue and gaseous side streams that need to be treated. The
greenhouse gas emissions for the electricity supply reduce from 445 g CO, equivalent per kWhto 236 g CO,-
eq. for 80 % renewables 2030 and 75 g CO, with a fully renewable grid. For a fully fossil grid, it increases to
877 g CO,-eq. The emissions from the recycling process to produce 1 kg of products can be reduced to 0.65
kg CO,-eq with a fully renewable energy grid. This equals a 59 % emission reduction of the recycling process
when achieving a fully renewable power grid. However, powering the recycling process with a fossil power
grid, the emissions for the recycling process would drastically increaseby up to 69 %to 2.92 kg CO,-eq. While
the use of green hydrogen only reduces the total emissions by 2 %, the use of grey hydrogen significantly
increases the total process emissions by up to 20 %.

A best-case scenario for increased yield, fully renewable power supply and use of green hydrogen shows
thatthe GWP can be reduced by up to 64 %butis still associated with unavoidable emissions. The unavoidable
emissions divide in the waste treatment of the side streams with a share 0f63 %, heat and hydrogen supply for
productupgrading with 13 %, catalyst with 12 % and the electricity production with renewables with 12 %.
To further reduce the environmental impact of the recycling process, the solid and gaseous waste streams
generated need to be utilised. Also, for product upgrading with distillation and hydrogenation, the chemical
industry needs to be decarbonised. Examples for such improvements are recent research in the utilisation of
solid residue to improve bitumen characteristics in road construction (Gargiulo et al., 2023) or the
electrification of the chemical industry (Gabrielli et al., 2023 ; Mallapragada et al., 2023). However, a worst-
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case scenario with a reduction of yield, fossil power grid and grey hydrogen supply increases the emissions by
up to 114 %, leading to GWPs of up to 3.52 kg CO, for 1 kg TOP. In this case, the chemical recycling process
would lead to a higher GWP than virgin production and therefore would not be the ecologically preferred
production route.

4. Conclusion

In this study, the environmental impact of a TRL 8 pre-industrial chemical recycling plant located in Germany
is determined and compared to the state-of-the-art incineration and the conventional, fossil-based production
route of the recycled products for two different feedstocks. The assessed impact categories are GWP, FFDP,
FEP, MEP and TAP. Exemplified for the GWP, the emissions caused by the chemical recycling process
calculates to 1.4 kgco,-q for both feedstocks. Major parts of the emissions are attributable to the provision of
energy for the process with at least 53 %, up to 36 % from waste treatment, and up to 19 % from product
upgrading. This shows that the treatment of generated waste streams and the product upgrading have a
significant influence on the environmental impact and should therefore not be neglected in LCA studies.
Considering product substitution, the emissions of the recycling process can be calculated to net negative -0.2
kgcor perkgreedsiock fOr feedstock A and -0.9 kgco, for feedstock B. The chemical recycling process showed
50 % lower GWP compared to incineration. It also shows lower environmental impacts in the FFDP and TAP
categories, whereas, due to the high electricity demand, the FEP and MEP impact categories are higher than
those of the incineration process. Thus, implementing chemical recycling technologies involves a trade-off:
reduced fossil dependency and lowerclimateimpact, but more serious potential damage to aquatic ecosystems.

Compared to the fossil production of the respective recycled products, the chemical recycling process
shows 12 - 40 % lower GWP, which is mainly due to the substitution of caprolactam, which accounts for up
to 82 % of the fossil production emissions. As caprolactam is derived from PA in the waste feedstock, the
results show that the GWP reduction is highly dependent on the polymer type in the feedstock. Also, powering
the chemical recycling process with renewable energy could reduce the GWP by up to 59 %. Still, even with
fully renewable electricity and a green hydrogen supply, emissions cannot be reduced to zero. Unavoidable
emissions fromproductupgradingand, particularly, the waste treatment of the side streams remain. In contrast,
a sensitivity analysis showed that the ecological benefit of the recycling process over virgin production is
highly dependent on the data and assumptions. Slightly lowering the product yield, powering the process with
fossil-based electricity and supplying grey hydrogen, the GWP can increase by 114 %. This would exceed the
comparable virgin production emissions by a factor of nearly two, being twice as harmful to the environment
as virgin production.

When integrating chemical recycling into circular economy strategies, the focus should be on processes
involving monomer-yielding feedstocks, such as PA, to maximise substitution credits. Regional factors such
as power supply and hydrogen availability need to be considered when conducting chemical recycling LCAs,
asthey can decideifthe recyclingprocessis ecologically preferable comparedto virginproduction. In addition
to economic feasibility, further research should therefore examine how chemical recycling processes can be
implemented in existing industrial infrastructure at a global and regional level.
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