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Abstract: The present study comparatively investigates the potential of waste plastic utilization
as a feedstock for the production of liquid fuels to satisfy the rising liquid fuel demands of the
transportation industry while simultaneously resolving the global plastic waste pollution challenge.
For the first time, therefore, conceptual models simulating the production of transportation fuels of
ethanol and gasoline from waste plastics via the technologies of thermo-syngas fermentation and
hydrothermal liquefaction were assessed using classic technoeconomic assessment methods. The
conceptual models were developed based on existing experimental data as obtained from the literature
and simulated using ASPEN Plus as the preferred process simulation tool. This study demonstrated
the technical viability of both conversion pathways with the hydrothermal liquefaction (HTL) of
waste plastics for gasoline production shown to constitute a more economically preferable pathway.
This was because the HTL of waste plastics presented a higher internal rate of return (IRR) value and a
lower unit processing cost of 51.3% and USD 0.38 per kg compared to the thermo-syngas fermentation
pathway that presented an IRR value and a unit processing cost value of 22.2% and USD 0.42 per
kg, respectively. Payback periods of 5 years and 2 years were also determined as vital to recoup
initial capital invested in the thermo-syngas fermentation project and the HTL project, respectively.
Therefore, this study provides a basis for further work regarding waste plastic management strategies
while offering a useful guide for policy makers in determining the most cost-effective way to utilize
waste plastic and thus promote favorable environmental outcomes.

Keywords: waste plastics; hydrothermal liquefaction; syngas fermentation; technoeconomic
assessments; internal rate of return; payback period; process simulation

1. Introduction

It is now well acknowledged that anthropogenic activities exacerbate global warming and climate
change challenges while simultaneously depleting global fossil resources. Notably, the transport sector
constitutes the major generator of greenhouse gases which are responsible for the aforementioned
environmental issues [1]. This is because the transport sector is highly energy intensive and constitutes
a corner stone of all sectors of the global economy, notably the agricultural sectors which is characterized
by an overwhelming dependence on fossil fuels [1,2]. Despite the development of electric vehicles
gaining momentum globally, about 85% of transport fuel is projected to still rely on fossil fuels by the
year 2035 [3,4]. Clearly the development of decarbonization strategies oriented towards sustainable
transportation of agricultural products and people is crucial [1].

Notably also, the recent trends show an escalation of plastic waste generation with annual waste
plastic generated projected to reach 150 million tons by the year 2050 [5–7]. Plastic waste consists of an
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array of polymers which include polyethylene (PE), polypropylene (PP), polyethylene tetraphthalate
(PET), polyvinyl chloride (PVC), polystyrene (PS), and polycarbonate (PC) [8]. Although these plastic
polymers exhibit different chemical compositions, they present common features of high volatile
content, high viscosity, high energy density, low melting point, and low degradation [9–11]. The low
degradability of waste plastic often poses many challenges to its management; a robust management
option must, therefore, include an opportunity for upcycling and energy recovery [12,13]. It is, therefore,
imperative to consider sustainable management options for these waste products into valuable resources
such as alternative fuels, energy, and chemicals [14,15]. Some waste plastic management techniques
may include landfilling, incineration, mechanical recycling, and thermochemical recycling [16,17].
However, the commonly employed incineration approach leads to the emission of toxic substances
into the environment resulting in environmental pollution from the release of poisonous gases such as
dioxins, furans, and polychlorinated biphenyls [18,19], with thermochemical recycling usually preferred.
This is because thermochemical recycling of waste plastic is a sustainable option since the approach
facilitates the depolymerization of the plastic polymers to produce high-value products and lower waste
residue [17]. Recently, the production of liquid fuels from waste plastic via thermochemical recycling has
generated significant interest. Such thermochemical recycling methods involves the thermochemical
depolymerization of plastic wastes to monomers or syngas, followed by fermentation [20] or mixed
alcohol synthesis [21] to generate useful liquid fuels or the direct conversion of plastics to liquid fuels
via hydrothermal liquefaction [22]. Hydrothermal liquefaction is a technology with the capability to
treat wet and dry materials into renewable crude like oil which may require further processing into a
liquid fuel [23,24]. Hydrothermal liquefaction of waste plastic consists of the transformation of heavy
molecules to lower monomers leading to the production of liquid fuels, unsaturated hydrocarbon,
olefins and aromatic compounds. Typically, hydrothermal liquefaction processes occur in the presence
of water at temperatures ranging from 250 to 450 ◦C, pressures ranging from 70 to 350 bar pressure and
residence times ranging from 5 to 60 min [25]. The technology offers considerable benefits of simple
operational design, high carbon efficiency, with the resulting crude containing 10 to 20 percent of
oxygen and a heating value (35 MJ/kg) similar to petroleum crude oil [26]. Interestingly, since the waste
plastics contain mainly H and C elements with negligible quantities of ash and oxygen, it suggests the
possibility of generating a high-grade hydrocarbon oil mixture with reduced possibility of oxygenated
compound formation. This, therefore, also implies that the need for additional hydrogenation steps
will be redundant [27].

Consequently, recognising the potential of converting waste plastics to liquid fuels via
thermochemical processes as discussed above, the current study seeks to comparatively investigate two
possible pathways of waste plastics to liquid fuel conversion, namely, thermos-syngas fermentation
and hydrothermal liquefaction for ethanol and gasoline transportation fuel generation. To the best
of our knowledge such a comparative assessment is yet to be undertaken in the literature. The
thermo-syngas fermentation strategy has been employed as the preferred strategy for liquid fuel
production compared to the mixed alcohol synthesis approach due to limitations in the robustness,
flexibility and higher production cost when compared with thermo-syngas fermentation strategy [28].
The novelty of the present study is therefore highlighted by not only its comprehensive comparative
study of performances of possible transportation fuel production strategies but by also the utilization
of an unconventional waste stream of plastics as a useful resource.

For clarity it must be emphasized that the models presented in this manuscript are conceptual
models which are developed based on publicly available reaction conditions, conversions and product
yields with generic processes for producing specific projects, simulated. In other words the models do
not replicate data from any existing commercial plants which may incorporate proprietary processes to
enhance production of the target products.
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2. Methodology

2.1. Model and Process Description

In this study, waste plastic was employed as a sustainable feedstock for the production of liquid
fuels via two different scenarios assumed to be capable of processing 1 ton of waste plastics per hour.
In this study, polypropylene was employed as the model plastic since it accounts for ~23% of all plastic
waste [29]. Polypropylene plastics can be sourced from common packaging, textiles, healthcare and
pipe waste. In the present study, the processing systems have been specified as the control volumes,
with possible difficulties associated with waste plastic acquisition ignored. For simplicity possible
challenges associated with contamination (by dirt) of the waste plastics will not be considered in the
current study. This is because the level of contamination will vary significantly (and continuously) for
different locations.

The composition of the representative waste plastic employed in the current study is presented in
Table 1.

Table 1. Composition of representative waste plastic employed in the present study [30].

Proximate Analysis Ultimate Analysis

Ash a

(wt.%)
Volatiles a

(wt.%)
FC a

(wt.%)
Carbon b

(wt.%)
Hydrogen b

(wt.%)
Oxygen b

(wt.%)
Nitrogen b

(wt.%)
Sulphur b

(wt.%)
0.82 99.18 0 83.75 13.98 2.27 0 0

a dry mass basis, b ash free basis, FC denotes fixed carbon.

The proximate and ultimate composition of waste plastic in Table 1 were employed in simulating
the waste plastic feedstock using the inbuilt HCOALGEN and DCOALIGT models. HCOALGEN and
DCOALIGT models were also employed in estimating enthalpy and density parameters for ash, carbon
and char components. Other components such as steam, ethanol, and hydrocarbons in the resulting
hydrothermal liquefaction (HTL) oil mixture were simulated using compounds in the ASPEN chemical
library. The thermodynamic properties of streams in the waste plastic to liquid fuel conversion system
were predicted using UNIQUAC property method. This is because the property method has been
shown to be suitable in modelling complex non-ideal polar and nonpolar systems at low and high
pressure [31,32].

In the present study, possible liquid fuels that may be employed in the transportation industry
are assessed. In scenario i, the utilization of waste plastics as a feedstock for ethanol production is
considered as shown in the simplified conceptual process flow diagram in Figure 1.
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Figure 1 shows that waste plastics are initially finely ground using an industrial grade grinder
and the power requirement is 700 kWh per ton of plastics [33] to enhance the reaction kinetics, heat
and mass transfer properties in the subsequent gasification step. Modelling of the grinding operation
is achieved using calculator blocks with the FORTRAN command in ASPEN plus. The finely ground
plastics at a temperature of 25 ◦C under atmospheric pressures of 1 atm are transferred to a gasification
reactor unit with (assumed) steam temperature of 850 ◦C and pressure of 1 bar employed as the
gasifying media at a steam to feed ratio of 5 (assumed) [34]. The gasification reaction, is undertaken
at temperature of 1200 ◦C for enhanced formation of only (light) hydrocarbons, CO2, CO and H2

molecules [35,36]. A high yield of H2 gas is anticipated due to the water-gas shift reaction that occurs
during steam gasification [37]. The assumed gasification temperature of 1200 ◦C is also within the
gasification temperature employed in steam gasification of plastics which ranges from 500 ◦C to
1300 ◦C.

Recognizing the complexity of gasification reaction as a process consisting of parallel-consecutive
chemical reactions, it has been assumed that the gasification process attains thermodynamic equilibrium
for simplicity. This assumption is justified since the gasification reaction rates of associated chemical
and physical-chemical reactions is infinitely high implying that the gasification system remains in
thermodynamic equilibrium [38]. The gasification reaction is therefore modelled using the two RGIBBS
reactors with the concentration of species determined by minimizing the Gibbs free energy (G) of the
system (∆Gtotal = 0) without compromising mass and energy balance requirements. Further discussions
regarding the minimization of the G in the determination of equilibrium states of reacting species are
presented elsewhere [39,40]. The resulting syngas is then initially cooled to the mesophilic temperature
of 37 ◦C and the fermentation of syngas subsequently undertaken at the preferred temperature of 37 ◦C
and pressure of 1 atm, under the action of acetogenic microorganisms such as Clostridium ljungdahlii
and Clostridium carboxidivorans [41,42] as follows:

4CO + 2H2O→ CH3COOH + 2CO2 (1)

2CO2+4H2 → CH3COOH + 2H2O (2)

6CO + 3H2O→ C2H5OH + 4CO2 (3)

2CO2+6H2 → C2H5OH + 3H2O (4)

During the fermentation process, conversion efficiencies of 90% for CO and 70% H2 are specified
as attainable in the presence of 0.8 g of acetogenic microbes per litre of fermentation broth in accordance
with the experimental work of Klasson et al. [43]. Air-tight reactors must be installed to avoid possible
atmospheric oxygen contamination of the microbial atmosphere. Since the fermentation reactions
and their associated conversions are known, the RSTOIC reactor model is employed in simulating the
fermentation process. At the conclusion of the fermentation process, the fermentation broth containing
the ethanol is purified via a stage- wise distillation process to enable the production of a product
containing ethanol with some water impurities [44]. Distillation processes are simulated using rigorous
RADFRAC models in ASPEN Plus. Further concentration of the ethanol is subsequently achieved
using molecular sieves and modelled using the separator (SEP) block to attain an anhydrous ethanol
product characterized by the ethanol content of greater than 99.7% [45]. In scenario ii, the conversion
of waste (polypropylene) plastics to hydrocarbons was modelled and simulated according to the
experimental conditions described in a previous work [29]. In the work by Chen et al. [29], waste
plastics were converted to gasoline (specified as carbon chains of C6-C12) via hydrothermal/supercritical
water treatment with an oil product generated. According to the work of Chen et al. [29], the oil
products contains about 80–90 wt.% of the gasoline/naphtha product fraction. The resulting HTL oil
has the potential to be used as gasoline blend-stocks, without upgrading processes such as cracking or
distillation [29]. The overall process is summarized in Figure 2 using a simplified conceptual process flow
diagram. Briefly, the finely ground waste plastics is initially mixed with water to enable the formation
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of a slurry containing 15 wt.% moisture content. The mixture is then fed to a hydrothermal liquefaction
(HTL) reactor operating at the temperature of 425 ◦C and pressure of 23 MPa. These conditions were
specified since the conditions facilitated an enhanced production of liquid oils and fuels from the HTL
processing [29]. Due to the inherent complexity of the HTL reaction, two RGIBBS reactor blocks were
employed in simulating the HTL process since the HTL process is typically rapid and has been reported
to be characterized by the presence of equilibrium states [46,47]. At the conclusion of the HTL reaction,
the product mixture is cooled to a temperature of 25 ◦C, then de-pressured to 1 atm. A decanter, which
is modelled using a separator (SEP) block for simplicity is then employed in separating the oil fraction
from the product mix. Further separation of the HTL-water and ash fractions are achieved using a
filtration unit.
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Figure 2. Waste plastic conversion to the liquid fuel of hydrocarbons (control volume indicated with
dashed lines).

Having simulated the scenarios described above and determined the useful product yields, the
heating and cooling duty requirements are also calculated. In this study, energetic calculations are
undertaken using the Aspen Energy Analyzer® (Aspen Technology Inc., Cambridge, MA, USA) as a
viable tool to enable enhanced heat integration for reduced energy requirements based on classic pinch
analysis methods. In the present study the temperature levels of exchanging streams were adjusted to
achieve a minimum approach temperature of 10 ◦C. A full description of the pinch analysis method is
outside the scope of the present work and is therefore presented elsewhere [48,49]. In this study, both
processing systems were designed and modelled based on the following assumptions, namely, the
feed rate of waste is maintained at 1000 kg/h, plant availability is fixed at 7200 h/y and the pressure
drop in all of the equipment is neglected.

2.2. Economic Assessment Methods

In the present study, the economics of both scenarios were assessed assuming both plants are
sited in the USA with all costs reported in terms of the USD. To enable a comparison of economic
performances of both scenarios described earlier above, the internal rate of return and the unit
processing cost of waste plastic have been employed as suitable economic performance indicators.

The economic indicator of the internal rate of return (IRR) has been employed as the initial
economic performance indicator [50]. This is because it is now well established that for mutually
exclusive and independent projects the utilization of the calculated IRR value constitutes the most
reliable screening/ranking tool [51]. Thus, in the present study, the project characterized by the higher
IRR value will be considered as the more primary economic screening parameter. The IRR value which
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is defined as the discount rate i of a project when the net present value (NPV) in USD is equal to zero
and is calculated as follows [50,51]:

0 = NPV =
t∑

n=1

A
(1 + i)n − TCI (5)

where A is the cash flow generated per year, and represents the net revenue generated from product
sales, TCI denotes total capital investment cost, and n denotes the life time of the project.

To facilitate the calculation of the IRR value a discounted cash flow table was generated with
respect to the production of ethanol and gasoline at selling prices of USD 0.735 per kg and of USD
0.967 per kg [52] (average selling prices before COVID-19 pandemic) specified as the sellable products
in scenario i and scenario ii, respectively. The avoided waste plastic disposal cost average of USD 135
per ton [53] was included in the cash flow table in both scenarios. To enable the calculation of the total
capital cost (TCI), purchase costs of common equipment such as pumps, decanters and heat exchangers
were initially obtained using ASPEN process economic analyzer V11 which presents cost based on the
year 2016 data. The purchase cost of specialized equipment such as the gasifier [54], cyclone [55] and
plastic grinder [56] were obtained from previous studies and the Alibaba commercial site, respectively.
The purchase cost of the ith equipment pi in USD was subsequently adjusted for the desired capacity
(or characteristic factor) as follows [57]:

pi = pi,vre f

(
v

vre f

)s

(6)

where v is the characteristic factor (i.e., power demand, volume etc.) of the equipment in the present
study, is the purchase cost for the equipment at the reference characteristic factor, vref, and s is the
scaling factor specified as 0.6 [57].

The HTL reactor purchase cost (CostHT) was estimated as follows for the reference year of 2006 [58]:

CostHTL = 1.5
(
13, 000 + 34, 000V0.5

R

)
(7)

where the constant numbers of 13,000, 34,000 and 0.5 are Towler and Sinnot correlation cost constants,
VR denotes the volume of the HTL reactor in m3 and the constant value of 1.5 is the factor used to
account for a reactor made using high pressure resistant (321) stainless steel.

Since these costs are reported for different reference years, it is necessary that some modifications
are introduced. For consistency, therefore, all purchased equipment was corrected to account for
possible inflationary effects in different years using Chemical Engineering Plant Cost Index (CEPCI)
values. Crucially however, the absence of final CEPCI values for 2020 meant that the CEPCI for 2019
was employed as follows [57,59]:

pi,2019 = pi,re f

(
CEPCI2019

CEPCIre f

)
(8)

where pi,ref and pi,2019 are the purchase costs for the ith equipment in the reference year and the year 2019.
CEPCI2019 was specified as 607.5 [60], with CEPCI of earlier years obtained from the literature [39,61].

Having estimated the equipment purchase costs, the installed cost was determined by multiplying
the purchase cost with equipment installation conversion factors reported elsewhere [62]. The
summation of the resulting installation cost (IC) was employed in TCI estimation using relations shown
in Table S1 in the Supplementary File.

The total operating cost (TOC) was also determined. The TOC includes fixed production costs
which are costs incurred irrespective of the plant productivity, and the variable production costs are
costs that are proportional to the plant output [57]. The TOC includes cost components of labor cost,
labor burden, maintenance cost, property insurance, cost of raw materials, cost of utilities and cost of
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waste disposal. The relations employed in estimating these cost components are presented in Table S2
of the Supplementary File.

In addition to the IRR determination, the unit processing cost of waste plastic to useful products
was also estimated for both scenarios to further reinforce discussions as stated above. The unit
processing cost of waste plastic in (Pp), USD per kg is calculated as follows [57]:

Pp =
TOC + (ACCR× TCI)

mp
(9)

where the annual capital charge (dimensionless) is denoted by ACCR and mp is the mass of the waste
plastics processed per year in kg/y. The ACCR×TCI value denotes the annual capital charge (ACC)
in USD.

The ACCR was calculated as follows [57]:

ACCR =
i(1 + i)n[

(1 + i)n
− 1

] (10)

where i denotes the acceptable discount rate assumed to be 10% in the present study.
Based on the discounted cash flow table, the associated payback periods of both scenarios,

which refers to the time necessary to recover the project cost of the investment, were also determined
for completeness.

In the present study, economic assessments have been determined for an assumed plant salvage
value of USD zero, lifespan of 30 y and tax rate of 30% [63]. The plant depreciation has also been
determined using the straight line method. Due to the assumptions employed in estimating IRR and Pp,
sensitivities of these performance indicators to variations in economic parameters of TCI, TOC, i, factor
employed in working capital (WC) estimation as a function of the FCI (supplementary information
document) and project lifespan were assessed. Although it is clear that the aforementioned economic
parameters will influence the economic outcomes, the investigation of sensitivities will facilitate the
identification of which parameters are most important and therefore require ‘significant’ care when
acquiring estimates. The effects of 50% to 100% variations of the base values of the aforementioned
factors were assessed to determine the sensitivity of the Pp to these variations. Effects of changes in
economic parameters on Pp have been investigated preferentially to effects of changes in economic
parameters on IRR since it was observed that unfeasible and negative IRR values were obtained in
some cases when the aforementioned changes in the parameters were imposed. Such unfeasible IRR
values lead to interpretational issues.

3. Results and Discussion

3.1. ASPEN Plus Simulation

Mass balance calculations were undertaken using the Aspen Plus process modelling tool. Table 2
shows that 0.6215 kg of ethanol may be generated from 1 kg of waste plastics. Table 2 also shows
that the ethanol yield on the CO input basis (i.e., mol product-C/mol CO-C) is 51.5%. This calculated
yield on the CO basis is consistent with reports from the literature with the yield ranging from 51%
to 60% [64,65]. The associated char generated after the gasification process may be employed as a
biomaterial for several uses such as an adsorbent for water treatment, for soil remediation [66] water
and sewage treatment [67]. Although this study acknowledges that the exhaust stream contains some
unconverted H2 and CO molecules that may be used as a feed for onsite energy generation via the
installation of a boiler system to minimize external energy demand, such an approach has not been
explored in the current study to ensure that the results generated remain conservative.
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Table 2. Mass balance results for major streams in scenario i.

Stream Property Waste Plastics Syngas Fermentation
Broth Wastewater Anhydrous

Ethanol

Temperature (◦C) 25 37 37 29.3 25
Pressure (atm) 1 1 1 1 1

Mass Fractions (x)
Water 0 0 0.289 0.480 0

Waste plastics 1 0 0 0 0
Hydrogen 0 0.117 0.035 0 0

Carbon monoxide 0 0.267 0.027 0 0
Carbon (iv) oxide 0 0.616 0.128 0 0

Ethanol 0 0 0.226 0.031 1
Acetic acid 0 0 0.295 0.489 0

Mass Flows (kg/h) 1000 2992.6 2997.4 1808.7 621.5

Furthermore, as shown in Table 3, 0.685 kg of oil product may be generated from 1 kg of waste
plastics. The oil product is shown to contain ~88% of hydrocarbons in the C6-C12 carbon range which
is consistent with gasoline petroleum crude oil fraction. The simulation result also agrees with the
experimental results given that that the gasoline content of the oil product in the simulation study
is within the experimentally determined range of 80–90% stated earlier above. The gas yield (<C5)
in the post-HTL product of 15.7% was also in agreement with the experimental result since it was
demonstrated that the gaseous product content in the post-HTL product stream may range from 10 to
17% when the HTL process is undertaken at the temperature of 425 ◦C. Although Chen et al. [29] stated
that the oil product may be used in generating gasoline blends directly, it is expected that the presence
of the pentane ‘impurity’ may lead to a reduction in its oil product value and selling price. The selling
price of the oil product was therefore adjusted by multiplying the mass fraction of the actual gasoline
fraction by the selling price of pure gasoline and the resulting value employed in the IRR calculations.

Table 3. Mass balance results for major streams in scenario ii.

Stream Property Waste Plastics Gas-Product Post-HTL
Product Char Oil Product

Temperature (◦C) 25 25 25 25 25
Pressure (atm) 1 1 227 1 1

Mass Fractions (x)
Water 0 0 Trace Trace 0

Waste plastic 1 0 0 0 0
CO 0 0 0.229 0 0
CO2 0 0 0.027 0 0
Char 0 0 0.006 1 0

C5H12 0 0 0.072 0 0.123
C6-C12 0 0 0.511 0 0.877
C13-C23 0 0 0 0 0

CH4 0 0 0.051 0 0
C2H6 0 0.172 0.018 0 0
C3H8 0 0.318 0.043 0 0
C4H10 0 0.510 0.045 0 0

Mass Flows (kg/h) 1000 123.1 1175.4 7.4 685.3

The minimum heating, cooling and electrical utilities required from external sources after (assumed)
full heat integration are determined using the ASPEN energy analyzer® V.10 and are presented in
Table 4.
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Table 4. External utility requirements of the conversion processes, assuming full heat integration.

Process Result Scenario i Scenario ii

Externally required cooling utility (kW) 784.4 1836.4
Externally required heating utility (kW) 392.2 -

Externally required electricity demand (kW) 700 704

Table 4 shows that the electricity demand and the external cooling utility requirement of scenario
ii is greater than the electricity demand and the external cooling utility requirement of scenario i. This
observation is consistent with expectations as the higher electricity demand in scenario ii is due to the
additional work required to pressurize the feed water prior to the HTL process. In addition, due to the
highly exothermic nature of HTL process at reaction temperatures greater than 270 ◦C [68–70], external
cooling utilities will be necessary to cool the resulting product streams. Interestingly, ASPEN energy
analyzer also established that scenario ii will not require an additional external heating source with the
heat generated from the high-temperature existing stream of exothermic HTL process considered to be
sufficient to satisfy all the heating duty needs of the system, if external heat flows are fully recovered
via effective heat integration.

Although the present study has employed polypropylene as the model plastic feed in both
processes, it may be speculated that a similar result may be obtained when other strict hydrocarbon
plastics such as polyethylene (C2H4)n and polystyrene (C8H8)n are employed as feedstocks. This is
because the higher yields of the energy dense oil products in scenario ii (HTL process), relative to
the ethanol yield in scenario i, is anticipated to be maintained as reaction completion of the highly
efficient HTL process in scenario ii should remain unchanged. Such a complete conversion of the
syngas generated in scenario ii may not be technically feasible. However, it is possible that the yields
of the gasoline fraction in the oil product may vary with the carbon and hydrogen contents of the
feedstock; significant changes in the energy density of the oil product is unexpected more so as the oil
product will remain oxygen free. For plastic forms such as polyethylene terephthalate (C10H8O4)n

and polycarbonate (C15H16O2)n, although a higher yield of the oil product remains anticipated, the
energy content of the oil product is likely to be diminished as it is possible for unfavorable oxygenated
compounds to be retained in the energy-dense oil product [27]. If the decline in the energy content
is significant enough, then there is a possibility of a reduction in the economic performance of the
HTL process relative to the thermos-syngas fermentation process. The utilization of other plastics
such polyvinyl chloride (C2H3Cl)n may, however, lead to the associated unfavorable environmental
outcomes due to the potential release of chlorinated volatiles to the environment [71].

Furthermore, it is acknowledged that waste plastic may be sourced from numerous locations
such that several costing and logistical constraints may influence overall process feasibilities. The
current study, however, seeks to provide an ‘initial-level’ comparison of two possible strategies for
waste plastic management via plastic conversion to liquid fuels. Future studies may seek to explore
waste plastic supply chain optimization opportunities, while considering specific waste plastic sources
as well as logistical/ transportation constraints.

3.2. Economic Assessments

The results of the economic assessments are presented in Table 5. Table 5 shows that scenario ii
presents a better economic outcome compared to scenario i. This is because scenario ii presents an IRR
value of 51.3% while scenario i presents an IRR value of 22.2%. Further calculations using discounted
cash flow analysis shows that the IRR of scenario ii will be less than the IRR of scenario i only if the
selling price of the oil product drops to below USD 0.59 per kg or the selling price of pure gasoline
declines to below USD 0.67 per kg.
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Table 5. Outcome of the economic assessment.

Economic Parameter Scenario i Scenario ii

Fixed capital investment (MUSD) 5.80 3.79
Working capital investment (MUSD) 0.29 0.19

Total capital investment (MUSD) 6.09 3.98
Fixed operating cost (MUSD) 1.64 1.47

Variable operating cost (MUSD) 0.76 0.84
Total operating cost (MUSD) 2.40 2.31

Unit processing (USD/kg) 0.42 0.38
Payback period (y) a 5 2

IRR 22.2% 51.3%

MUSD denotes million US dollars, a Nearest whole year.

Crucially, however, a consideration of pre-COVID 19 historical gasoline prices suggests that such
a situation will be unlikely with such low gasoline values last recorded in the years before year 2004 as
show in Figure 3. The results presented above therefore suggest that waste plastic conversion to a HTL
oil containing mainly gasoline will constitute the most economically favorable waste plastic utilization
approach when both scenarios are considered.AgriEngineering 2020, 3 FOR PEER REVIEW  10 
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Furthermore, the economic assessments also show that scenario i will require 2.5 times the number
of years required by scenario ii to recover the project investment cost. Another significant result
highlighted in Table 5 is the higher processing cost of waste plastics in scenario i (USD 0.42 per kg)
relative to the processing cost of waste plastics in scenario ii (USD 0.38 per kg). This observation is in
agreement with the results presented so far and support the overall preference of scenario ii as the
preferred pathway. The higher processing cost of waste plastics in scenario i is a reflection of the higher
TCI associated with scenario i due to the higher number of processing units required to convert waste
plastics to ethanol.

Further considerations of the effects of changes in the selected economic parameters on the unit
processing cost as the indicative economic performance measure is presented in Figure 4.

Figure 4 shows that the Pp is mostly influenced by TOC in scenario i and scenario ii since a 100%
increase TOC leads to the highest effects on the Pp as illustrated by the ~80% and a ~84% increase
in Pp in scenario i and scenario ii, respectively. Similarly a 50% decrease in the TOC was observed
to present a ~39% and a 42% reduction in Pp in scenario i and scenario ii, respectively. The careful
estimation of the TOC cost inputs i.e., cost of raw materials, utilities etc., prior to actual plant execution
is, therefore, crucial. Figure 4 also shows that although the effect of changes in TCI are less significant
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than the effect of changes in TOC, changes in high TCI constitutes the second most impactful economic
parameter when increased. This is because a 100% increase in TCI leads to the highest unfavorable
effects on the Pp as illustrated by the ~21.7% and a ~15.3% increase in Pp in scenario i and scenario ii,
respectively. Similarly a 50% decrease in the TCI was observed to present a ~10% and 8% reduction in
Pp for scenario i and scenario ii, respectively. The magnitude of the effect of changes on the discount
rate and life span parameters on Pp is less than the magnitude of the effect of changes in TOC in both
scenarios (Figure 4). This is because increasing the discount rate and life span by 100% presented a
19.4% increase and a 0.6% decrease in the Pp in scenario i and a 13.7% increase and a 0.9% decrease in
the Pp in scenario ii. Additionally, decreasing the discount rate and life span by 50% presented a 7.6%
decrease and 5.5% increase in the Pp in scenario i and 6.1% decrease and 3.7% increase in the Pp in
scenario ii. The effects of variations in the % employed in estimating the WC from the FCI were shown
to be least significant in both scenarios, with negligible changes in the economic performance observed.
This suggests that ‘too much’ attention may not be placed on the % parameter for WC estimation.
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This paper highlights the energetic, productivity and economic aspects of two conversion scenarios
for waste plastic conversion to liquid fuels of ethanol and gasoline. Scenario i describes the conversion
of waste plastics to ethanol via an integrated gasification and syngas fermentation process and in
scenario ii, conversion to a mainly gasoline oil product was achieved via hydrothermal liquefaction.
The results established that it was technically possible to generate up to 4475 tons/y of ethanol and
4934.4 tons/y of mainly gasoline via the different scenarios stated above, when waste plastic at a
feed-rate of 1 ton per h is supplied. This comparative study was able to establish the economical
preference of scenario ii when the economic indicators of internal rate of return, unit processing
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