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Abstract: Due to the high environmental burden of plastics, this study aimed to evaluate the envi-
ronmental performance of chemical recycling of plastic waste through Life Cycle Assessment (LCA),
focusing on pyrolysis oil production as the primary output. A pyrolysis plant in Almeria, Spain, was
chosen as a case study. The results indicate that the production of 1 L of pyrolysis oil from plastic
waste generates about 0.032 kg CO, eq and a water consumption of 0.031 m3, with other impact
categories registering values of less than 0.1 kg/L or 0.01 m?a crop eq/L, reducing impacts in 17 out
of 18 categories compared to fossil diesel. In addition, its chemical and physical properties, close to
those of fossil diesel, suggest its suitability for internal combustion engines, although as a blend rather
than a complete substitute. Chemical recycling also appears to be more environmentally favorable
than incineration and landfilling in all 18 impact categories, achieving significant benefits, including a
reduction in global warming of —3849 kg CO; eq/ton, ionizing radiation of —22.4 kBq Co-60 eq/ton,
and fossil resource consumption of —1807.5 kg oil eq/ton. These results, thus, highlight the potential
dual role of chemical recycling of plastic waste, both in mitigating environmental impacts and in sup-
porting circular economy goals by reducing demand for virgin plastics. However, although it appears
to be a promising technology, challenges associated with high energy requirements, raw material
variability, and scale infrastructure still need to be addressed to ensure industrial competitiveness
and significant environmental benefits.

Keywords: chemical recycling; plastic waste; pyrolysis oil; life cycle assessment

1. Introduction

According to the Organization for Economic Co-operation and Development (OECD),
global plastic production in 2022 exceeded 450 million tons, a slight increase from the
previous year. With current trends, it is predicted to exceed 1.2 billion tons by 2060 [1].
Annual global plastic production has grown significantly in just one generation: it has risen
from 2 million tons in 1950 to over 450 million tons in 2022, excluding synthetic fibers [2],
which implies that current figures represent a low estimate compared to actual production.

Between the 1950s and 2020, approximately 9.2 billion tons of plastics were produced
(more than half of which were placed on the market after 2000). Over a quarter of these are
still in use, while only 600 million tons have been recycled [3]. As stated by the recent data of
Plasticeurope (2022) [4], around 20% of the global demand for plastics is for the production
of Polypropylene (PP), used for plastic bottles, caps, lids, jars, and packaging for home
furnishings and the automotive and medical sectors [5]. This is followed by Low-Density
Polyethylene (LD-PE or PE-LD) with 14.4% widely used for the production of films and thin
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sheets, such as those for food packaging, shopping bags, garbage bags, and films for the
agricultural industry [6]. Then, Polyvinyl Chloride (PVC) and High-Density Polyethylene
(PE-HD) account for 12.9% and 12.5%, respectively. Other plastics of fossil origin are
thermosets and other thermoplastics, each with a 7.1% share, polyethylene terephthalate
(PET) with 6.2%, polyurethane (PUR) with 5.5% and polystyrene (PS) with 5.3%. On the
other hand, circular plastics account for 9.7% of the market. Of these, recycled plastics
represent the majority with 8.3%, while bio-based or bio-attributed plastics contribute 1.5%.
This breakdown highlights the significant dominance of fossil-based plastics in the market
while indicating the smaller but growing presence of circular options. This is because fossil
plastics share key characteristics such as chemical resistance, durability, versatility, and
low cost. However, while these traits are ideal for their intended uses, primarily in the
packaging sector, they pose significant environmental challenges. Approximately 40% of all
plastic products are discarded within a month of production, and over half of the 9.2 billion
tons of plastic produced (about 5 billion tons) have ended up in landfills or dispersed in
the environment [3]. Among these, it is estimated that between 5 and 13 million tons have
reached the oceans, representing a severe waste of resources. The mechanical properties
of plastics, which make them resistant and durable [7], have turned their disposal into a
complex challenge [8]. The scientific community has long been aware of the environmental
burden associated with plastics due to the well-documented impacts on marine pollution [9]
and the risks to human health [10]. Adding to this are the environmental impacts of
upstream activities in the plastic supply chain, particularly production processes, which
rely predominantly on fossil fuels and require energy-intensive operations. Due to their
fossil origin and the high energy consumption during refining, approximately 90% of
the greenhouse gas emissions from plastics are attributable to production and processing
stages. In 2019, total greenhouse gas emissions associated with the full life cycle of fossil-
based plastics reached 1.8 Gt CO, eq, representing 3.7% of global emissions. With the
continued increase in plastic use and waste, these emissions are projected to double by
2060, reaching 4.3 Gt CO; eq, or 4.5% of global greenhouse gas emissions, if no new policies
are implemented [11]. In light of the above, the proper management of plastic waste,
addressing both upstream and downstream impacts of the supply chain, represents a
critical issue increasingly recognized at both international and national levels. It is a basic
challenge to move toward a more sustainable future. These challenges are being addressed
by transitioning to a circular economic development model that redesigns human-made
systems to align economic and environmental well-being by recycling and circulating
material flows [12]. The European Commission’s Circular Economy Package has set a
recycling target of 55% for plastic packaging waste by 2030 [13]. Similarly, the United States
and China promote policies to increase recycling rates and foster a circular economy [12].
Achieving efficient recycling of large volumes of plastic packaging waste requires adopting
advanced technologies such as chemical recycling. This innovative technology allows
plastics to be broken down into basic chemical components, converting packaging waste
into new raw materials for the chemical industry [14]. This could, on the one hand, reduce
dependence on limited fossil resources and reduce greenhouse gas emissions and, on
the other hand, remove plastic waste from the environment, with the ultimate goal of
conserving resources.

Furthermore, chemical recycling could have a further advantage, namely that of
producing substances that are chemically identical to the source materials, or their fossil
counterparts, including products such as fuels [15]. Fuels, e.g., diesel, petrol, and kerosene,
can come from fossil sources such as oil, i.e., non-renewable resources because they are
formed over very long geological timescales. They can also come from biological resources,
which are called biofuels [16].

In more detail, they can come from agri-food raw materials (first-generation biofu-
els) [17], non-food raw materials and waste (second-generation biofuels) [18], genetically
modified microalgae and plants (third-generation biofuels) [19], and microorganisms (in-
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cluding microalgae, yeasts, fungi, and cyanobacteria) genetically modified to photosynthe-
size CO; into fuel (fourth-generation biofuels) [20].

More recently, research has also produced fuels from plastic waste, obtained by py-
rolysis of PET, HDPE, LDPE, PP, and PS [15,21]. Through this thermochemical process,
plastic waste is heated at high temperatures (usually between 300 and 600 °C) in an oxygen-
free environment. This heating breaks down the long polymer chains in the plastic into
smaller hydrocarbon molecules and could be an important technique for sustainable waste
management [22]. The production and use of biofuels and fuels produced from waste
could also fit into a particularly favorable decarbonization context, given that the energy
sector is currently responsible for about % of global greenhouse gas emissions, which have
contributed to raising atmospheric CO, concentrations to a record 449 parts per million
(ppm) in 2019 [23]. These data represent the highest level in the past 2 million years, a
staggering +50% increase compared to the time before the first steam engine was set in
motion. However, the use of alternative fuels could support the decarbonization process,
particularly in light of the upcoming ban on internal combustion engine car registrations,
set to take effect in 2035. This stop will require European countries to register only vehicles
powered by fuels that are lifecycle-neutral in terms of emissions.

In this context, the objective of this article was to assess the environmental performance
of chemical recycling of plastic, with a specific case study focusing on pyrolysis oil as
its output, which can be used as a fuel. On one hand, this study aims to evaluate the
environmental performance of potential alternative fuels to fossil fuels, ensuring that such
solutions effectively reduce environmental impacts by limiting greenhouse gas emissions
and contributing to a more sustainable energy transition. On the other hand, it seeks to
demonstrate the environmental compatibility of chemical recycling of plastic as an effective
circular economy strategy capable of mitigating the depletion of natural resources. Then, the
analysis focused on recycling technology by comparing chemical recycling with two other
end-of-life options for plastic waste: landfill and incineration. The methodology used was
Life Cycle Assessment (LCA), which complies with ISO 14040 [24] and ISO 14044 [25]
standards and is widely used in the literature to assess the environmental impacts of a
product or process throughout its life cycle. As a case study, the production of pyrolysis oil
produced from plastic waste at Hintes Oil Europe’s pyrolysis plant in Almeria was chosen.
Although not globally representative, this case study could be relevant because it highlights
how the pyrolysis of plastic waste can be a solution for waste disposal and a concrete
opportunity to produce alternative and sustainable fuels and, thus, a circular economy.

2. Materials and Methods
2.1. Descriptions of Waste Conversion on a Laboratory Scale

Laboratory-scale procedures for conversion processes are presented in this section.
Laboratory experiments were conducted by the Department of Physical Chemistry and
Applied Thermodynamics, at the University of Cordoba (Spain), to study different path-
ways for converting waste into oil. The industrial plant of Hintes Oil Europe (Almeria) was
used to produce pyrolysis oil from plastic waste, as shown in Figure 1. The first stage is
raw material pre-treatment. Specifically, to make, for example, 100 L of oil, it starts with
91.38 kg/h of plastic waste (PW). Specifically, this is about 46 kg of polyethylene (50%),
23 kg of polypropylene (25%), and 23 kg of polystyrene (25%). The proportion used is based
on two premises. The first is the source of the raw material and the liquid fuel obtained,
provided by a company located in Almeria, whose main industry is agriculture. The second
premise is to use proportions and conditions that are consistent with the analyzed fuel while
maintaining a balance between light hydrocarbons from different fractions and aromatic
elements. The output of pyrolysis, including pyrolysis oil, gas, and coal, is susceptible to
the composition of the input feedstock because polyethylene contributes significantly to
the oil fraction due to its high hydrogen/carbon ratio, resulting in lighter hydrocarbons.
Polypropylene is similar to PE in its contribution to the oil but tends to produce slightly
more gas due to its branched structure and polystyrene decomposes mainly into aromatic
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compounds, heavily influencing the composition of the pyrolytic oil (increasing the aro-
matic content) and potentially affecting its quality and applications. These features are
in line with other literature studies, such as Anuar Sharuddin et al. (2016) [26], Al-Salem
et al. (2017) [27], and Straka et al. (2017) [28]. This plastic is conveyed to a shredder (SH-1)
and shredded into particles smaller than 2-3 mm. It should be noted that size reduction in
biomass requires energy that depends mainly on the size of the final particles, the material
to be ground, and the type of grinding. In this case, the maximum value of 1.46 kW was
used as Piccinno et al. (2016) [29] suggested. The lower heating value (LHV) of the raw
material, i.e., the energy content of plastic waste, was 44 M]/kg. Next came fuel production:
the plastic waste flakes conveyed to a reactor (R-1) filled with 161.12 kg of nitrogen to set
the temperature at 550 °C.

161.12kg

SEP-2
78.41kg

. 6 N PYROLYSIS

91.38kg

PYROLISISREACTOR REMAINING THERMAL ENERGY
ENERGY DEMAND FROM THE COMBUSTION

Figure 1. Industrial pyrolysis fuel production process from plastic waste (values from 1 to 10 represent
the sequence of steps).

The temperatures used were a compromise between the conditions provided by the
company and bibliographic references such as Straka et al. (2017) [28] findings, which
demonstrated that temperatures above 500 °C are ideal for the pyrolysis of HDPE, PP, and
PS mixtures. Such temperatures allow for the complete degradation of plastics (93-100%),
driven by styrene radicals generated from PS, accelerating the decomposition of polyolefins.
This range maximizes the production of high-calorific-value liquid oils (4648 M]J/kg)
and energy-rich gasses while minimizing solid residues. Additionally, it facilitates the
formation of valuable chemical compounds such as aliphatic and aromatic hydrocarbons,
optimizing the conversion yield into useful products and ensuring an efficient balance
between quality, sustainability, and energy utilization. The plastic mixtures were selected
following the company’s work protocol, which operates in the agricultural sector and
is based on bibliographic references. It was determined then that the best mixture was
polyethylene (50%), polypropylene (25%), and polystyrene (25%). In the case of this article,
the temperature was increased to 550 °C due to the presence of organic residues. Therefore,
it aims to enhance synergistic effects, as noted by Sanchez-Avila et al. (2024) [30] where at
550 °C, the co-pyrolysis of OP with selected plastics generates positive synergistic effects,
improving both the yield and quality of the products obtained, such as pyrolysis oils
and gasses.

It should be noted that the start-up energy requirement to fire the reactor to the
required temperature was not considered. What comes out of R-1 is 6.39 kg of solid
carbon residues and 246.73 kg of pyrolysis vapors [31]. As shown in Figure 1, to increase
the efficiency of the process, pyrolysis gasses are recycled back into the reactor, partially
covering the heat requirement. Finally, for the fuel post-treatment stage, condensable gasses
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are separated from char in the separator (SEP-1). The 89.98 kg of pyrolysis vapors then pass
through the fuel collection system, which consists of an exchanger (EX-1) and a separator
(SEP-2). Then, 78.41 kg of condensed fuel is transferred to a tank to form 100 L of pyrolysis
oil. By combining the pyrolysis by-products (6.39 kg of coal and 7.17 kg of non-condensable
gas), 143.19 kW of thermal energy was provided for the endothermic reaction, since the
pyrolysis reaction requires a constant source of energy. The total thermal energy of the
pyrolysis reactor was 37.61 kW /h per 91.38 kg/h of PW. Therefore, no external heating
source was needed. In conclusion, the plant produced 78.41 kg /h of pyrolysis oil with an
energy content of 44.26 M] /kg. The fraction of energy transferred from the plastic waste to
the pyrolysis fuel is 1, indicating that all the energy contained in the plastic is conserved in
the produced fuel. This was calculated by dividing the energy of the pyrolysis fuel by the
energy contained in the plastic waste.

The fraction of energy in the plastic waste stored in the fuel was 1 MJ/kg, calculated
by dividing the energy of the pyrolysis fuel and the energy content of the plastic waste.
This represents the energy efficiency of the fuel [32]. The plant’s total electricity required
32.89 kW for every 91.38 kg /h of PW. It was possible to generate the flow using 279.63 kg/h
of flue gas from the combustor, resulting in up to 105.58 kW. Overall, no external heating
source other than the pre-treatment source was required in the entire process.

A set of specifications for bio-oil has been proposed since 1996 by the Pyrolysis Activity
of the International Energy Agreement. The goal was to replicate, where possible, the main
characteristics of those of crude oil. The specifications were based primarily on bio-0il’s
kinematic viscosity and low heating value because of critical implications for end-use
devices. The results of the current project (Table 1) have shown that the properties of
pyrolytic oil conform to these values.

Table 1. Physico-chemical properties of pyrolysis oil from plastic waste.

Characteristics Value
Density at 15 °C (kg/m?) 784.2
Kinematic viscosity at 40 °C (mm?/s) 2.04
Low calorific value (M]/kg) 46.16
Flashpoint (°C) 15
Carbon residue (%) 0.15
Oxidation stability at 110 °C (h) -
Cetane number 60.27
Boiling point (°C) 59.3-377.9

2.2. Life Cycle Assessment

The main steps of LCA carried out within this study are based on the standardized
guidelines of ISO 14044:2006 [24] and ISO 14040:2006 [25] and are detailed in Table 2. The
analysis aimed to assess the environmental compatibility of a chemical recycling solution
for plastic waste. The functional unit (FU) chosen for this study was the production of 1 L
of pyrolysis oil. This choice is based on literature studies, such as Dastjerdi et al. (2021) [33],
which reviewed various approaches used in LCA studies on plastic recycling, showing
that unitary functional units are currently the most commonly applied. The material
inputs, energy use, and technological parameters for the production of pyrolysis oil were
primarily obtained through technical visits to the facility, meetings with operators, and
on-site inspections at the study’s case facility.

The main inputs and outputs of the two plants are detailed in Table 3. Modeling
of various processes was performed using the software SimaPro 9.6. For LCI data, the
Ecoinvent version 3.11 database was considered, which provides comprehensive data on
energy production, transportation, and chemical production [34].
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Table 2. LCA steps for the environmental assessment of pyrolysis oil.

(1) GOAL AND SCOPE DEFINITION

Compare the environmental performance of chemical recycling of a plastic mix of 50% polyethylene, 25% polypropylene, and

25% polystyrene.
Functional unit The production of 1 L of pyrolysis oil and then the treatment of 1000 kg of plastics
System boundaries From cradle to gate
(2) LIFE CYCLE INVENTORY
Type of data Primary data obtained through site visits and surveys.
Database

Ecoinvent v3.11

(3) LIFE CYCLE IMPACT ASSESSMENT
Impact assessmentcalculation methodology

ReCiPe (I) 2016 Midpoint

Software Simapro 9.6.

Table 3. LCI of the pyrolysis oil process from PW.

PRE-TREATMENT

Input
Polyethylene 0.46
Polypropylene 0.23 kg
Polystyrene 0.23
Electricity 0.0146 kWh
Output
Plastic waste 0.92 kg
FUEL PRODUCTION
Input
Plastic waste 0.92
Nitrogen 1.6112 ke
Electricity 0.3761 kWh
Output
Char 0.0639
Pyrolitic gas 2.4673 ke
POST-TREATMENT
Input
Pyrolitic gas 2.4673 ke
Char 0.0639
Electricity 0.4152 kWh
Output
Char 0.0639
Condensable gas 0.8898 ks
Pyrolisis oil 1 L
Non condensable gas 0.0717
Air 2.6311 kg
Moisture

2.1253
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For the assessment of environmental impacts, the ReCiPe 2016 Midpoint method was
selected [35], following an individualistic perspective (20 years), focusing on short-term
impacts. The ReCiPe methodology was selected because it is widely recognized and used
in Life Cycle Assessment studies [36]. In addition, compared to other evaluation methods
such as ILCD 2011, CML 2001, or TRACI, ReCiPe is distinguished by the inclusion of
18 impact categories, compared to 16 in ILCD 2011 MidPoint, 15 in IMPACT 2002+, 11 in
CML-IA Baseline, and 9 in TRACI. This makes ReCiPe able to capture a broader, more
holistic, and accurate spectrum of the environmental impacts of manufacturing processes.
The 18 impact categories considered, grouped into four macro-areas, are as follows:

1.  Atmospheric Effects: Global Warming Potential (GWP); Stratospheric Ozone De-
pletion (SOD); Ionizing radiation (IR); Ozone Formation, Human Health (OFHH);
Fine Particulate Matter Formation (FPMP); Ozone formation, Terrestrial ecosystems
(OFTE); Terrestrial acidification Potential (TAP);

2. Eutrophication: Freshwater Eutrophication Potential (FEP) and Marine Eutrophication
Potential (MEP);

3. Toxicity: Terrestrial Ecotoxicity (TEC); Freshwater Ecotoxicity (FEC); Marine Eco-
toxicity (MEC); Human Carcinogenic Toxicity (HCT); Human Non-Carcinogenic
Toxicity (HNCT);

4. Abiotic Resources: Land Use (LU); Mineral Resources Scarcity (MRS); Fossil Resources
Scarcity (FRS), Water Consumption (WC).

2.3. Scenario Analysis

Then, given the wide variability in chemical recycling processes, a scenario analysis
was constructed to compare the chemical recycling process with the two most common
and conventional end-of-life methods for plastics: landfilling and incineration. To facilitate
and better target the evaluation of the environmental and technological aspects of each
treatment process, the functional unit was adjusted from the generation of 1 L of pyrolysis
oil to the treatment of 1000 kg of plastic waste. This adjustment aligns with other literature
studies, such as Chhabra et al. (2021) [37] and Ahamed et al. (2020) [38]. The change in
the functional unit, whose normalized inventory data for 1000 kg are shown in Table S1,
aims to shift the focus from specific outputs (such as fuel) to the processes themselves
and their efficiencies in handling large volumes of plastic waste. By concentrating on
the treatment of 1000 kg of plastic, the analysis provides a clearer exploration of the
different environmental impacts of each disposal method, offering a more comprehensive
understanding of the potential role chemical recycling could play as an alternative to
traditional waste management methods. The scenarios considered in this analysis are:

S1: Chemical Recycling. The treatment of 1000 kg of plastic waste (50% polyethylene,
25% polypropylene, and 25% polystyrene) to produce pyrolytic oil as the primary output.

S2: Landfill Disposal. The universal and widely used method of waste disposal
globally, accounting for up to 42% of the world’s plastic waste [39]. This scenario evaluates
the environmental impacts of storing plastic waste in a landfill.

S3: Incineration. The incineration of plastic waste under sufficient aerobic conditions
at temperatures above 500 °C in a dedicated waste-to-energy (WTE) plant. This process
thermally converts the waste into energy, such as electricity or heat [40].

3. Results
3.1. Life Cycle Assessment

The results of the Life Cycle Assessment are shown in Table 4 and characterized in
Figure 2. From the results in Table 4, it emerges that the highest value in all impact categories
is Global Warming Potential with 0.032 kg CO; eq/L, followed by Water Consumption
with 0.031 m?/L. However, considering the eighteen impact categories, it emerges that in
all cases the results present values of less than 0.1 kg/L, 0.1 m?%/L, or 0.1 m3/L. The inputs
impacting the pyrolysis process are nitrogen and electricity generation. In more detail, in
the pyrolysis production process of the plastic in question, nitrogen is used both to maintain
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constant pressure and temperature conditions, which are essential for controlling the quality
and composition of pyrolysis products [41] and because pyrolysis requires an oxygen-free
environment to ensure that the plastic thermally decomposes rather than burns [42]. By
purging the reaction chamber with nitrogen, oxygen was effectively removed, reducing the
risk of material combustion and enabling controlled thermal decomposition into oil, gas,
and char. However, as also noted by Erisman et al. (2011) [43], nitrogen can have significant
climate effects, for example, through the formation of N,O during industrial processes, the
creation of O3 and aerosols, and their influence on radiative forcing. Nitrogen-containing
aerosols can have a direct cooling effect (in addition to an indirect cooling effect through
cloud formation). On the other hand, electricity generation from fuels results in emissions
such as CO; and N,O, which can increase the GWP [44]. The liquid oil produced has a
variety of applications, as demonstrated by Antelava et al. (2019) [45]. For instance, it can
be used as an energy source or as a transportation fuel. Specifically, pyrolysis oil, when
used in combination with diesel as a transportation fuel, has been successfully tested at
various blending ratios in previous studies [46-49].

Table 4. Life Cycle Assessment results.

Impact Categories Unit Pyrolytic Oil from Plastic Waste
Atmospheric effects
GPW kg CO, eq 0.032
SOD kg CFC11 eq 4123 x 1078
IR kBq Co-60 eq 0.0128
OFHH kg NOx eq 5.564 x 1075
FPMP kg PMy 5 eq 9.148 x 107
OFTE kg NOx eq 5.572 x 1075
TAP kg SO, eq 8.271 x 107>
Eutrophication
FEP kg P eq 6.317 x 107©
MEP kg N eq 7.189 x 1077
Toxicity
TEC 0.00312
FEC 6.078 x 1075
MEC kg 1,4-DCB 2.769 x 1075
HCT 4274 x 1076
HNCT 0.0003
Abiotic resources
LU m?Za crop eq 0.0111
MRS kg Cueq 0.0001
FRS kg oil eq 0.0040
WC m? 0.0319

Thus, pyrolytic oil from PW was compared to a fossil counterpart, specifically diesel,
in the same unit (1 L). What is interesting to note is that pyrolytic oil from the produc-
tion process has significantly lower environmental values than fossil diesel in 17 out of
18 impact categories, as shown in Table S2 and Figure 2. For example, pyrolytic oil could
potentially lead to significant reductions ranging from —39% (Ozone formation, Human
health) to —99% (Terrestrial ecotoxicity and Fossil resource scarcity) for all impact cate-
gories excluding WC. More in detail, reductions of —94.13%/L for GWP (3.28 x 1072 kg
CO, eq/L for pyrolytic oil vs. 559 x 10~! kg CO, eq/L for fossil diesel), —98%/L for
Terrestrial acidification (8.27 x 10> kg SO, eq/L for pyrolytic oil vs. 4.14 x 1073 kg
SO, eq/L for fossil diesel), and —78.45%/L for land use (1.11 x 1072 m2a crop eq/L for
pyrolytic oil vs. 5.15 x 1072 m? a crop eq/L for fossil diesel). Or —99.65% for FRS, with
values of 4.01 x 1072 kg oil eq/L for pyrolytic oil and 1.16 x 10° kg oil eq/L for fossil diesel
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(Table S2). This last value could be read as particularly significant because it emphasizes
how the use of waste material for the production of alternative fuels could shift the problem
of the depletion of fossil resources, the basic energy for human survival and societal devel-
opment [50]. Their non-renewable nature and overconsumption have attracted increasing
attention to addressing the depletion of fossil energy and concern over environmental
problems. Therefore, the modern energy system, as supported by the LCA data in this
research, could benefit from producing fuel from plastic waste. The process of refining
diesel typically involves simple distillation. In this initial step, crude oil is separated into
its fractions, the main categories of hydrocarbons that compose it. The crude oil is heated
and introduced into a distillation column, where various products evaporate and can be
collected at different temperatures. The lighter products, such as liquefied petroleum gas
(LPG), naphtha, and gasoline, are extracted at lower temperatures. These are followed by
middle distillates, including jet fuel, kerosene, and other distillates like diesel fuel [51].

GPW
100,
90,
80,

WC

FRS IR

MRS ! OFHH

LU FPMP
HNCT OFTE
HCT TAP

FEC MEP

TEC

—Pyrolitic 0il ——Fossil diesel

Figure 2. Comparison of the environmental results of pyrolytic oil and fossil diesel (GWP = Global
Warming Potential; SOD = Stratospheric Ozone Depletion; IR = Ionizing Radiation; OFHH = Ozone
Formation, Human Health; FPMF = Fine Particulate Matter Formation; TAP = Terrestrial Acidi-
fication Potential; FEP = Freshwater Eutrophication Potential; MEP = Marine Eutrophication Po-
tential; TEC = Terrestrial Ecotoxicity; FEC = Freshwater Ecotoxicity; MEC = Marine Ecotoxicity;
HCT = Human Carcinogenic Toxicity; HNCT = Human Non-Carcinogenic Toxicity; LU = Land Use;
MRS = Mineral Resource Scarcity; FRS = Fossil Resource Scarcity; WC = Water Consumption).

In contrast, the production of fuel oil through recycling could, via simple pyrolysis,
avoid the extraction of crude oil and, consequently, the emissions associated with it. The
only impact category where fossil diesel exhibits higher values compared to pyrolytic
oil from plastic waste is water consumption, with diesel’s water usage being 27 times
greater (3.2 x 1072 m3/L vs. 1.2 x 1073 m®/L). This discrepancy is most likely due to
the industrial processes required to separate and purify nitrogen from air using cryogenic
or adsorption techniques, which demand significant energy to cool air to extremely low
temperatures [52]. This may indirectly increase the consumption of water, which is required
for cooling machinery and dissipating the heat produced by equipment [53]. The results of
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the LCA, thus, highlight how a fuel such as pyrolytic oil derived from plastic waste could
have considerable potential for a partial replacement of fossil-derived diesel in modern
ignition engines. Indeed, the characteristics of the output obtained, shown in Table 1,
suggest that PW fuel oil may have the potential to be used successfully in endothermic
engines. For instance, a density of 784.2 kg/m?3, is close to that of conventional diesel,
which generally ranges from 820 to 860 kg/m?3.

A kinematic viscosity of 2.04 mm? /s at 40 °C also falls within the acceptable range for
diesel (typically between 2 and 4.5 mm?/s), suggesting a flow behavior similar to diesel.
Or, a calorific value of 46.16 MJ/kg, indicating an energy content comparable to that of
diesel, which usually ranges from 42 to 46 MJ /kg [54]. These results support the research
of Ahamed et al. (2020) [38], who show that their pyrolysis oil produced from plastic has
similar properties to fossil fuels, due to both the absence of water in the plastic (which
increases its calorific value) and the absence of oxygen content (which makes the fuel
non-acidic and non-corrosive, unlike biofuels). However, its low flash point (15 °C) (i.e., the
minimum temperature at which a heated fuel produces a momentary flash in the presence
of an ignition source), which is lower than that of standard diesel (typically 52-96 °C) [55],
make it not fully suitable for total replacement of fossil diesel. However, it could still be
blended in varying percentages with it, contributing significantly to reducing pollutant
emissions and decreasing dependence on fossil fuels. Indeed, it is important to consider that
only a few blends with low alternative fuel content, generally up to 10% by volume (v/v),
are compatible with large-scale applications and in current commercial engines without
requiring substantial modifications to the fuel system or engine performance [56]. This
is true for almost all biofuels and fuels produced from waste, due to their low aromatics
content [57], which compromises their viscosity and other properties. Thus, consistent
with this, the resulting fuel oil may require further upgrading and blending with diesel
to enhance its characteristics. However, this solution could still represent an intermediate
step, and these results could be particularly significant because they show the potential
of the chemical recycling of plastics, which, instead of being destined for landfill, could
instead be directed into circular economy practices, producing output with high added
value, avoiding the depletion of new resources on the one hand, and the production of new
waste on the other.

Consistent with the difficulties documented by Stancin et al. (2023) [58], comparing the
results obtained in this research with those of other studies is difficult for several reasons,
such as different impact assessment methods, inventory data, different system models and
boundaries, and the use of different functional units. There are those who, for example,
consider the output to be FU, such as Stancin et al. (2023) [58] who study the production
of 1 ton of pyrolysis oil. Or those who consider, for example, the processing of 1000 kg
of plastic, such as Tsangas et al. (2024) [59], who consider the production of pyrolysis oil
from used tires). Azam et al. (2022) [60] consider chemical recycling of HDPE plastic waste
with a conversion capacity of 1000 kg/h as a functional unit. Or, finally, Chhabra et al.
(2021) [37] consider the processing of 1 ton of municipal solid waste in India. Quite simply,
on international databases such as Scopus, most recent LCA studies on the subject have
different methodological frameworks behind them, or often deal with biomass or pyrolysis
of plastics of different origins (used tires, mix of PP and PE, PS only, etc.), and the values
obtained are difficult to compare.

In this research, to obtain 1 L of pyrolysis oil, approximately 0.46 kg of polyethylene,
0.23 kg of polypropylene, and 0.23 kg of waste polystyrene are pyrolyzed, producing a
GWP of approximately 0.03 kg CO, eq/L, which is ten times lower than, for example, the
0.34 kg CO; eq/L of Stancin et al. (2023) [58], who, however, also include the transport
of raw materials, as well as a different electricity mix. Similarly, they are lower than the
0.22-0.36 kg CO; eq/L of Kulas et al. (2023) [61], who, however, consider different inputs
than the results provided by this research. The same applies to other studies in the literature.
Therefore, although methodological differences and different system boundaries make
direct comparisons between studies complex, the results, nonetheless, suggest that the
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pyrolysis process for plastic recycling can significantly reduce GWP and other emissions
compared to traditional fossil fuels.

3.2. Scenario Analysis

The results of the scenario analysis are shown in Figure 3 and Table S3. Negative
numbers (i.e., when the bar in the graph goes down) indicate environmental benefits due
to avoided burdens through plastic recycling, while positive numbers (when the bar goes
up) refer to environmental burdens from direct and indirect emissions.
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Figure 3. Comparison of the three scenarios considered (GWP = Global Warming Potential;
SOD = Stratospheric Ozone Depletion; IR = Ionizing Radiation; OFHH = Ozone Formation, Hu-
man Health; FPMF = Fine Particulate Matter Formation; TAP = Terrestrial Acidification Potential;
FEP = Freshwater Eutrophication Potential; MEP = Marine Eutrophication Potential; TEC = Terrestrial
Ecotoxicity; FEC = Freshwater Ecotoxicity; MEC = Marine Ecotoxicity; HCT = Human Carcinogenic
Toxicity; HNCT = Human Non-Carcinogenic Toxicity; LU = Land Use; MRS = Mineral Resource
Scarcity; FRS = Fossil Resource Scarcity; WC = Water Consumption).

What emerges is that, of the three disposal types, chemical recycling (51) may be
the most favorable, compared to incineration (S3) and landfill (52), as it produces greater
environmental credits than both. In particular, S3 is, as widely expected, the least favorable
from an environmental perspective, as it produces significant impacts in the following seven
impact categories: GWP (408 kg CO, eq/1000 kg), SOD (4.71 x 10~ kg CFC11 eq/1000 kg),
OFHH and OFTE (0.15 kg NOx eq/1000 kg), MRS (0.26 kg Cu eq/1000 kg), and FRS (14.8 kg
oil eq/1000 kg). More specifically, plastic disposal in landfills could contribute to GWP due
to the degradation of organic matter (since landfills are not exclusively for plastic waste
but are often mixed with organic waste) [62].

Additionally, it could impact OFHH and OFTE categories due to indirect emissions
from vehicles used for waste management, including transportation, compaction, and
covering activities [63]. Although these emissions do not result directly from decomposing
plastic waste, they could still be accounted for in the total landfill contribution to NOx
emissions. However, what is interesting to note is that both landfilling (S2) and inciner-
ation (53) have zero impacts in 11 out of 11 categories (IR, FPMP, FEP, MEP, TEC, FEC,
MEC, HCT, HNCT, LU, WC), in fact showing that both may contribute neither positively
nor negatively to these specific impacts (or that their contributions are negligible). This
could be due to different factors, such as the fact that both landfilling and incineration
generally do not recover materials that can compensate for resource extraction or prevent
environmental impacts in the same way as chemical recycling processes (or other forms of
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recycling) which, on the other hand, can recover resources. Incineration of plastic waste,
for example, might produce energy, but generally does not generate resources such as
chemicals that would offset ecotoxicity, land use, or eutrophication of fresh and marine
water. Landfills, on the other hand, do not produce outputs that would offset impacts such
as water consumption or toxicity.

Or, for other categories such as FEP, MEP, or IR, landfilling and incineration may have
negligible contributions, or their emissions may not be significant enough to be recorded in
these impact categories. For example, the incineration process might produce mainly CO,
and other greenhouse gasses but not necessarily contribute directly to IR or MEP. What
is noteworthy, finally, is that the modeling result of the landfill of plastic waste process
does not consider toxicity, although landfills are important sources of microplastics, which
could contain and transport persistent organic pollutants (POPs) and heavy metals, which
can be harmful to human health [64]. When ingested, these substances can accumulate
in human tissues, potentially leading to chronic illnesses such as cancer, neurological
disorders, and hormonal imbalances [64]. International databases, such as Ecoinvent, likely
still have limited quantitative data on how to accurately model these impacts in LCA
studies. This limitation explains why these databases may not yet include robust data on
the toxicity of microplastics, particularly regarding their long-term effects on ecosystems
and human health [65]. Moreover, current LCA models are typically designed for chemical
pollutants, which are easier to quantify in terms of concentration and toxicity. In contrast,
microplastics exhibit complex behaviors and pathways that are more challenging to model
and quantify effectively. Therefore, the environmental impacts of landfilling plastic waste
are likely underestimated. From this perspective, research and databases must focus on
identifying the behavior of microplastics to accurately quantify their real impacts on toxicity.
Conversely, chemical recycling (51) demonstrates environmental benefits in all 18 impact
categories and emerges as the most environmentally favorable end-of-life option among
the three scenarios. For instance, it provides particularly significant environmental benefits
in GWP with —3849 kg CO, eq/1000 kg, IR with —22.4 kBq Co-60 eq, TEC with —58.9 kg
1,4-DCB, LU with —174 m?a crop eq, and FRS with —1807.5 kg oil eq, as compensatory
effects for avoiding virgin plastic extraction. In comparison, S3 (incineration) shows
environmental benefits in 7 out of 7 categories, yet its overall impact is less favorable than
51. Consequently, S1, representing chemical recycling to produce pyrolytic oil, appears to
be a particularly favorable recycling technology for plastics, standing out as a promising
circular economy strategy for managing plastic waste efficiently and sustainably.

4. Conclusions

This research aimed to analyze the environmental performance of chemical recycling
of plastic waste using Life Cycle Assessment, with a particular focus on the production of
pyrolytic oil as the main output of the process. The pyrolysis plant of Hintes Oil Europe,
located in Almeria (Spain), was selected as a case study. This system represents a concrete
example of the industrial application of chemical recycling, capable of highlighting both the
potential and the challenges associated with this technology. Therefore, the main findings
of the study can be summarized as follows:

e  The production of 1 L of pyrolysis oil from plastic waste could generate a Global Warm-
ing Potential of about 0.032 kg CO, eq and water consumption of 0.031 m3, with the
other impact categories registering values of less than 0.1 kg/L or 0.01 m?a crop eq/L;

o  Compared with fossil diesel, pyrolytic oil shows reduced impacts in 17 out of 18 impact
categories, demonstrating its potential as a viable alternative to conventional diesel;

e  The chemical and physical characteristics of the resulting pyrolysis oil, similar to
those of fossil diesel, suggest how it is potentially usable in endothermic engines,
although not as a complete replacement for conventional diesel. However, pyrolysis
oil could be blended with fossil diesel in different percentages, thus, offering a practical
option to reduce pollutant emissions during the life cycle and decrease dependence
on fossil resources;
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e  For the same amount of plastic processed (1000 kg), chemical recycling appears to
be a more environmentally favorable solution than incineration and landfilling. This
process achieves environmental benefits in all eighteen impact categories consid-
ered, reducing global warming by —3849 kg CO, eq per ton of plastic processed,
ionizing radiation by —22.4 kBq Co-60 eq/1000 kg, terrestrial toxicity by —58.9 kg
1.4-DCB/1000 kg, land use by —174 m?a crop eq/1000 kg, and fossil resource con-
sumption by —1807.5 kg oil eq/1000 kg. These results indicate that chemical recycling
could not only contribute to the reduction in environmental impacts related to waste
disposal but could also provide a substantial offsetting effect by reducing the demand
for virgin plastic and promoting the circular economy.

In conclusion, the results of this study showed how chemical recycling of plastics by
pyrolysis could be a promising way both to reduce the environmental presence of plastic
waste and to mitigate the problem of depletion of fossil resources, which are essential for
economic and social development, offering in fact, an intermediate solution between waste
management and alternative fuel production. However, it is always important to consider
certain limitations, such as the high energy requirements of the process, the dependence
on the quality and composition of incoming plastic waste, and the need for an adequate
infrastructure to scale chemical recycling to an industrial level while ensuring real economic
competitiveness and an effective reduction in environmental impacts.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/resources13120176/s1, Table S1. Normalized inventory
data according to chemical recycling of 1000 kg of plastics; Table S2. Comparison data between
1 L of pyrolysis oil and 1 L of fossil diesel; Table S3. Comparative results of the scenario analysis.
S1: Chemical recycling, S2: Landfill, S3: Incineration. Data related to the treatment of 1000 kg of
input material.
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