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Pyrolysis currently emerges as a promising technology capable of treating mixed plastic waste that is
otherwise unsuitable for mechanical recycling. However, its large-scale adoption requires
a comprehensive understanding of its environmental impacts based on different technology setups. This
study uses life cycle assessment (LCA) to compare different pyrolysis configurations, varying in
operational parameters such as maximizing or managing process gas. The results reveal a high variability

of environmental impacts across configurations. Sensitivity analysis further indicates that a shift towards
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Accepted 8th September 2025 renewable energy sources has a potential to enhance the overall environmental performance o
pyrolysis. Presented findings emphasize the need to carefully select pyrolysis process parameters when

DOI: 10.1039/d5va00182j considering scale-up and integration into waste management strategies. The study thus provides insights
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for decision-makers evaluating pyrolysis as an environmentally sound plastic waste treatment solution.

The paper deals with the pyrolysis for the treatment of mixed plastic waste, which can be considered as promising from the perspective of circular economy and
potential for reduction of environmental impacts including climate change. The paper presents how various process configurations of pyrolysis technology can
have big influence on environmental impacts and highlights key operation parameters. The study results reveal a high variability of environmental impacts

across configurations, ranging from —133 to 966 kg CO, eq. per tonne of mixed plastic waste. The most environmentally favourable configuration minimizes

process gas production, along with its subsequent capture, compression and natural gas substitution. Compared to mixed plastic waste-to-energy treatment,
pyrolysis results in lower environmental impacts among all studied configurations.

1 Introduction

Plastic waste represents a significant global environmental
challenge due to the large amount generated by society, coupled
with inadequate disposal practices and low recycling rates.* The
production and improper disposal of plastic waste have severe
negative impacts on both human health and the environment. A
promising solution lies in adopting a circular economy and
enhancing recycling processes. While mechanical recycling is
widely used and valuable, it has limitations in effectively
addressing certain technical issues associated with plastic
waste. The efficiency of mechanical recycling depends on
factors such as the quality of the collected plastic and the
sorting methods used.> The process is complicated by the
inability to handle mixed or contaminated plastics.®* Another
disadvantage is that recycled plastic obtained through
mechanical recycling is not the same high quality as virgin
plastic and may contain impurities, reduced strength, and color
variations.*
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The imperfections of existing waste management practices
highlight the need for innovative approaches to plastic recy-
cling, such as chemical recycling, which offer the potential to
extract value from plastic waste and promote circularity in the
plastic value chain.?

Additionally, the convergence of the plastic pollution crisis,
resource security concerns, and advancements in technology
has elevated chemical recycling to a hot topic of discussion
among governments, industry stakeholders, and experts.
Through chemical recycling, plastic waste can be transformed
into fully marketable products, which can be used, for example,
in the fuel industry.® The advantage of chemical recycling over
mechanical recycling is its ability to handle a mixed composi-
tion of input plastics.

To date, none of the chemical recycling technologies for
plastic waste, such as pyrolysis, gasification, oxidation or
depolymerization, have been widely implemented. The
economic viability and scalability pose challenges for the
widespread implementation of chemical recycling. Establishing
a balance between environmental and economic considerations
is crucial for achieving the widespread adoption of this revo-
lutionary technology.” Each of them has its advantages and
disadvantages, highlighting the need to find an optimal

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5va00182j&domain=pdf&date_stamp=2025-10-24
http://orcid.org/0000-0001-7014-6396
http://orcid.org/0000-0002-7371-7657
http://orcid.org/0000-0002-1401-525X
http://orcid.org/0000-0001-6582-9803
http://orcid.org/0000-0001-9428-8655
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00182j
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA004011

Open Access Article. Published on 08 September 2025. Downloaded on 2/5/2026 7:16:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

solution for managing plastic waste recycling. The classification
of chemical recycling technologies involves categorizing them
based on various criteria, such as the type of chemical reactions,
raw materials, process conditions, and environmental impact.®
For example, in pyrolysis technology, where molecular decom-
position occurs through a thermal process in the absence of
oxygen, the methods include fast pyrolysis, slow pyrolysis,
microwave pyrolysis, fluidized bed pyrolysis, and catalytic
pyrolysis.® Pyrolysis is quite promising in terms of chemical
recycling of plastic due to its ability to process various types of
plastic waste, ranging from packaging waste to more complex
materials.'® Thus, pyrolysis of plastic waste is undoubtedly one
of the recently discussed technological solutions to the problem
of waste disposal and recovery.

The pyrolysis process depends on several factors, starting
with process temperature, which ranges from 300 °C to 800 °C,
depending on the chosen technology."* Besides temperature,
the heating rate is also important.’> Retention time, which
usually depends on various factors, including reactor design,
operating conditions, and feedstock composition, also plays
a significant role."® According to the scientific literature,'' the
retention time can range from 20 minutes to 60 minutes, but it
can also be as short as 5 seconds in the case of fast pyrolysis.*®
The thermal decomposition process can be influenced by
various types of catalysts, which directly affect the reaction rate
and the quality of the yielded products.'” The distribution of the
output products primarily depends on the characteristics of the
feedstock.'® For example, the smaller the size of the plastic
granulate, the better the heat exchange process, which accel-
erates the reaction time. The aforementioned parameters, such
as process temperature, heating rate, retention time, catalyst
type and feedstock, influence the formation of by-products.
Pyrolysis can break down plastics into valuable chemicals and
fuels, such as liquid recyclate (pyrolysis oil), process gas
(pyrolysis gas) and solid residue (pyrolysis char).

Pyrolysis oil can be considered the primary product of
pyrolysis, and its quality greatly depends on the characteristics
of the process.? Nevertheless, with the correct choice of catalyst,
a lower operating temperature with a higher yield of pyrolysis oil
can be achieved.” The study® showed that the dependance of
the liquid product's yield on the temperature increase; the lower
the rate, the more liquid product can be obtained.

Two other important process parameters are the higher
calorific value of the oil and the fractional yield of the 0il.>* The
pyrolysis oil produced from mixed plastics can substitute
primary fossil feedstocks (e.g., naphtha) in the manufacturing
of monomers (ethylene an propylene), which are important in
the polymerization of polyolefins.*

The gaseous products of polymer pyrolysis typically consist of
mixtures of C,H, hydrocarbons and hydrogen.® Research®
shows that the gas produced from the pyrolysis and liquefaction
of polyethylene and polypropylene mainly consists of methane,
ethane, propane, and butane, while in the case of polyethylene
terephthalate (PET) pyrolysis, the primary gases are CO, and CO.
High temperature and extended residence time are the best
conditions for maximizing gas production in the pyrolysis
process.”® The yield of gaseous products also depends on the
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feedstock; for example, pyrolysis results®® show that gas forma-
tion is higher in the case of polyethylene (PE) than polystyrene
(PS). Therefore, determining the most efficient pyrolysis reaction
conditions and choosing the reactor are among the key chal-
lenges for obtaining the desired product output.”” Pyrolysis gas is
either flared and cogenerated to improve the energy efficiency of
technology, or flared and compressed as a product that can
replace, for example, compressed natural gas (CNG).*®
Concluded in their research, that pyrolysis char mainly consists
of inorganic substances, which are challenging to dispose of but
have potential uses in road coverings and as building materials.
The study®® showed that high ash content limits its use in tyre
production, but the product can be used in rubber compounds.
Due to its high carbon content, pyrolysis char has an excellent
absorptive capacity and can be used as a sorbent in various
applications.?

Despite numerous studies on the plastic pyrolysis process, it
has not yet seen practical large-scale application. M. S. Qureshi
et al. attribute the problem of large-scale application of this
technology to the quality of the feedstock as well as the stability
and standardization of the product.®® Zhilong Yuan et al
concluded in their work that plastic pyrolysis is accompanied by
technical issues, such as contamination of pyrolysis oil and
corrosion of reactor materials, which may result from the
formation of hydrogen chloride (HCl) during polyvinyl chloride
(PVC) pyrolysis.*® Another technical problem could be the
clogging of internal reactor pipelines with benzoic acid formed
as a result of PET pyrolysis.*® A. Buekens believes that the
pyrolysis process is economically unviable, mainly due to the
high costs of preliminary plastic preparation, hoping only that
these costs will be offset by the value of the obtained product.®*
Kim Ragaert et al. reported that plastic pyrolysis technology
becomes economically viable only when implemented on
a large scale.*® Analyzing the life cycle of pyrolysis, Vibhuti
Chhabra et al. concluded that the process is economically
feasible with a payback period of 6.17 years.** However, a major
drawback of pyrolysis is its high energy demand and associated
environmental impacts. As emphasized by Stijn van Ewijk et al.
circular economy efforts must carefully consider the energy
implications of recycling.”

To understand the overall impact of pyrolysis, it should be
studied from the perspective of life cycle assessment (LCA),
which involves a comprehensive approach to determining
environmental impact. LCA is recognized as the best tool for
assessing the life cycle impact of products or process.*® It is
important to note that the LCA methodology can provide useful
information even at the design stage, as it allows for identifying
alternative planning options.*” The advantage of using LCA for
analyzing waste management systems is that it provides
a comprehensive view of the processes and impacts involved,
even taking into account its connections with other sectors.*

In the LCA study of the pyrolysis process,*" it is also shown
that most technological emissions are associated with elec-
tricity consumption. Nevertheless, researchers,”” considering
the direct electrification of thermal energy supply, concluded
that the impact of pyrolysis on global warming would decrease
by 67%. It is important to include LCA indicators that consider
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the impact of plastic on the environment beyond greenhouse
gas emissions® because it is essential to consider emissions of
air pollutants, including toxic substances. As the study**
concludes, other categories besides climate change such as
ecotoxicity, freshwater or human toxicity should be reviewed to
provide a more well-rounded analysis of the environmental
benefits of plastics recycling. Given the high energy intensity of
pyrolysis, it is appropriate to make comparisons in terms of
different impact categories to provide more reliable results,*
because the source of electricity can influence the importance
and contribution of each impact category to the overall impact
of pyrolysis. When studying the life cycle of plastic pyrolysis, it is
also necessary to consider geographic variability, as the envi-
ronmental impact of plastic pyrolysis can vary significantly
depending on regional factors such as energy balance and waste
management infrastructure.*

The variety of LCA methods and the need for project-specific
parameters mean that the results of one LCA are rarely
comparable with others. Nevertheless, even such comparisons
can generate new insights, such as identifying the most effective
ways to combine processes to reduce adverse outcomes.”’
However, existing LCA studies require greater consistency and
accuracy.*®

Up-to-now, there are many studies comparing mechanical
recycling with one of the types of chemical recycling.* This is an
outdated approach; at the present stage of recycling technology
development, it is worth focusing on chemical recycling
methods, selecting the most efficient one, and working on its
improvement.*®

This study represents further progress in addressing the
knowledge gap surrounding the pyrolysis of plastic waste,
specifically the lack of detailed comparative LCA studies that
evaluate the various technology configurations, environmental
benefits and drawbacks of pyrolysis technology across different
environmental impact categories. Existing studies often focus
on specific aspects or stages of the pyrolysis process; however,
there is a lack of detailed comparative analysis that considers
various pyrolysis technology configurations across multiple
environmental impact categories, such as global warming
potential, resource use, eutrophication, ozone depletion and
more. In this context, sensitivity analysis is crucial for under-
standing how variations in operational parameters affect the
overall environmental performance of the technology. It also
helps to identify the most efficient and environmentally safe
configurations for scaling up pyrolysis processes.

Since chemical recycling is an alternative way of waste
plastics treatment and also a technology producing valuable
secondary products, this work deals with the assessment of the
potential environmental impacts of different configurations of
this technology from two perspectives, namely waste treatment
and secondary products’ production.

2 Experimental
2.1. Description of assessed technology

Pyrolysis of mixed waste plastics takes place without air at
temperatures of 350-450 °C. The technology considers a two-
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stage parallel reactor where low-temperature thermal decom-
position (controlled homolytic fission) occurs. It is an endo-
thermic process that occurs in anaerobic environments, ie.
without access to air or other oxidants. The outputs of this
technology are process gas, solid residue and liquid recyclate.
The process gas can be used as a source for energy recovery (gas
turbine, cogeneration unit), which subsequently covers part of
the energy consumption of the actual operation of the tech-
nology, or it can be separated into individual gas components.
Liquid recyclate and solid residue are secondary products that
can be used as a substitute for primary raw materials, e.g. in the
petrochemical or chemical industry. Pyrolysis, therefore,
involves depolymerisation, ie. the cleavage of long, complex
hydrocarbon chains to form new process products with rela-
tively low molecular weight. The volumes of the individual new
products obtained in pyrolysis depend not only on the compo-
sition and properties of the feedstock but also on the actual
process conditions. The proportions of the gaseous and liquid
product obtained can be controlled to a limited extent by setting
appropriate process parameters to suit the intent and needs of
the operator. The considered technology can process
a maximum of 0.2 tons per hour of mixed plastics. Waste
plastics with a composition of up to 10% PET and up to 3% PVC
are considered as input. Assumption of output production:
solid residue 5%, process gas 5% for minimum and 30% for
maximum, liquid recyclate 65% for minimum and 95% for
maximum values.

Four different configurations of the pyrolysis process were
assessed to analyse their influence on the process’ environ-
mental performance. For each configuration, the assumed
minimum and maximum values of the individual parameters
were determined based on the technical characteristics of the
individual equipment and pilot-scale operation data. As indi-
vidual parameters were considered % of waste production from
sorting, electricity consumption for shredding and pneumatic
transport of shredded material, electricity consumption for the
operation of the hopper and conveyor, the electricity
consumption of the depolymerization reactor, electricity
consumption for cleaning of depolymerization products, elec-
tricity consumption for the liquid recyclate pump, electricity
production for pyrolysis gas cogeneration, electricity
consumption for pyrolysis gas capture and compression, elec-
tricity consumption for process oil bottling, % production of
process gas, solid residue. The aim is to show how changing the
basic operational settings affects the overall technology
assessment and its environmental performance.

2.1.1. Configuration A. Pyrolysis with capture, combustion,
cogeneration of process gas, and use of the generated electricity
are used within the operation of the technology. Configuration
with maximisation of process gas production.

2.1.2. Configuration B. Pyrolysis with capture, combustion,
cogeneration of process gas and use of the generated electricity
within the operation of the technology. Configuration with
minimisation of process gas production.

2.1.3. Configuration C. Pyrolysis with capture
compression of process gas that is not incinerated and used in

and
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the plant. The process gas is captured and compressed.
Configuration with maximisation of process gas production.

2.1.4. Configuration D. Pyrolysis with capture and
compression of process gas that is not incinerated and used in
the plant. The process gas is captured and compressed.
Configuration with minimisation of process gas production.

Differences in operating parameters of the configurations
are presented in Table 1. C is a specific constant for each of the
parameters listed.

2.2. LCA

LCA was conducted according to ISO guidelines 14 040 and 14
044.°* Two functional units were defined based on different
perspectives on the benefits of pyrolysis technology: one tonne
of produced secondary product (liquid recyclate, process gas, or
solid residue) and one tonne of treated mixed plastic waste (at
the moment of classification as waste, ie., before pre-
treatment).

Fig. 1 shows the system boundaries for the production of
secondary products and for the mixed plastic waste treatment,
separately for configurations A, B and C, D. Both perspectives
consider also sorting of input mixed plastic waste, because the
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composition of input is limited with regard to the optimal
operation of the technology. In case of waste management
perspective, substitutions of secondary products are applied to
compare potential environmental impacts with alternative
waste management options that produce other types of valuable
outputs.

Specific data used in the study were provided by the tech-
nology supplier based on pilot-scale operation. The specific data
for individual technologies included data on specific
consumption of electricity, fuels, auxiliary materials in indi-
vidual process blocks, specific data on waste production,
emissions, secondary products, etc. In addition, the study used
secondary background datasets, i.e. database processes that
quantify the impacts of specific processes, such as production
of input materials, transportation, waste management by type
and method, etc. The secondary data come from the Sphera
2024.2 and ecoinvent 3.9.1 databases. Sofware LCA for Experts
from Sphera was used for all life cycle analyses. All data used in
the inventory and calculations are based on the EU region.
European electricity grid mix is used in the study. Only global
data used in the study relates to truck transportation. It was
assumed that the transport distance for waste collection and

System boundaries: Secondary products analysis

: Plastic Plastic :

Plastic waste : X waste ' waste . Electricity . ) Lignite :
— Sorting Shredding Pyrolysis Microturbine betiiton :
. Pyrolysis gas :

HE Solid residue :

HE - Condensation Naphtha :

s s Conﬁguratlon A&B and cleaning substitution .

Pl Liquid :

HE recyclate H

Plastic
waste

Plastic
waste

Plastic waste

collection Soing

Configuration C & D

Fig.1 System boundaries.
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disposal is 50 km. Truck transport was considered. Waste
produced during the operation of the technology is transferred
to a waste-to-energy facility and the polluter-pays principle is
applied. Detailed description of all used secondary data is
provided in the SI.

To determine the environmental impacts of outputs, mass
allocation was used. The allocation of common inputs and
outputs is based on a general allocation rule, which represents
the share of the production of each secondary product in the
total production expressed in tonnes. As the aim of the study is
also to compare environmental indicators with alternative
waste management technologies, the principle of substitution
is applied for secondary products coming out of the technolo-
gies under consideration. In this case, the substitution of
secondary products by the production of primary raw materials
or products of equivalent quality is chosen, specifically for
lignite (solid residue), the primary production process for
compressed natural gas (CNG) and the primary production
process for naphtha (liquid recyclate). This approach was
chosen in accordance with the quality and characteristics of
secondary products and possible applications also foreign
studies to make the results comparable.* From the perspective
of the LCA study, it is important to choose the appropriate
substitutes to best match the quality of the secondary products
as the chosen approach can have a significant impact on the
overall impacts.

All impact categories have been assessed according to the
environmental footprint (EF 3.1) methodology. EF 3.1 method-

ology also allows quantifying the aggregate potential
Sorting Shredding Pyrolysis
Acidiﬂcfation (ilimate Change
I H* eq. :
1.00 (mole of H* eq.) 1500 (kg CO, eq.)
1000
®
0.00 500 ;
100 @ 5 8 5 g -
-500
-2.00 -1 000
A B C D A B C D
Eutrophication, marine Eutrophication, terrestrial
(kg Neq.) (mole of N eq.)
0.20 2.00
0.00 0.00
020 * & & & L0 * & 5
-0.40 -4.00
A B C D A B C D
Resource use, fossils Resource use, minerals
MJ) and metals (kg Sb eq.)
20 000 S5E-05
0 0E+00
-20 000 ° -5E-05 ‘ 5 ® -
-40 000 ® & @& F04
-60 000 -2E-04
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environmental impacts, where the results of the potential
impacts in each impact category are converted through nor-
malisation and weighting to a single dimensionless number.
The technology configurations are assessed in terms of
producing 1 tonne of secondary product based on mass allo-
cation of products. The study quantified the environmental
impacts for the construction and operation phase. No relevant
data were available for the demolition phase.

3 Results and discussion

Based on the assessment performed, the construction phase
was found to contribute a minimal (less than 5%) amount to the
total environmental impacts. The operation phase accounts for
the majority of the total potential environmental impacts for all
technologies assessed. For this reason, the analysis of the
results in the next section of the article will focus on this phase.

3.1. Waste treatment analysis

Potential environmental impacts of pyrolysis configurations (A,
B, C and D) in waste treatment system boundaries (per 1 tonne
of treated mixed plastic waste) in selected impact categories are
presented in Fig. 2. The results of the individual technology
configurations considered are presented as the average of the
values (min, max) with deviations shown in Table 2. The figure
shows the contributions of each process group to the overall
impact (sorting, shredding, pyrolysis, gas treatment and
substitution). The figure shows the impact of the technology

Gas treatment Substitution

Ecotoxicity, freshwater Eutrophication,

10 000 TUe) 1E-03 freshwater (kg P eq.)
0 5E-04
-10 000 0E+00 § ® ¢ ¢
-20 000 ® L -5E-04
-30 000 . — -1E-03
A B C D A B C D
(Land use E‘)(zone depletio)n
Pt CFC-11 eq.
2 000 ) i i 8E-09 g 3
¢ 6E-09 _
8 e
1000 é 4E-09 L]
0 2E-09 ¢
0E+00
-1000 -2E-09
A B C D A B € D
Water use EEF 3.1 )
m? world eq. aggregated, unitless
100 ¢ %) % 0.04 99
50 i } i 0.00 -
-0.04 é 3 8
0 -0.08
-50 -0.12
A B C D A B C D

Fig. 2 Potential environmental impacts and savings of pyrolysis process phases for individual categories of the environmental footprint

methodology.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Environ. Sci.: Adv., 2025, 4, 1796-1809 | 1801


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00182j

View Article Online

Paper

Advances

Environmental Science

['ba N j0 a10w]

1-0T X 86°¢€— 1-0T X 86°¢ L0C— Tee— 0T X 6£°6 1—0T X 96°8 1—0T X €L°T 0T X €§°L [e1sa11a) ‘uonedrydonns 1°¢ 44
. 0T X gp'g— . 0T X €¥'¢ 10T X 06'T— 10T X 20— ¢ 0T X TS'L ._0T X 9¢'8 0T X PT°T ¢ 0T X 6T°L ['ba N 3] sunrew ‘uoneorydonns 1°¢ 49
['ba a 3]

,_0T X 87 T— ,_0T X 8¥'T 50T X 62'T ,_OT X 8T'L— < 0T X 92°S ,_0T X ¥S°2 < 0T X 67°€ < 0T X 6T°9 107emysaly ‘uonesrydonna g 49
[>n10]

O X TV1— OT X V'L ;0T X 06'T— ;0T X ¥0"C— 0T X 70T 0T X 60T 0T X 90°T 10T X LO'6 [8303 — 193BMUSaT} ‘AIIOTX03009 T°¢ AH
(0T X S8'T— 0T X S8°T 0T X €€°S 0T X €9°7— 0T X 699 0T X 6L°T 0T X 65T 0T X I6°T ['ba 200 8] [e101 — 98ueypd arew 1'¢ Ad
1-0T X LV 1T— 10T X LV'T 1-0T X IS'6— 6 T— 0T X 0L'C 1—0T X €¥7°¢€ 0T X 6TV 0T X 88'C ['bs ,H jo Sjow] uoedYIPIOE T°¢ AH
T UoneIsq T uoneIrdqg [e10L uonmnsqns durppaiys SISA[0IAd 3unios jusUIIeaI} SBD (D) uoneingdyuon
0T X SO0'T— 0T X GO°'T 0T X ¢6°G— 0T X €1°8— ¢ 0T X 8¥%°C 0T X TCTT ¢ 0T X €6°L ¢ 0T X 6G°¢ e dd
0T X S6'T— 0T X S6'T 0T X S0°L 19°9— LEL 0T X S¥'p 0T X TS'T .0T X 10°€ ['amba priom (] osn 193em 1°¢ A9
['bo qs 3]

¢ 0T X 6T'T— ¢ 0T X 6T'T ¢ 0T X £6'8— 50T X 6T'T— 60T X 06'T . 0T X 90°¢ 0 0T X ¥S'T 40T X ¥0'C S[EI9W PUB [BISUTW ‘9SN 9DINOSAI T°¢ AT
0T X 96°C— 0T X 96°C 70T X 09°€— ;0T X 86°€— 0T X 0%°C 0T X 8€°¢ 0T X 0T°C 87T [[N] s[1sso03 ‘osn 901n0sa1 T°¢ A
or_0T X 60°S— or_0T X 60°S ¢ 0T X 6L'F 01_0T X ¥6'T— 01_0T X TI8°T 60T X 29F o1 0T X €£°T 10T X 9¥°C ['b3 11-D40 3] uonajdap suozo 1°¢ 44
(0T X 62— 0T X 62T 0T X 87T (0T X LT'T— 0T X T0'T 0T X TH'T 0T X §5°2 (0T X 19'6 [xd] asn puey T'¢ 44
['ba N jo orowu]

10T X 927€— (0T X 9/°¢ 16'T— 66'C— ._0T X ¥¥'6 L0 X €T'8 10T X €£°T »—_0T X 67°S [etsar1a) ‘uoneorydonna 1°¢ 44
. 0T X €2°¢— . 0T X €2°¢ L OT X ¥LT— L _OT X TL't— + 0T X LS°L . 0T X 9L°L . 0T X ¥T'T « 0T X ¥T'S ['ba N 3] surrew ‘vonesrydonna 1°¢ 44
['ba a 3]

»_0T X TG T— »_0T X TS'T ¢ O X LT'€— 0T X 90'8— < 0T X 0€'S ,_0T X 98°9 < 0T X 6¥°€ ,_0T X IS I19yemysaly ‘uonesrydonns 1°¢ 44
[6n10]

(0T X £8'T— (0T X /8T 40T X 99°7— LT X 8L~ 0T X S0°T 0T X 58'6 01 X 901 0T X 199 [6303 — I97EMUSAL] ‘KIOIX01000 T'€ I
0T X SL'T— 0T X ST 0T X 18°T (0T X 0€'%— 10T X 029 0T X 29T 0T X §5°C 0T X LTT ['ba 20D 3] 8103 - 28Uy AjEWIP T°¢ 44
-0 X €5°T— 0T X €S°T €11~ 16T~ 0T X TL'C 0T X IT°€ 0T X 6T'% »—0T X 0T'C _H.Uv JHJO EOEH_ uonesyIpoe 1°¢ 44
T UOneIA(Q T uoneIAdqg [e10L uonmnsqns Zurppa1ys SISA[OIAQ 3unios JjusUIIeaI} SBD (g) uoneindyuod

¢ 0T X LV"8— ¢ 0T X V'8 0T X 9T°C— 0T X 68°G— 0T X L¥'T ¢ 0T X 08°% 0T X €6°L 0T X TTC e dd
0T X 80'C— 0T X 80°C 0T X 28°F v6'T— Se'L 10T X S£°T 10T X 26T (0T X 6L'T ['ambs priom  w] asn 193em T'¢ Ad
[bo qs 3]

< 0T X 60'T— « 0T X 60'T ¢ 0T X ¥0'L— < 0T X £€9'8— 50T X 88'T . 0T X €T 0 0T X ¥S'T ,_ 0T X 1T'T S[e)oUI PUB [BIdUTW ‘D9SN 92IN0SAI T°E X
0T X IF'Z— 0T X TP L0 X 12'T— ,0T X 68— 0T X 8€°C 0T X €8T 0T X 02T 0T X 9¢'T [[1A] s[1ss0j ‘asn 201N0SAI 1°€ AA
0o1-0T X 8T'9— 01-0T X 8T°9 6-0T X €9°C 01-0T X TH'T— 01-0T X 6T 6-0T X 17T 01-0T X €£°T 11-0T X LT [bo 11-04D 3] uonoydop suozo 1'¢ 48
0T X ¥LT— 0T X ¥L°T (0T X ¥5°9 0T X 29'8— T X 10°T 0T X 65°S 0T X €52 €16 [3d] osn puey 1€ 44
['ba N jo

10T X €5°¢— L_0T X €5°¢ LST— 9T 7— . 0T X 6£'6 10T X 6T°€ 10T X €£°T ¢ 01 X LT'€ srow] [ernsaria) ‘uonesrydonns 1°¢ A4
. 0T X €0°€— . 0T X £0°€ L0 X 97’ T— 10T X 96'T— « 0T X TS'L . 0T X 50'€ . 0T X PT'T ,_0T X €T°¢ ['ba N 3] sutrew ‘uonesrydonns 1°¢ 44
['ba d 3]

,0T X 09'T— 50T X 09'T ,_0T X ¢T'e— 50T X 78'S— . 0T X 9T°S ,_0T X 08'C . 0T X 6%°¢ 00T X 69°C Ioremysaly ‘uonearydonna T'¢ Ad
[n10]

0T X €V T— 0T X €7'T ;0T X S6'T— ;0T X T0'C— 0T X 70T 0T X 16°€ 0T X 90T 76°¢ [8303 — 193eMUSaTY ‘AIOIX03009 T°¢ AH
(0T X §€'T— 0T X €T (0T X 2€'8 0T X TT'g— 0T X 699 0T X 8€9 0T X §5°C 0T X LGL ['ba 200 3] [e101 - 98ueyp SreWIP '€ AA
0T X 8€'T— 0T X 8€'T _0T X 66'8— 60'T— . 0T X 0L°C 0T X TTT . 0T X 6T'F ¢ 0T X STT ['ba ,H j0 sj0w] UOEIYIPIOR T°¢ AT
T UOTIBIA( T uoneIAq [e10L uonnNsqns Zurppa1ys SISA[OIAd 3unios JjuouIeaI) SEH (v) uonein3guoD

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd 6T:9T:Z 9202/S/Z U0 popeo|umMod "GZ0g JequiRidss g0 Uo paus!idnd 901l Ss300Y uado

ABojopoyiawi uId}00) |RIUSWUOIIAUS 3} JO Sallohaied jenplalpul o) saseyd ssad0.d sisAjoJAd Jo sbulaes pue syoedull |RYUSLUUOIIAUD |BUS)0d

Z¢olqel

© 2025 The Author(s). Published by the Royal Society of Chemistry

1802 | Environ. Sci.: Adv,, 2025, 4, 1796-1809


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00182j

View Article Online

Advances

Environmental Science

Paper

20T X 60°T— 20T X 60'T 0T X €T°9— 20T X 95°8— ¢ 0T X 8%'C 0T X LET ¢ 0T X €6°L 50T X 06'T 1€ Jd
0T X €6'T— 0T X €6'T 0T X 67'L £0°8— LE°L 0T X 86'F 10T X 26T 10T X T6'9 ['ambs priom w asn 197em T'¢ I9
['bo qs 3]

¢ 0T X 8T'T— 0T X 8T°T ¢ 0T X ¥€'8— y—0T X CTT— 9—0T X 06T 0T X ¢¥'€E o 0T X ¥S°T 0T X 89'¥% S[e3oW pue [BIQUTUI ‘9SN 92INO0SA T°€ AH
OT X 60°€— 0T X 60°¢ L0 X 6L°€— L0T X TTH— 0T X 0V'C 0T X 8°€ 0T X 02°C 0T X §T'S [[N] s[1ssoy ‘asn 901n0Sa1 T'¢ A
01_0T X S6°7— 01_0T X S6'F 60T X 61°S o01_0T X €£T— 01_0T X T8°T 60T X 90°S 00T X €T 0T X £9°S ['ba T1-D4D 3] wonsrdap auozo 1°¢ 49
0T X ¥TT— 0T X 72T 0T X €9°T (0T X 95'T— 0T X T0'T 0T X 65'T 0T X §5°Z 0T X 12T [3d] asn puey T'¢ 48
['ba N j0 a10uw]

10T X ¥8°¢— (0T X ¥8°¢ 66'T— 8T '€~ 0T X ¥¥'6 10T X 60°6 10T X €T 20T X 9T'T [e1sa119) ‘uonedrydonna 1°¢ 44
0T X 0€°€— 0T X 0€°€ 10T X T8 T— 1-0T X 68"C— 0T X LS°L 0T X 69°8 0T X VI'T 0L X IT'T ['bs N 3] sutew ‘uopesydonne 1°¢ 44
['bo a 3]

y—0T X 67 T— y—0T X 67T 0T X €€°¢ y—0T X 0€°8— 0T X 0€°S y—0T X G9°L 0T X 6¥7°¢ ¢ 0T X ¥0°T Isyemysayy ‘uonedrydonns T°¢ 44
[n1o]

0T X 98°T— 0T X 98°T 0T X §9°C— ;0T X 84°C— 0T X SO'T OT X 0T°T 0T X 90°T 10T X 28T [8303 — 193BMU[Sa1} ‘AIIOIX03009 T°¢ IH
(0T X €8'T— 0T X €8T 0T X 90°S 0T X 95 %— (0T X 0£9 0T X 28T 0T X 66 €5C ['ba 20D 3] 303 - 93ueyPd S3RWIP T°¢ Ad
1-0T X 66" T— 1-0T X §G°T 1495 9¢'T— 0T X TL'T 1—0T X 8¥°€ 0T X 6TV ¢ 0T X €8°F% [‘bs JHJO s[ow] uonedyIpRE 1°¢ I
T uoneadg T uoneaqg [e0L uonmmnsqns durppaiys SISA[0IAd dunios-aid JuaUIIeaI) SBD (a) uoneindyuon
0T X 60°T— 0T X 60T 0T X T6°S— 0T X ¢¥'8— e 0T X L¥'T 0T X G€'T e 0T X €6°L ¢ 0T X €T'T e dd
0T X 00'C— 0T X 00°C 0T X 0T°L 0T X LET— ceL (0T X 06’V (0T X 28T (4974 T&SU@ Plom mE_ osn Iayem 1°¢€ 44
['ba qs 3]

< 0T X £0°T— < 0T X £0'T < 0T X 06'5— < 0T X 88°6— 00T X 88'T < OT X L£'€ 0 0T X ¥S'T 00T X 6£°C S[e3oUI PUE [EISUTW ‘9SN 3DINOSAI T°¢ AH
(0T X 8T°¢— 0T X 8T°¢ L,0T X 88'¢— L0T X £€°%— 0T X 8€¢C 0T X TL'E 0T X 02T 0T X €T°¢€ [[N] s[1ss0j ‘asn 90IN0Sa1 T°¢ AT
01_0T X ¥¥'S— 01_0T X ¥¥°S 60T X LO°S 01_0T X LT°9— 01_0T X 6L°T 60T X 00°S 10T X €£°T 01_0T X 8€°€ ['bs T1-D4D 3] wonsrdap suozo 1€ 4d
0T X ¥¥'T— 0T X ¥¥'C 0T X 96T LOT X ST'e— LT X 10T (0T X LS°T 10T X 62 LT X TET [3d] osn puey 1°¢ 44
T uoneaq T UoneIAQ el uonmnsqns 3uippa1ys SISATOIA] 3unios juswIedI} SED (D) uoneindyuon

"90U8017 paliodun 0 uonng LNy suowwod aAeas) e wepun pesusol|stapiesiy) |IEEL (o)
“INd 6T:9T:Z 9202/S/Z U0 popeo|umMod "GZ0g JequiRidss g0 Uo paus!idnd 901l Ss300Y uado

(‘puoD) ¢ egel

Environ. Sci.: Adv,, 2025, 4,1796-1809 | 1803

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5va00182j

Open Access Article. Published on 08 September 2025. Downloaded on 2/5/2026 7:16:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Advances

operation itself, the benefits of substitution of secondary
products and the overall impact of technology configurations.
In the case of sorting, the treatment of waste that has been
sorted as unsuitable for the technology is also considered. In
gas treatment, the cogeneration of process gas in configurations
A and B is taken into account.

Of the 4 configurations assessed, configuration A has the
lowest potential impacts in categories: acidification, eutrophi-
cation, freshwater, land use, ozone depletion, resource use,
fossils and water use. Configuration B shows the lowest values
in categories ecotoxicity, freshwater and resource use, minerals
and metals, configuration C in categories eutrophication,
marine and terrestrial and configuration D shows the lowest
values in climate change and the aggregated environmental
eootprint. Configuration D achieves the lowest environmental
impact in these indicators mainly because it does not produce
direct emissions from the combustion of process gas in the
plant.

In the case of several impact categories and the aggregated
environmental footprint, the benefits from the savings in
primary raw material production by substitutions are higher
than the technology operation itself.

In the case of the impact category climate change and water
use, the sorting phase also contributes significantly to the
overall impact. This is entirely consistent with the findings of
the study of G. Yadav et al., who concluded that the high level of
emissions is related to the requirements for pre-treatment of
raw materials, including the use of electricity.>

In the case of the aggregated indicator, this is mainly
attributed to the savings in fossil resource consumption. The
normalized and weighted results of the impact categories for all
pyrolysis configurations (per 1 tonne) are presented in Fig. 3.
The results show that the largest contribution to the environ-
mental footprint is in the category of climate change, resource
use, fossils and ecotoxicity, freshwater.

Resource use, fossils

A max
A min
B max
C max
D max
B min
C min

D min

Climate Change - total
Human toxicity, non-cancer - total
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From the presented results, it can be seen how the chosen
pyrolysis configuration has a significant influence on potential
environmental impacts. Within each impact category, the
results vary significantly for the total minimum and maximum.
Specifically, in the case of the climate change category, the
results reveal a high variability across configurations, ranging
from —133 to 966 kg CO, eq. per tonne of mixed plastic waste. In
the case of the environmental footprint, the results ranging
from —0.014 to —0.072.

The study also aimed to compare environmental indicators
with alternative waste management technologies, specifically
waste-to-energy and mechanical recycling. Energy recovery and
mechanical recycling are focused here since landfilling is
planned to be reduced in the near future in accordance with
legislative requirements. The following Fig. 4 presents the
results of the climate change indicator per 1 tonne of mixed
plastic waste that subsequently enters the technology, di-
stinguishing the contribution of substitutions themselves. The
result in the category climate change of the pyrolysis is pre-
sented as an average value of all assessed pyrolysis configura-
tions. The results in the category climate change of the waste-to-
energy of plastic waste are presented as an average value of the
generic data from LCA professional databases. In the case of
mechanical recycling, the result is related to a specific recycling
technology that processes mixed plastic waste together with
inert waste to produce composite tiles that can be used as
a replacement for concrete tiles. It would not be appropriate to
compare the results with the mechanical recycling of single
plastic waste. Therefore, this specific mechanical recycling
technology was chosen, which processes mixed waste plastics as
does pyrolysis.

Fig. 4 shows the impact of technology operation, the savings
associated with primary production substitutions, and the
overall value represented by a dot for each technology. For
substitution modelling, the benefits from electricity and heat

Ecotoxicity, freshwater - total
Other EF impact categories

EF 3.1 (aggregated, unitless)

Fig. 3 The normalized and weighted results of the impact categories for all configurations.
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Fig. 4 Comparison of pyrolysis of waste plastics with other waste
treatment technologies.

production in waste-to-energy are considered. The benefits
from the secondary product (composite tiles) in mechanical
recycling are considered.

The results show that the substitutions themselves, i.e. the
contributions associated with the production of secondary
products and the substitution of primary material production
have a significant impact on the overall carbon and environ-
mental footprint when assessing technologies from a waste
management perspective.

View Article Online
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In the case of the carbon footprint, the emissions associated
with the operation of the technologies considered are higher
than the benefits from the savings (substitutions) in the
production of primary materials. The environmental impacts of
pyrolysis technology can range widely due to the variable setup.
However, the results show that pyrolysis of mixed plastic waste
has a lower carbon footprint compared to the waste-to-energy.
This finding is consistent with the findings of other
studies.>***%

The figure also presents technologies using the renewable
energy sources (RES) mix for their operation to estimate
potential future development. It can be seen that the shift
towards renewable energy sources will have a positive effect on
the carbon footprint of pyrolysis in particular.

3.2. Secondary products analysis

The Fig. 5 presents the results for pyrolysis in secondary product
production boundaries in each impact category. The detailed
results for pyrolysis products are presented in Table 3. The
results for secondary products from pyrolysis technology are
presented as the average of the values (all configurations) with
the deviations shown. The results for primary products are
presented as the average value of the generic data from LCA
background datasets. The results are presented per 1 tonne of
produced secondary product or per 1 tonne of produced
primary product (naphtha, lignite and CNG).

According to the results, the carbon footprint of 1 tonne of
pyrolysis product ranges from 377 to 2181 kg CO, eq. depending
on the technology configuration. The carbon footprint of the
production of naphtha and CNG is approximately at the same
level as the configuration C or D. When comparing the

Fcotoxicity, freshwater Eutrophication,
C
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Fig. 5 Potential environmental impacts of pyrolysis secondary products compared with primary materials for individual categories of the
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print methodology.
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production of secondary products with primary products,
a more appropriate indicator is the environmental footprint,
which includes all potential environmental impacts, including
the consumption of fossil resources, which is relevant in the
case of the production of secondary products from waste. The
environmental footprint of the production of primary materials
(naphtha and CNG) is higher than that of pyrolysis products.
This supports the fact that attention should be paid to inte-
grating these technologies into waste management systems in
order to promote material recovery of waste.

3.3. Sensitivity analysis

Sensitivity analysis to the range of input data is also performed
by determining the pyrolysis configurations and further by
determining the range of values of technological parameters in
the range of min and max for all considered configurations. As
the main contributor to the carbon footprint and the aggregated
environmental footprint is the electricity consumption to
support the technology operation, the energy mix of the elec-
tricity supplier will play an important role. This fact is also in
line with the conclusion of the LCA study of the pyrolysis
process,** which shows that most technological emissions are
associated with electricity consumption.

In the case of the A and B configurations, a significant part
of the energy consumption can be covered by the actual
production of process gas and its combustion in a micro-
turbine. In the case of the climate change impact category,
there is a potential reduction of up to 50% for an average of all
assessed pyrolysis configurations when using electricity from
renewable energy sources as presented in Fig. 4. The results of
sensitivity analysis of changes in the electricity mix are pre-
sented in Fig. 6. The results of this work are in line with the
researchers Laura Pires Costa et al, who, after analyzing
existing LCA studies, believe that pyrolysis experiments should
focus on improving carbon conversion efficiency and using
renewable energy sources in combination with a chemical
recycling approach.®®

In addition, the sensitivity analysis considered the change in
the distance of collection of incoming waste. Despite a 300%

Climate Change

Impact
(kg CO, eq.)
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1000
800 { }
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Fig. 6 Sensitivity analysis of change in the energy mix for all pyrolysis
configurations.
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increase in the distances for transporting both collected and
produced waste during technology operation, it was determined
that this change had a minimal impact on the overall results,
with a maximum effect of 8%.

4 Conclusions

The analysis of the results shows that the construction phase is
a minor contributor to the overall impacts of the technologies
considered. It can be concluded that the key impact categories
for the assessed pyrolysis technology are climate change and
fossil resource consumption. Although there are significant
trade-offs among impact categories between the individual
process configurations, the aggregated environmental footprint
allows us to conclude that the lowest overall environmental
impacts are associated with configuration D.

The environmental impacts of pyrolysis can vary widely due
to the variable configurations. The results of sensitivity analysis
show that a shift towards renewable energy sources can signif-
icantly reduce the overall environmental impacts of pyrolysis. It
is very important to focus on assessing the potential environ-
mental impacts of a particular pyrolysis technology configura-
tion in conjunction with the consumption of a particular energy
mix.

Furthermore, it is important to note that when comparing
technologies in terms of waste treatment boundaries, the
contributions related to the production of secondary products
and the substitution of the production of primary materials
have a significant impact on the overall environmental burden.

The results of this study show that the pyrolysis technology
of mixed waste plastics has a lower impact in the category of
climate change compared to the treatment of waste-to-energy.

For further research it is important to focus on concrete data
from the real operation of pyrolysis technologies and also on the
assessment of the quality of the produced secondary products
with regard to their practical applications. There is also a lack of
data regarding the treatment of produced secondary products to
achieve quality for usable applications.

Despite this missing information, the study shows that
pyrolysis of mixed plastic waste can reduce the impacts of
climate change in waste management and promote material
recovery of waste. These are also objectives of the European
Union waste policy, i.e., to reduce landfilling, promote material
and energy recovery of waste, and ensure overall environmental
acceptability to the maximum extent possible.
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