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The global economy is shifting toward more sustainable sources of energy. The
transportation sector is a remarkable example of this fact, where biofuels have
emerged as promising alternatives to traditional fossil fuels. This work presents a
techno-economic and environmental assessment of existing liquid fuels in hard-to-
decarbonize sectors and their emerging renewable substitutes. The comparison
focuses on fossil-based, biomass-derived, and plastic waste-sourced fuel alternatives
that can be used in spark-ignition (gasoline) and compression-ignition (diesel) engines.
Results for diesel substitutes prove the superior performance of plastic waste pyrolysis oil
in terms of production cost reduction (−25% compared to diesel) and “well-to-tank” life
cycle impact reduction (−54% human health, −40% ecosystems, −98% resources).
Consequently, research and development toward the conversion of plastic waste into
fuels should be extended to make the technology more accessible and robust in terms of
fuel quality. On the contrary, the results for gasoline alternatives are not as conclusive:
bioethanol and ethanol from plastic pyrolysis have a considerably lower impact on
resource scarcity than gasoline (−80% and −35% respectively) and higher on the other
two life cycle endpoint categories, but they have higher production costs compared to
gasoline (+57% and +130% respectively). While blends of gasoline with pyrolysis-sourced
ethanol can reduce the impact on human health and ecosystems, blends with bioethanol
have a lower impact on resource scarcity and increase economic profitability. This allows
fuel providers to offer tradeoff solutions in the form of blends based on their priorities.
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INTRODUCTION

Current economies are transitioning to carbon-free energy sources,
but there is still a need for liquid fuels for “hard-to-decarbonize”
sectors (mainly aviation, shipping, and road transportation). The
demand for diesel and gasoline for road transportation increased
between 2000 and 2017 by 11.4%, with a diesel to gasoline usage
ratio of 2.5 (Fuels Europe, 2018). Aviation and marine shipping are
even harder to decarbonize, for instance through electrification,
due to the higher involved mass and range, thus they will continue
to rely on the use of liquid fuels (Gray et al., 2021). Cleaner fuels will
be key to the transition to a more sustainable future. Biofuels have
been widely studied but pose some challenges, mainly on land use,
as they compete with the food supply chain.

The upcycling of plastic waste to produce chemicals and fuels
with identical properties to those obtained from fossil sources has
gained public interest because it slows down resource depletion
and diverts waste that would traditionally end up in landfills
(Lopez et al., 2017; Miandad et al., 2016). The chemical recycling
of plastic waste will play a vital role in closing material loops and
shifting toward a circular economy paradigm. Among the
different alternatives for the material recovery of plastics (e.g.,
pyrolysis, gasification, and cracking), pyrolysis stands out for
offering the possibility of recovering valuable chemicals (Dahlbo
et al., 2018). It even allows the recovery of the plastic monomer,
thereby offering the possibility to close the concerning carbon
loops in the plastic supply chain. However, these technologies
have been mostly developed and tested at the lab and pilot scale
and there are several barriers to their industrial implementation
such as technological, financial, managerial, performance
limitations, and social barriers, among others (Araujo Galvão
et al., 2018). For instance, PLASTIC ENERGYTM operates a
5,000 t/year mixed plastic waste pyrolysis pilot plant in Seville,
Spain. This pilot project has led to collaborations with big
companies in the oil and plastics market. An example is the
construction of a semi-commercial plastic waste recycling, and a
pyrolysis oil refinery project is due to be constructed in 2021 in
Gleen in the Netherlands (SABIC, 2019).

While fuel products ultimately end up as carbon dioxide (CO2)
in the environment, other chemical products, such as plastics, have
a variety of end-of-life alternatives, including incineration, landfill,
and mechanical or chemical recycling. Recently, Somoza-Tornos
et al. (2020) compared alternatives using techno-economic and Life
Cycle Assessment (LCA). The authors concluded that recovering
chemicals (specifically ethylene from polyethylene) from plastic
waste offers an economic incentive and a positive environmental
impact by avoiding the burden of direct incineration and especially
dealing with landfill, which stands as the least preferable option
where all the plastic value is lost in a non-degradable graveyard.
Additionally, they applied similar methods to select the best
alternatives from plastic waste upcycling into chemicals in
recent contributions (Pacheco-López et al., 2020; Somoza-
Tornos et al., 2021).

This study provides a techno-economic and environmental
assessment of diesel and gasoline substitutes, namely biodiesel,
bioethanol, plastic waste pyrolysis oil, and plastic waste pyrolysis
ethanol. Through this assessment, the advantages and

disadvantages of each pathway are revealed. The first part of
this study assesses alternative feedstock and pathways to obtain a
fuel that can be used as a diesel substitute. The second part deals
with ways to produce ethanol as a gasoline substitute. To that end,
literature data has been compiled to track the cost of already
mature pathways while estimations of the cost of pyrolysis
products are based on a techno-economic assessment. The
environmental impact is compared through an LCA approach.

MATERIALS AND METHODS

This section introduces the scope of the current work and
presents the chosen functional unit used in the study. The
proposed polypropylene (PP) pyrolysis process is explained
along with the followed techno-economic and environmental
assessment procedures.

Scope
The scope of this contribution lies in the production of fuels for the
direct replacement of fossil fuels in non-modified engines. Figure 1
compares alternatives: fossil-based diesel and gasoline are
compared against biodiesel and bioethanol as well as plastic
waste pyrolysis oil and plastic waste pyrolysis ethanol, respectively.

Biomass has emerged as a promising alternative feedstock to
produce fuels of similar quality as fossil-based products while
creating a closed carbon cycle. However, adverse effects such as
competition with the food and water sector as well as intense land
usage and other kinds of environmental impact must be analyzed
on a case-by-case basis to choose the most suitable feedstock
(Herrmann et al., 2018).

Pyrolysis products from plastic waste can have a wide range of
compositions and properties depending mainly on the following
conditions: type of plastic, catalyst, and most importantly
temperature (Lopez et al., 2017). High temperature pyrolysis
breaks the polyolefin into smaller compounds, leading to
higher gas yields. Low temperature pyrolysis on the other
hand leads to higher oil yields with increasingly heavier
compounds as the temperature is reduced.

It must be acknowledged that alternative fuels and engines
for transportation purposes such as electricity (Glitman et al.,
2019) or hydrogen (Sharma and Krishna Ghoshal, 2015) will
play an important role in the transition to a more sustainable
transportation sector. However, during this transition period, it
will be a natural step to utilize the machines that are already
available and predominantly produced nowadays, that is 52.3%
gasoline and 29.9% diesel engines (ACEA, 2020). Therefore, the
approach proposed will focus on targeting fuels suitable for
traditional engine vehicles, complying with their technical
requirements and exhaust emissions standards.

The full life cycle assessment of fuel is often referred to as
“Well-to-Wheel” analysis and it comprises two phases: 1) the
“Well-to-Tank” phase, which consist of all the steps from raw
material procurement over processing until obtaining the final
fuel, and 2) the “Tank-to-Wheel” phase, which describes the
combustion of a fuel in an engine (Edwards et al., 2014; Brinkman
et al., 2005). This work assesses the Well-to-Tank phase. This
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approach was chosen due to the variation of the emission values
reported in the literature for different raw materials and
conversion procedures in the pyrolysis path (Damodharan
et al., 2019). Energy demand and emissions in the Well-to-
Tank phase can be estimated more reliably due to the
steadiness of the process, while the Tank-to-Wheels phase is
more variable and the results depend on a big set of variables and
conditions. It is important to remark that all data was collected or
extrapolated to refer to the year 2019.

Diesel Substitutes
Diesel is a mixture of hydrocarbons in the boiling point range
from 150 to 380°C, traditionally obtained from fractioning crude
oil in refineries. Its use in car engines has been commercialized for
over 100 years. The considered pathways and alternatives for
diesel engines are represented in Figure 1A.

Oils obtained from the catalytic low temperature pyrolysis of
plastic waste have proven usable in conventional diesel engines
(Wong et al., 2015). Damodharan et al. (2019) present an
exhaustive overview of the research that has been carried out
in the field during the last 20 years. From their review, it is
evident that detailed performance criteria (e.g., heat release,
nitrogen oxides, smoke emissions, etc.) in engine tests vary
significantly from study to study. However, a clear consensus is
that the oils can be used without complications and engine
modifications in low blending ratios with conventional low
sulfur diesel. Chandran et al. (2020) concluded that a content
of 30% volume (v/v) of Plastic Waste Pyrolysis Oil (WPO) in
diesel allows for long-term operation without engine
modifications while Singh et al. (2020) reported that ratios of
up to 50% are feasible under a slight increase in carbon
monoxide (CO) emissions at high loads.

FIGURE 1 | Scope of investigation for the production pathways to (A) diesel and (B) gasoline.
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Biodiesel obtained from vegetable oils, animal fats or waste
cooking oil appears as another sustainable alternative to fossil-
based diesel. The basic principle of producing biodiesel is the
transesterification of oils and fats to obtain smaller esters and
glycerin, a mixture that has been used commercially in diesel
engines since the early 1990s (Pahl, 2009). Similar to WPO, pure
biodiesel can be used as-is in modified diesel engines and usually
in blends up to 20% v/v with fossil-based diesel without any
modifications to the engine (Alleman et al., 2016).

Gasoline Substitutes
A widely employed gasoline substitute is ethanol. It is the second
aliphatic alcohol (C2H5OH) and has a wide range of applications:
it can act as a solvent, conservative, disinfectant, and precursor to
various other chemical products (e.g., acetic acid, ethyl esters,
etc.). This study focuses on its application as a fuel substitute in
internal combustion engines (Ilves et al., 2018). It can be blended
with diesel at low ratios but its most common use is blended with
gasoline in spark ignition engines.

The path to obtaining ethanol from plastic waste is depicted in
Figure 1B. Somoza-Tornos et al. (2020) presented a detailed
techno-economic and life cycle assessment of an 18.9 t/h
polyethylene (PE) waste pyrolysis plant with high purity
(99.5%) and ethylene yield of 46%. The gas mixture leaving
the furnace is subsequently separated into its compounds
through heat integrated cryogenic distillation. Ethanol can
then be obtained from ethylene through hydration. Ethanol
obtained from this route is referred to from here on as Plastic
Waste Pyrolysis Ethanol (WPE).

Traditionally, ethanol is obtained from biomass (i.e., bioethanol).
A variety of feedstock can be used for that purpose: for instance,
while sugarcane is widely employed in Brazil, themain feedstock for
bioethanol in the United States is corn. Obtaining ethanol from
these feedstock follows in principle the same steps: pretreatment
(milling), fermentation, and distillation (Canilha et al., 2012). As a
renewable resource, bioethanol contributes to sustainability in the
transportation sector. However, the main controversies
surrounding bioethanol are associated with its land usage and
competition with the food sector. Additionally, in many cases,
its cost exceeds those of fossil-based fuel.

Pathway Selection
The business as usual pathways considered in this study are fossil-
based fuels sourced from crude oil. The assessed costs and
impacts cover the extraction and refining processes based in
Europe.

Biofuels can be obtained from a variety of raw materials that
are grouped as first-, second-, and third-generation. The
pathways selected in this study are the first-generation fuels
that are obtained from generally edible biomass. They were
chosen because of their high maturity and easy to gather,
reliable data for comparison. The biodiesel pathway studied
herein covers acquisition and processing based on the mixture
of raw materials employed in Europe, that is dominated by
rapeseed (European Commission, 2020). For bioethanol also,
the European mixture is studied, which mostly consists of
maize, wheat, and sugar beet (European Commission, 2020).

Plastic waste pyrolysis oil to substitute diesel can be obtained
from different types of plastic. Here, PP is chosen as raw material
because its derived oils were shown to perform better in engines
than those obtained from other plastics (Mangesh et al., 2020).
The pyrolysis process is simulated in this study to obtain
equipment dimensions for the techno-economic assessment
and energy and emission values for the life cycle assessment.
As a substitute of a gasoline additive, the pathway to produce
ethanol from the pyrolysis of polyethylene (PE) is chosen due to
its favorable ethylene yield, as reported by Kannan et al. (2014).
The costs and impacts of the complete pathway are estimated
using references for the pyrolysis process and the subsequent
hydration steps. All calculations assume the costs and impacts in
Europe.

Functional Unit
Among all data found in the literature and the results
obtained from commercial simulators and LCA tools for
techno-economic and environmental assessment, there are
properties defined through different functional units. Some
properties refer to the amount of fuel such as liters or
kilograms, however, not all fuels store the same amount of
energy and therefore different fuels can deliver different
amounts of energy. For that reason, an energy dimension
is chosen as a functional unit, in particular Gigajoules (GJ). In
order to adapt fuel properties to this functional unit, fuel
density is used to convert liters to kilograms when necessary,
and Lower Heating Values to convert kilograms to GJ. The
conversion factors considered are shown in Table 1.

Process Simulation: Polypropylene
Pyrolysis
This work presents a process simulation of low temperature
polypropylene pyrolysis. Figure 2 depicts the flowsheet of the
process including material and energy balances. The polymer
pyrolysis heat demand is determined using Aspen Plus V11 with
the POLYNRTL package. The group contribution-based property
model allows an estimation of the polymer properties and thus
the necessary heat for running the reaction. The condensation of
the pyrolysis products is simulated in Aspen Hysys V11 using the
Peng-Robinson equation of state to obtain accurate values of the
hydrocarbon equilibrium and cooling demand.

Polypropylene is modeled as a 20-segment isotactic oligomer
of propylene (C63H128, Molar mass 885.7 g/mol). A pseudo-
stoichiometry has been obtained from the pyrolysis product

TABLE 1 | Fuel properties for unit conversion.

Fuel Density (kg/L)
(Edwards et al., 2007)

Lower heating values
(GJ/kg) (Kavalov, 2004)

Gasoline 0.7550 2.685 × 10−2

Ethanol 0.7895 4.133 × 10−2

Diesel 0.8450 3.727 × 10−2

Biodiesel 0.8800 4.225 × 10−2

WPO 0.7714 4.187 × 10−2
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composition and oil yields reported byMangesh et al. (2020). The
cited study uses colorless 2 mm sized shreds of polypropylene
obtained from bottles, cans, and containers. Conversion of 100 g
samples took place in the presence of 25 g of micro-mesoporous
zeolite ZSM-5 catalyst in a 250 mm stainless-steel reactor under
vacuum. Reaction time is 30 min at 350°C. Further details on
catalyst preparation and product characterization can be found
in Mangesh et al. (2020). The pyrolysis product is a complex
mixture of hydrocarbons. These products have been grouped
into classes according to their characteristics and each class has
been represented by a single component (Table 2). Further
details on the estimation of pyrolysis oil properties and
simulation in Aspen software can be found in the
Supplementary Material.

A 710 GJ/h production plant capacity was chosen, which
corresponds to the plastic waste output (450 t/day) of a city
with around 8 million people such as London. The process is
simulated in steady-state mode. The plastic feed enters the
pyrolysis reactor at 25°C and 1 bar. A heat of 14.7 MW is
required to drive the decomposition reaction at 350°C and
1 bar. To that end, the 1.3 t/h product gas stream is burned in
a furnace with an 80% efficiency and 20% air excess. After
leaving the reactor, the solid char phase is separated from the
liquid and gas phase through mechanical separation (e.g.,
filtering). The fluid products are cooled down to 25°C in an
adiabatic condenser with a 5.6 MW cooling demand that is
supplied by a cooling water utility. Heat and material losses in

piping and the solid separation are neglected. For further
details about this process, refer to the Supplementary
Material.

Techno-Economic Assessment
The techno-economic assessment performed herein
compares the production costs of the different pathways.
Breakdowns of these costs into capital expenses (CapEx),
operational expenses (OpEx), and raw material costs are
obtained to determine major cost drivers in each pathway.
Market prices are collected to show the possible profit margin
of each pathway and blends of fuels. Tables 3, 4 detail the
gathered data and its sources along with the results of the
techno-economic assessment for each alternative. When
available, price averages were taken over the period
ranging from 2016 to 2020. All economic data for fossil
fuels and biofuels were collected from literature sources.

WPO production cost is estimated following the method used
in Gonzalez-Garay et al. (2017) and developed in chapter 6.2
from Sinnott and Towler (2020). The annual capital and
operating costs are estimated. They are divided by the annual
production to obtain unitary production costs. A detailed
explanation of this cost estimation procedure is further
developed in Section 1.3 of the Supplementary Material.
Since currently WPO is not a traded product, its price has
been estimated as equal to that of fossil diesel. The production
costs of WPE are calculated using references for pyrolysis,
separation (Somoza-Tornos et al., 2020), and catalytic
hydration (Ayaou et al., 2020). In other words, the production
cost of WPE is estimated as the sum of costs for the PE pyrolysis,
the separation of the gas products, and the conversion of ethylene
to ethanol processes.

When necessary, costs are extrapolated to 2019 using the
Chemical Engineering Plant Cost Index (CEPCI) (Jenkins
2020) and converted from dollars into euros with the average
exchange rate for 2019 (1€ � 1.1225$). Additionally, all prices and
costs are adapted to refer to the chosen functional unit (i.e., €/GJ)
using Table 1.

FIGURE 2 | Schematic representation of material and energy balances of the PP pyrolysis process. A possible recycling structure is indicated but not utilized in
this work.

TABLE 2 | Polypropylene pyrolysis products adapted from Mangesh et al. (2020).

Type C-range Compound Formula Composition (% wt)

Alkane C11−C20 Pentadecane C15H32 2.9
C21−C30 Pentacosane C25H52 74.9

Alkene C1−C10 Pentene C5H10 7.1
C11−C20 Pentadecene C15H30 7.4

Aromatic − Benzene C6H6 0.8
Gas C1−C4 Methane CH4 3.4
Char C Carbon C 3.6
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For the proposed blends between traditional fuels and their
substitutes, the prices are estimated using Eq. 1, where valt is the
volumetric fraction of alternative in fossil fuel blend, LHValt/fos

the lower heating value and Costalt/fos the cost of the pure
alternative or fossil fuels.

CostBlend(valt) � (1 − valt) · (LHVfos · Costfos − LHValt · Costalt) + LHValt · Costalt
(1 − valt) · (LHVfos − LHValt) + LHValt

(1)

Environmental Assessment
The environmental assessment performed in this study is a
cradle-to-gate, or as previously introduced, Well-to-Tank, LCA
following the ISO 14040:2006 standards (ISO, 2016). To compare
values between different fuels, the functional unit is set to the
amount of fuel equivalent to 1 GJ of Lower Heating Values. For
the fossil-based fuels and biofuels, the life cycle inventories from
the EcoInvent database v3.4 (Wernet et al., 2016) were retrieved
and the results of the final impact are analyzed through
ReCiPe2016 methodology (Huijbregts et al., 2017) with the
SimaPro software (Goedkoop et al., 2014) using the
hierarchical approach.

For the plastic waste pyrolysis pathways, no pre-defined
inventories are available in EcoInvent. The WPO inventory
was obtained through the mass and energy balances from the
process simulation. The complete inventory is shown in
Table 5. A cut-off approach for the PP waste inlet is
assumed (i.e., waste is free from primary material burden)
(Gentil et al., 2010). Thus, the environmental impacts of PP
waste are assumed to be only associated to the sorting process.
The impacts of PP sorting are approximated to those of
polyethylene sorting due to data availability and the similar
properties of both polymers in terms of chemistry and
application. The impact of cooling water is calculated as the
electricity required for pumping assuming a conversion factor
of 9.5 kWh/MWh of cooling energy and considering 10% extra
water to compensate for evaporation and other losses. The
environmental impact associated with the furnace and side
equipment units is estimated using the corresponding steel
requirements, considering a lifetime of 25 years. The
environmental impact of WPO is compared to the impact
obtained from:

• Diesel [“Diesel (Europe without Switzerland) | petroleum
refinery operation”] and,

• Biodiesel [“Vegetable oil methyl ester (Europe without
Switzerland) | esterification of rape oil”]

TABLE 3 | Production cost breakdown of diesel and alternatives. Densities and
Lower Heating Values used are shown in Table 1.

Fossil diesel Biodiesel WPOg

CAPEX (€/GJ) 1.71a 1.32c 0.19
OPEX (€/GJ) 1.14a 2.11c 0.31
Feedstock (€/GJ) 10.20a 19.48c 9.30
Total costf (€/GJ) 13.06a 22.90d 9.80
Market price (€/GJ) 16.94b 18.94e 18.72

aEstimated using data from U.S. Energy Information Administration (2019a).
bPrices from European Commission (2021).
cBreakdown from International Renewable Energy Agency (2013).
dFrom Organisation for Economic Co-operation and Development (2020).
ePrices from Eurostat - European Commission (2020).
fCosts updated to 2019 with CEPCI (Jenkins, 2020); converted to euros with an average
2019 exchange rate of 1.1225 €/$.
gThis work, section “Techno-Economic Assessment”, market price considered equal to
fossil diesel.

TABLE 4 | Production cost breakdown of gasoline and alternatives. Densities and
Lower Heating Values used are shown in Table 1.

Fossil gasoline Bioethanol WPEg

CAPEX (€/GJ) 1.77a 1.39c 6.42
OPEX (€/GJ) 1.18a 10.65c 12.42
Feedstock (€/GJ) 11.78a 11.12c 15.03
Total costf (€/GJ) 14.73a 23.16d 33.87
Market price (€/GJ) 17.67b 27.62e 27.62

aEstimated using data from U.S. Energy Information Administration (2019b).
bPrices from European Commission (2021).
cBreakdown from International Renewable Energy Agency (2013).
dFrom Organisation for Economic Co-operation and Development (2020).
ePrices from Eurostat - European Commission (2020).
fCosts updated to 2019 with CEPCI (Jenkins, 2020); converted to euros with average
2019 exchange rate of 1.1225 €/$.
gThis work, section “Techno-Economic Assessment”, market price considered equal to
bioethanol.

TABLE 5 | Net flows of the PP pyrolysis process and EcoInvent entries used for
modeling and LCA.

Concept Amount per
GJ of
fuel

EcoInvent v3.4 entry

By-products

Char (kg) 0.939 —

Raw materials
Polypropylene (kg) 26.605 Waste polyethylene, for recycling, sorted

(Europe without Switzerland) | market for
waste polyethylene, for recycling, sorted

Utilities

Net electricity
consumption (kWh)

7.368 × 10−2 Electricity, high voltage (Europe without
Switzerland) | market group for

Cooling water (kWh) 7.881 Electricity, high voltage (Europe without
Switzerland) | market group for

Water (kg) 1 × 10−4 Water, deionized, from tap water, at user
(Europe without Switzerland) | market for
water, deionized, from tap water, at user

Equipment

Steel (kg) 1.075 × 10−4 Steel, chromium steel 18/8 (RER)| steel
production, converter, chromium steel
18/8

Direct emissions (fuel combustion)

CO2 (kg) 5.278 —

H2O (kg) 3.129 —

N2 (kg) 17.03 —

O2 (kg) 1.314 —
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The entry for biodiesel production in Europe without
Switzerland from only rape oil is selected because it is the
dominating feedstock for biodiesel production in Europe and
EcoInvent database offers no inventory for mixed production of
the other raw materials.

Similar to the approach used in techno-economic
assessment, the environmental impact from the pyrolysis of
PE waste into ethylene were retrieved from Somoza-Tornos
et al. (2020) and allocated according to the economic weight of
each product. Then, the subsequent impact associated with the
hydration of ethylene into ethanol is assumed to be equivalent
to the same operation in the case of fossil-based ethanol.
Considering the stoichiometric relation (0.61 kg ethylene/kg
ethanol):

ImpactWPE � ImpactFossil−Ethanol − 0.61 · (ImpactFossil−Ethylene

− ImpactPyrolysis−Ethylene) (2)

with:

• Fossil Ethanol [“Ethanol, without water, in 99.7% solution
state, from ethylene (RER)| ethylene hydration”];

• Fossil Ethylene [“Ethylene, average (RER)| production”];
• Pyrolysis Ethylene (Somoza-Tornos et al. (2020)).

Once the impact of ethanol from plastic waste pyrolysis is
calculated, it is compared to the impact of:

• Gasoline [“Petrol, unleaded (Europe without Switzerland) |
petroleum refinery operation”].

• Bioethanol [“Ethanol, without water, in 99.7% solution state,
from fermentation (Europe without Switzerland) | dewatering
of ethanol from biomass, from 95 to 99.7% solution state”].

RESULTS AND DISCUSSION

This section presents the results from the techno-economic and
environmental assessment performed on diesel and gasoline
alternatives, as well as a discussion on tradeoffs between all
alternatives.

Techno-Economic Assessment
As described above, the study comprises two lines. First, the
assessment of alternatives for diesel-based engines. Second, the
comparison of gasoline alternatives, and then the assessment of
possible blends.

Diesel Alternatives
Table 3 shows the cost breakdown and market prices for WPO,
biodiesel, and diesel. It can be seen that the production of pure fossil-
diesel and WPO are economically profitable (i.e., their production
costs are below their market prices), while biodiesel production is not.
This is due to the cost considered for biodiesel raw materials (mainly
rapeseed oil, methanol/ethanol, and sodium hydroxide), which
represents approximately 85% of production costs (22.90 €/GJ).
This value is considerably higher than in the other two alternatives

(9.81 €/GJ for PP waste and 13.06 €/GJ for crude oil). However, it is
possible to obtain biodiesel using biomass waste or other non-edible
biomass sources as feedstock, such as used cooking oil, waste animal
fats, or other kinds of waste biomass, which are not assessed in
this study.

It is worth noting that the calculatedWPO total cost of 9.80 €/GJ
(0.410 €/kg) is much larger than the cost of 1.07 €/GJ (0.045 €/kg) at
the same plant scale (710 GJ/h), using household plastic waste
estimated by Fivga and Dimitriou (2018). A conversion rate of
1.15 €/£ and the lower heating value of WPO of 0.04187 GJ/kg were
used for this conversion. The difference stems from the assumed
plastic waste feedstock cost (0.39 €/kg vs. 0 €/kg). This shows that
the feedstock cost for plastic waste is a parameter that greatly
influences the production cost and consequently the economic
feasibility of the derived fuels. However, despite the
conservative assumption taken in this work, WPO still stands
as the most economically competitive alternative. Note that the
price of plastic waste has been assumed to be equal to the cost of
mixed plastic waste sorting and collection.

Figure 3A shows the range of blends between fossil diesel and
biodiesel, and how blending affects the production costs and
average market prices. According to these results, blends up to
50% v/v biodiesel are economically acceptable. This confirms that
one of the most used biodiesel blends, B20 (total cost: 14.84 €/GJ
vs. market price: 17.30 €/GJ), is still economically competitive
overall, although the profit margin is significantly reduced
compared to fossil diesel. Following the same procedure,
production costs and market prices for blends of fossil diesel
with WPO are estimated, leading to the results shown in
Figure 3B. In this case, any blend would be economically
profitable and the profit margin increases with the proportion of
WPO used in the blend. A typical blend that could be used in
current diesel vehicles is WPO30, which can be considered
profitable from an economic standpoint.

Figure 4 depicts the cost and market price comparison for
traditional fossil diesel and two proposed blends with biodiesel
and WPO. The blend with the best economic performance is
WPO30 (total cost: 12.09 €/GJ vs. market price: 17.47 €/GJ)
against fossil diesel (total cost: 13.06 €/GJ vs. market price:
16.94 €/GJ) and commercial blend with biodiesel (total cost:
14.84 €/GJ vs. market price: 17.30 €/GJ). The cost driver in
these three cases is the feedstock cost.

From an economic point of view, the diesel and WPO
standalone alternatives are profitable. Between these two
alternatives, WPO is cheaper to produce. WPO is not a
product available in the market; therefore, its price is
estimated as equivalent to that for fossil diesel, which may add
an important source of uncertainty to the study. However, its
energy content is similar to fossil diesel, thus the price estimation
is acceptable. Therefore, any blend between diesel and WPO
would be economically profitable, with very similar results, and
theoretically, a WPO100 would be the most profitable option.

Gasoline Alternatives
To assess the different fuel alternatives for gasoline engines,
the production costs of gasoline are compared to European
sourced bioethanol and plastic waste based ethanol. Cost
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breakdowns for these three routes are shown in Table 4, along
with the reference market price for ethanol. Results show that
the traditional way of obtaining bioethanol is economically
competitive (total cost: 23.16 €/GJ vs. market price: 27.62 €/
GJ). In contrast, the pyrolysis route is not competitive (total
cost: 33.87 €/GJ). Capital and operational expenses are high
due to complex and energy intensive gas separation and
subsequent hydration steps.

Figure 5A shows the production cost breakdown and
price for all tentative blends of gasoline and bioethanol.

The results show that any blend would be economically
competitive and feasible to use according to current
market prices (17.67 €/GJ for gasoline and 27.62 €/GJ
for ethanol), but the profit margin would grow slightly
when the percentage of bioethanol is increased. Figure 5B
depicts the production cost of blends of gasoline and
WPE. In this case, WPE/gasoline blends are competitive
up to approximately 40% v/v with a total cost equal to its
market price of 20.60 €/GJ, showing that they would be
feasible to implement for the unmodified engines at the

FIGURE 3 | (A) Production cost breakdown for different blends of diesel and biodiesel and theoretical blend market price. Horizontal axis labels represent biodiesel
weight percentage in the final blend. (B) Production cost breakdown for different blends of diesel and WPO and theoretical blend market price. Horizontal axis labels
represent the WPO weight percentage in the final blend. FD: fossil diesel. BD: biodiesel. WPO: plastic waste pyrolysis oil (for references, see Table 3).

FIGURE 4 | Economic comparison of traditional diesel against proposed blends with biodiesel (B20) and WPO (WPO30). B20: Diesel/Biodiesel blend 80/20% v/v.
WPO30: Diesel/Plastic waste pyrolysis oils 70/30% v/v (for references, see Table 3).
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recommended blending ratios (usually 25% v/v). Similar
to the diesel case, in Figure 6, traditional gasoline is
compared against two typically commercially available
gasoline-bioethanol blends (E25 and E85), and an
equivalent case is proposed using WPE instead
(WPE25). Any of these alternatives would be
economically feasible, but provided that pure
bioethanol is the most profitable alternative, E85 is the
most profitable bioethanol/gasoline blend (total costs:
23.16 and 21.36 €/GJ vs. market prices: 27.62 and
25.50 €/GJ respectively). To sum up, the larger the
amount of bioethanol added to gasoline, the more

economically profitable the blend would be, assuming
the market price behaves as modeled herein.

Environmental Assessment
The environmental assessment is performed similarly to the
economic assessment presented in the previous section. First,
diesel alternatives are compared, and then the possible blends are
evaluated. Subsequently, the ethanol obtained from two different
routes are compared, and their blends with gasoline evaluated.
They are assessed in terms of harmonized impact scores at
midpoint and endpoint levels, which focus mainly on three
areas: human health, ecosystem quality, and resource scarcity,

FIGURE 5 | (A) Production cost breakdown for different blends of gasoline and bioethanol and theoretical blend market price. Horizontal axis labels represent
bioethanol weight percentage in the final blend. (B) Production cost breakdown for different blends of gasoline and WPE and theoretical blend market price. Horizontal
axis labels represent the WPE weight percentage in the final blend. FG: fossil gasoline. BE: bioethanol. WPE: plastic waste pyrolysis-sourced ethanol (for references, see
Table 4).

FIGURE 6 | Economic comparison of traditional gasoline against commercial bioethanol blends and proposedWPE blend. E25: gasoline/bioethanol blend 75/25%
v/v. WPE25: gasoline/plastic waste pyrolysis-sourced ethanol blend 75/25% v/v. E85: gasoline/bioethanol blend 15/85% v/v (for references, see Table 4).
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as proposed in ReCiPe2016methodology (Huijbregts et al., 2017).
To facilitate the comparison and representation of the different
impact scores, the endpoints and midpoints values are
normalized with respect to the highest value among the
alternatives.

To assess midpoint impacts, the focus is set on the ones driving
the endpoints impacts results:

• The human health endpoint is mainly driven by global
warming and fine particulate matter formation impacts.

• Ecosystems quality is driven by global warming, land use,
and terrestrial acidification.

• Resource scarcity is led by fossil resource scarcity.

Diesel Alternatives
For the three analyzed diesel alternatives, Figure 7 depicts the
LCA results on radar plots with normalized impact at midpoint
and endpoint levels. As expected, the use of fossil diesel involves a
higher impact on resource scarcity than any other alternative
(13.04 vs. 3.54 and 0.31 USD2013/GJ for biodiesel and WPO
respectively). Biodiesel, on the other hand, has a higher impact
on human health and ecosystems (18.67 × 10−5 DALY/GJ
and 17.58 × 10−7 species·yr vs. 3.50 × 10−5 DALY/GJ and
0.66 × 10−7 species·yr for diesel). By contrast, the production
ofWPO from polypropylene via the proposed process has a lower
impact in all categories compared to the other two alternatives
(0.31 USD2013/GJ, 1.6 × 10−5 DALY/GJ and 0.39 × 10−7 species
yr). This is because waste is valorized, producing a valuable fuel

and the process is comparatively simpler and environmentally
friendlier.

The impact of biodiesel is significantly higher than for fossil-
based diesel and WPO on human health and ecosystems,
which are driven by global warming (55.34 vs. 12.15 and
12.70 kg equivalent carbon dioxide (CO2eq)/GJ
respectively), fine particulate matter formation (136 × 10−3 vs.
35 × 10−3 and 2.4 × 10−3 kg PM2.5eq/GJ respectively), and land
use (155.2 vs. 0.111 and 0.106 m2 crop eq/GJ respectively). On
the other hand, fossil resource scarcity is considerably higher
for fossil diesel (29.0 kg oil eq/GJ) than the other alternatives
(10.21 kg oil eq/GJ for biodiesel and 0.90 kg oil eq/GJ
for WPO).

It is important to highlight that, even though the biofuel
alternative in principle closes the carbon cycle by depleting
the CO2 from the atmosphere (1.98 kg CO2/kg rape seed)
that is emitted during fuel combustion, its whole production
phase entails considerable global warming impact and
impact on ecosystems in general. These stem from intense
land usage, water consumption and the use of fertilizers for
harvesting energy crops. A significant amount of global
warming impact comes from dinitrogen monoxide (N2O)
emissions that have a 298 times higher greenhouse gas effect
than CO2 (Solomon et al., 2007). First-generation fuel
feedstock in principle entails an additional carbon debt
from cutting down forests and grasslands that act as
carbon storage, which will eventually be released over a
period of time. This kind of carbon debt is referred to as
land use change and is considered a major source of emission

FIGURE 7 | Normalized LCA endpoint and midpoint indicators comparison for diesel, biodiesel, and WPO production pathways. GW: global warming; SOD:
stratospheric ozone depletion; IR: ionizing radiation; OF, HH: ozone formation, human health; FPMF: fine particulate matter formation; OF, TE: ozone formation, terrestrial
ecosystems; TA: terrestrial acidification; FEU: freshwater eutrophication; MEU: marine eutrophication; TE: 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. WPO: plastic waste pyrolysis oil. Endpoint and midpoint values are available in Supplementary Table S2.
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in the life cycle of first-generation fuels. Adding this impact
to the assessment leads to most first-generation fuels having
higher global warming potential than fossil fuels (Jeswani
et al., 2020).

Gasoline Alternatives
Figure 8 shows the endpoint and midpoint indicators for the three
proposed ways of obtaining ethanol and gasoline. In the same line
to the findings for diesel alternatives, the biomass-sourced ethanol
has a higher impact on human health and ecosystems than the
other alternatives and the lowest on resources (10.14 × 10−5 DALY/
GJ, 6.19 × 10−7 species·yr and 2.31 USD2013/GJ). Gasoline has the
highest impact on resources but lowest on the other two endpoints
(4.70 × 10−5 DALY/GJ, 0.90 × 10−7 species·yr and 13.93 USD2013/
GJ) and pyrolysis-sourced ethanol have intermediate impact values
on human health, ecosystems, and resources (5.81 × 10−5 DALY/
GJ, 1.45 × 10−7 species·yr and 9.00 USD2013/GJ).

When compared to gasoline, bioethanol has a considerably
higher impact on human health and ecosystems and a lower
impact on resources. WPE shows a similar tendency but smaller
difference with gasoline, that is, slightly higher impact on human
health and ecosystems and slightly lower on resources.

The highest impact on global warming corresponds to WPE
and bioethanol (41.95 and 38.14 vs. 17.78 kg CO2eq/GJ
respectively for WPE, bioethanol, and gasoline), additionally, the
highest impact on fine particulate matter formation corresponds to
bioethanol (75 × 10−3 vs. 45 × 10−3 and 22 × 10−3 kg PM2.5eq/GJ
respectively for bioethanol, gasoline, and WPE), which drives it
to the highest human health endpoint impact among the other

alternatives. The highest impact on ecosystems corresponds to
bioethanol, driven mostly by its high impact on land use (42.6
vs. 0.23 and 0.14 m2 crop eq/GJ respectively for WPE and
gasoline). On the other hand, fossil resource scarcity is
higher on gasoline (31.1 vs. 22.1 and 7.2 kg oil eq/GJ
respectively for WPE and bioethanol).

Remarks on Engine Performance
After the production phase, the fuels enter the use phase where
they generate an additional impact on the environment. Engine
tests for different blends at varying operating conditions are
commonly used to identify the performance and emission
values of fuel in a test engine.

In the case of diesel, biodiesel, andWPO the literature findings
vary vastly from study to study. Adaileh and Alqdah (2012) report
that biodiesel obtained from waste cooking oil provided a
significant reduction in carbon monoxide and unburned
hydrocarbons, but increases in nitrogen oxide emissions and
brake-specific fuel consumption. Similar differences can be
observed in the case of WPO, as described in the review by
Damodharan et al. (2019) and more recent studies by Singh et al.
(2020) and Singh et al. (2021).

The differences observed between biodiesel and WPO engine
performance can be explained by the different composition and
properties of the fuels under study, stemming from different
feedstock types and quality, the catalyst used during conversion,
experimental procedure, etc. As previously mentioned, more in-
depth studies are required to assess the final environmental
impact for each case individually.

FIGURE 8 | Normalized LCA endpoint and midpoint indicators comparison for gasoline, bioethanol and WPE production pathways. GW: global warming; SOD:
stratospheric ozone depletion; IR: ionizing radiation; OF,HH: ozone formation, human health; FPMF: fine particulate matter formation; OF,TE: ozone formation, terrestrial
ecosystems; TA: terrestrial acidification; FEU: freshwater eutrophication; MEU: marine eutrophication; TE: 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. WPE: plastic waste pyrolysis-sourced ethanol. Endpoint and midpoint values are available in Supplementary Table S3.
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Bioethanol is commonly found to enhance engine
performance while also reducing emission values
(Thangavelu, 2016). This implies that the inclusion of the
use phase would favor ethanol over gasoline in terms of
environmental impact. There is a consensus that ethanol
fuel has no considerable variations in composition from
study to study.

Economic and Environmental Tradeoffs
In order to devise the potential of each of the alternatives and
their potential blends, a tradeoff evaluation has been
performed attending to economic and environmental results.
First, diesel alternatives and second, gasoline alternatives were
studied, and the resulting proposals are discussed from a global
point of view.

Diesel Alternatives
Considering global economic and environmental performance,
any blending of diesel and WPO would be more profitable than
fossil diesel alone, and any biodiesel/diesel blend. Indeed, WPO
appears to be a very promising alternative, with outstanding
performance in comparison to biodiesel as a diesel alternative,
and it is recommended that the highest blending ratio that
internal combustion engines can admit are used (without
compromising performance or stability).

Gasoline Alternatives
Bioethanol has better economic performance than any other
alternative considered in this study. Regarding gasoline/ethanol
blends, bioethanol is economically competitive at any ratio
because of the specific market prices of these blends, while
WPE should not exceed 40% v/v to ensure economic
feasibility. From the environmental point of view, WPE shows
better overall results than other choices and blends with gasoline
would entail a lower impact on human health and ecosystems
than gasoline-bioethanol blends.

To find a tradeoff between economic and environmental
performance, and considering typical blending ratios (25%
v/v), WPE seems to be a good choice. When compared
individually to gasoline, its environmental impact on human
health is 20% lower, while for bioethanol it is 40% higher; on
ecosystems, its impact is 5% higher while for bioethanol it is
350% higher; and on resources, both WPE and bioethanol have
a lower impact than gasoline (58 and 89% lower respectively). In
reverse, the profit margin of WPE25 vs. E25 would be around
59% lower.

Global Analysis of Alternatives
From a global perspective and bearing in mind the kinds of
fuel considered in this work, one alternative could
potentially be devised as better than the rest. The results
show that the use of WPO as a fuel is a very promising option
to replace fossil fuels and biofuels, since it has shown the best
economic and environmental results among the considered
options. Although it is important to underline that this
technology is not yet as developed as the rest and it needs
to be scaled up.

CONCLUSION

This work presents an overview and assessment of the most
widely used fuel sources for “hard-to-decarbonize” sectors and
compares them with emerging solutions. On one hand, biofuels
have gained wide attention due to their potential to close the
carbon cycle and preserve fossil resources. However, first-
generation biofuels can have a considerable impact on
ecosystems and human health, as has been confirmed in this
study for the case of biodiesel and bioethanol in Europe. On the
other hand, fuels derived from plastic waste sources are gaining
increasing interest due to their capability to displace the problem
of waste management. The comparative techno-economic and
life cycle assessment between fossil-, bio- and plastic waste
pathways in this study yield the following insights:

• A contribution is made to waste-to-resource modeling
through the simulation of a low temperature waste
pyrolysis process of polypropylene.

• Techno-economic assessment reveals that the production
(Well-to-Tank) of oils derived from waste polypropylene
(namely WPO) are more economically competitive (9.80 vs
13.06 €/GJ for diesel and 22.90 €/GJ for biodiesel).

• Life cycle assessment shows thatWPO performs better in all
three ReCiPe2016 impact categories (ecosystems, human
health, and resources) than the fossil and biodiesel
alternatives due to its low emissions stemming from
procedural simplicity and low energy demand.

• Converting the pyrolysis products of polyethylene into high
purity ethanol (WPE) to be used in gasoline engines is
economically non-competitive (33.8 €/GJ) compared to
bioethanol (23.2 €/GJ) and fossil gasoline itself (14.7 €/
GJ). This comes from the more complex processing
including the separation of gaseous pyrolysis products
and subsequent catalytic hydration.

• Similar to biodiesel, bioethanol performs worse in
ecosystems and human health but better in resources
than fossil gasoline for the aforementioned reasons. As
opposed to WPO, WPE production is more complex and
energy intensive, thus, it is placed in between gasoline and
bioethanol in all categories.

Based on these findings, the products from plastic waste
pyrolysis appear as a very promising alternative and, more
specifically, the use of PP waste pyrolysis oil (WPO) as a diesel
substitute shows great potential to partially replace fossil fuels.
Additionally, it would help to deal with the growing problem of
waste disposal. WPE, on the other hand, is more costly to
produce and less environmentally friendly due to the
additional separation and hydration steps. Although it
offers a certain profit margin and tradeoff solutions in the
impact categories between gasoline and bioethanol, it should
be considered only if the conversion from a valuable chemical
product (ethylene) to ethanol for the sake of fuel production is
reasonable. Thus, research efforts should focus on the direct
utilization of plastic waste oils in engines due to the
aforementioned reasons. Real data from emerging
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commercial projects should be collected and assessed to
further validate the findings of this study.

Future work must consider the extension of the system
boundaries to the use phase of the alternative fuels since fuel
quality can vary heavily depending on the used feedstock.
Moreover, material and energy balances, thus costs and
impacts will change depending on the type and quality of
plastic waste. Accordingly, not only alternative feedstock for
plastics, but also biomass based pathways might be included in
the assessment, with a special focus on identifying weak spots to
increasing economic competitiveness and the environmental
friendliness of each alternative.
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