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Preface

The challenges of climate change and energy transition require fundamental changes in energy
systems. Significant progress is necessary for the current energy systems to satisfy the ambitious
targets of the Energy Roadmap 2050 of the European Commission, aiming to fully decarbonize the
European economy by reducing GHG emissions in developed countries to below 80-95% of the 1990
levels. A circular economy has risen high in the agendas of policymakers as a way of enhancing the
decarbonization approach.

This Special Issue presents articles related to techno-economic analysis and optimization
approaches, especially for energy systems, and collates the latest research and advancements in their
application.

Nineteen papers were submitted to this Special Issue, of which fifteen were published. Although
each paper covers a different topic, three categories can be identified based on the following focus

areas of the published papers:

® Decarbonization: One of the main current challenges is decarbonization, with energy systems
being significant contributors to the transition. The published articles encompass the
implementation of decarbonization from the generation of electricity to the transport sector,
proposing cost-effective solutions and optimization approaches. The authors discuss all types
of renewable energy sources and their different production methodologies, with both on-land

and shipping applications.

¢ Energy Demand: Estimating and managing energy demand is an issue that has occupied
researchers throughout the years. It is fully linked to the need to meet demands and the parallel

need to reduce greenhouse gas emissions, making it a constant timely challenge.

¢ Optimization of Energy Systems: In achieving the optimization of energy systems, the

optimization of their individual components is a fundamental condition.

Konstantinos Aravossis and Eleni Strantzali
Editors
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Abstract: In recent decades, economic development and population growth has been accompanied
by the generation of billions of tonnes of solid residues or municipal “wastes”, a substantial portion
of which is composed of plastics and biomass materials. Combustion-based waste-to-energy is a
viable and mature method of extracting calorific value from these end-of-life post-recyclable materials
that are otherwise landfilled. However, alternative thermochemical methods, such as gasification, are
becoming attractive due to the ability to synthesize chemical precursors for supply chain recirculation.
Due to the infancy of gasification technology deployment, especially in the context of anthropogenic
CO, emission reduction, additional systems engineering studies are necessary. Herein, we conduct an
attributional life cycle analysis to elucidate the syngas production and environmental impacts of ad-
vanced thermochemical gasification methods for the treatment of biomass and plastic wastes obtained
from municipal solid wastes, using a comprehensive thermodynamic process model constructed
in AspenTech. Feedstock composition, process parameters, and gasification methods are varied to
study the effects on syngas quality, yield, power generation potential, and overall greenhouse gas
emissions. Steam-based gasification presents up to 38% reductions in CO, emissions when compared
to conventional thermochemical methods. Using gasifier-active materials, such as metal hydroxides,
can also further reduce CO, emissions, and realizes a capture load of 1.75 tonnes of CO, per tonne of
plastic/stover feedstock. This design alteration has implications for reductions in CAPEX due to the
mode of CO, capture utilized (e.g., solid sorbent vs. liquid SELEXOL). The use of renewable energy
to provide a method to generate steam for this process could make the environmental impact of such
MSW gasification processes lower by between 60-75% tonnes of CO, per tonne of H,. Overall, these
results can be used to inform the guidance of advanced waste gasification methods as a low-carbon
transition towards a circular economy.

Keywords: municipal waste treatment; hydrogen production; gasification; carbon capture utilization
and storage; thermochemical conversion; plastic pollution

1. Introduction

Humanity’s dependence on plastic since the oil boom in the first half of the 20th
century has gone hand-in-hand with many of the technological advancements society
enjoys today [1]. Although methods of recycling exist to re-purpose waste plastics into
virgin materials, a majority of used plastics are either disposed of in a managed fashion
(e.g., combustion-based waste to energy or landfilling) or improperly disposed of (open
dumping or ocean dumping) [2—4]. In the U.S., in 2018 alone, about 35,680K tonnes of
plastic were generated and of that amount, 26,970K U.S. tons were landfilled (75.5%) [2].
Globally, the amount landfilled is closer to 350 million tonnes per year, and global plastic
production is projected to grow at a rate of about 15 million tonnes per year due to increased
industrialization [5,6]. The staggering issue of plastics generation and their longevity has
led to the development of recycling programs to offset the usage of virgin polymers.
However, not all plastics can be recycled, as their relative complexity, contamination,
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accessibility, heavy metal content, etc., make it more challenging [5,7,8]. For example,
plastic food containers can be challenging to mechanically recycle due to the presence of
residual food wastes. This leaves few alternatives for dealing with the issues of growing
plastic pollution. Additionally, China recently enacted its “National Sword” policy (2017),
decreeing that it will no longer import Western recycling materials [9]. This has severely
impacted the global flows of recyclables, and furthers the need for interim technologies
to mitigate the sheer volume of plastics that are landfilled. One such method is Waste-to-
Energy (WtE) processes, which allow the recovery of calorific value in the form of power
and/or fuels from waste streams through combustion, gasification, or pyrolysis [10].

Ciuffi et al. (2020) enumerate many disposal pathways for MSW plastics. The first
two, primary and secondary, include mechanical recycling, which is applicable only with
pure, point-source separated feedstocks. The tertiary recycling method, WtE, provides a so-
lution for contaminated bulk MSWs that can be continually processed and incinerated [11].
Among the WLE processes listed, gasification shows clear advantages, as a high quality
syngas rich in CO/Hj can be recovered (Table 1) [12]. This syngas can then be utilized in
heat-recovery operations or as a precursor to downstream fuels and polymer synthesis
processes (e.g., Fischer-Tropsch). Although the technology maturity is currently low, gasifi-
cation facilities for the treatment of MSWs show future promise, especially in the context of
a circularized and constrained carbon economy for the production of chemical precursors
for supply chain recirculation. Currently, there are many types of gasification reactors and
process schemes that can be used generate synthesis gas. For high-carbon feedstocks such
as coal or biomass, there is much flexibility in the type of gasifier that can be used. For MSW
streams, which usually have a medium gross calorific value, the best type of gasifier to use
is likely a moving-bed type, where the waste is pre-pulverized and fluidized in the gasifier
with an oxidant. This allows for lower residence times, increased char and tar cracking,
higher temperatures, and overall better conversions and volatilization. Gasifiers typically
run at elevated temperatures (>1000 °C) and pressures greater than 50 bar to effectively
convert the feedstocks. Although Hy and CO are the primary syngas components, CO; is
also produced during gasification along with partially oxidized sulfur species (H,S and
COS), chlorides (HCI, C17), and trace heavy metals. The gasification of MSWs is poised to
generate more hazardous metals and species, such as dioxins and chloro-compounds due
to the wide variability of the feed based on the addition refuse components found with the
plastics in the feed [13-15].

The gasifier can be operated in many different oxidant modes such as air-blown,
oxygen-blown, steam, and sorbent-based gasification (Figure 1). Air-blown gasifiers are
the most widely used, are generally inexpensive relative to the other methods; they have
a simplistic reactor design but produce low-value syngas (low LHV) with larger carbon
emissions. Oxygen-blown gasifiers produce high-purity syngas with a high LHV with
lower pollutant levels; however, a full-scale Air Separation Unit (ASU) is needed to provide
the oxidant charge. Steam gasification uses superheated or supercritical steam as the
oxidant, which can produce a high hydrogen content in the syngas, increased char and tar
cracking, which leads to higher gas yields; however, greater energy needs are necessary
as the overall process is endothermic when steam is used [11,16]. Lastly, sorbent-based
gasification utilizes catalytically active gasifier bed materials that aid in both feedstock
conversion and CO; sequestration in the form of metal (M) carbonates M(COs3)x [17]. In
situ carbon capture is very attractive as it has implications for the cost reduction of syngas
cleanup downstream; however, external heat needs to be supplied to the gasifier due to
the slightly endothermic nature of the reactions. Additionally, due to the large volumes
and reserves of alkaline waste materials that can act as gasifier-active species (e.g., olivine,
serpentine, portlandite, etc.), the motivation to run these gasification systems is increasing.
Greater hydrogen yields can theoretically be obtained due to the participation of the OH™
ions in the reaction, as exemplified with the alkaline thermal treatment of portlandite
below: [18,19]

Ca(OH), + Carbon (C) + H,O — CaCOj3 + 2H,» (1)
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Figure 1. Different gasification cases compared in this study, analyzed in the context of hydrogen
and power generation capacities compared to the benchmark of SMR.

Table 1. Comparison of the three major thermochemical treatment methods to recovery calorific
value from MSW streams.

Pyrolysis Gasification Combustion
Air provided to the system No air Sub stoichiometric air Excess air

Soutce separated Source separated high calorific

Feedstock . . value materials, e.g., plastics, Mixed wastes
plastic materials .
and paper, and biomass
Products Liquid fuels, e.g., oil Syngas (CO and Hj) Energy—electricity and/or heat
Char @ low Temp;
High char, unconverted Vitrified slag @ high Temp Bottom ash (inert),
By Products solid will remain Lower fly ash carries over, fly ash (hazardous)
Pollutants in reduced compared to combustion Pollutants in oxidized
form (H,S, COS) Pollutants in reduced form (SOy, NOy, etc.)
form (H,S, COS)
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Table 1. Cont.

Pyrolysis Gasification Combustion
Temperature <500 °C 700-1200 °C >1100 °C
. Proven and dominant, ~1000
Not proven—failures 1 ldwide with o
Not proven—small scale, ~10  reported, e.g., Tees Valley in plants worldwide with capacities
Maturity ’ F o from 100 tonnes per day up to

tonne per day the UK and PyroGenesis in

Florida, USA 5000 tonnes per day.

Flexible and optimized system

Previous studies have tried to compare different gasification models in the context of
either biomass, coal, or petroleum coke gasification, but few examine it in the context of
MSWs, especially with an underlying assessment of emissions metrics [20-23]. Addition-
ally, most do not consider models that combine upstream gasification with downstream
gas scrubbing, sulfur removal, and heat recovery units [24,25]. In order to address this
need, this study compares these four viable promising gasification methods in the context
of MSW treatment and examines the ramifications of each from a comprehensive thermody-
namic system engineering perspective. Hydrogen production and purification is carefully
examined with respect to these thermochemical conversion cases as an alternative to the
most conventional method of producing Hj, steam methane reforming (SMR), which is
COg,-intense. Due to the growing interest in and the need to reduce anthropogenic CO,
emissions, this model also considers cases with advanced point-source carbon capture
systems using commercialized physisorption thermal-swing processes. Materials balances
were produced from the AspenTech gasification combined cycle simulations for six indi-
vidual cases. All cases considered the same general process configuration, where the main
difference was the type of feedstock or method of gasification. Overall, this study represents
the development and assessment of a complex thermodynamic MSW gasification model,
which considers the production of hydrogen while capturing and producing a pure stream
of CO; for utilization or storage.

2. Materials and Methods
2.1. Block Flow Diagram and Boundary Conditions

An attributional cradle-to-gate Life Cycle Analysis (LCA) was conducted, examining
the conversion of raw materials (biomass and MSW-derived plastics) through an integrated
gasification combined cycle (IGCC) facility which produces high-purity hydrogen gas and
electricity. The hydrogen will be produced via pressure swing absorption of syngas, and
the purge/reject gas will be further oxidized in a gas turbine (GC) equipped with a heat
recovery steam generator (HRSG).

Figure 2 shows a block flow diagram of the considered process along with the input
and exit boundaries. The boundaries of this project include the feedstocks arriving at the
gasifier block, and exclude pretreatment and transportation. The raw material inputs are
air, water, feedstock (MSW-plastic or biomass), energy (in the form of either electricity or
steam), and SELEXOL charge (fresh ethyl ethers of polyethylene glycol) for CO, capture.
The materials exiting the plant are energy, in the form of power, stack emissions, from
the gas turbine combined cycle (GTCC) and heat recovery steam generator (HRSG), pure
hydrogen, char, and ash from the gasifier, and process waste-water. Although not included
in Figure 2, pure hydrogen sulfide gases and pure carbon dioxide gases, to feed either a
Claus Unit to make elemental sulfur or to be stored in a saline aquifer, respectively, are also
exiting the process. For the purpose of this study, the plant efficacy is determined solely
based on hydrogen product value and energy produced.
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Figure 2. Block flow diagram (BFD) of the proposed LCA showing the boundary conditions and the
inputs/outputs from the plant. Near the gasifier, the ASU, HP Steam, and External heat represent
different gasification operation modes. The ASU is only used in the case of oxygen-blown gasification,
HP steam to the gasifier is for the case of sorbent-based gasification and steam gasification, and
external heat is for sorbent-based gasification.

2.2. Functional Unit

Two different metrics were used to assess the flows at the boundary condition, one
being hydrogen produced per metric tonne of feedstock basis and MWh produced per
metric tonne of feedstock. The first basis will be useful in comparing the amount of energy
produced, hydrogen purified, CO,-captured, etc., per tonne of feedstock when different
feedstock slates are compared. Additionally, with the potential to co-gasify plastics and
biomass, this metric is important to compare potential synergies between the feedstocks.
The second metric will be useful for assessing the functionality of the plant at scale, and
will provide plant-wide data relative to power generation, which is an important parameter
in the success of WHE facilities.

2.3. Assumptions

There are many assumptions present throughout this comparison and they are
used to provide greater support and motivation for the subsequent data. As established
by ISO 14040 [26], assumptions allow for less misinterpretation of LCA study results
(Table S1).
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2.4. Thermodynamic Model of MSW Gasification Combined Cycle

For almost all of the simulation models, the Predictive Soave-Redlich-Kwong (PSRK)
property set method from the AspenTech Property Set Database was used. The PSRK
method is useful for predicting chemical equilibria for high-pressure gas systems, which
is the majority of this process [27,28]. However, to model the liquid-liquid gas equilibria
in the SELEXOL process the NRTL-Electrolyte method from the AspenTech Property Set
Databased was chosen [29]. These methods were selected to yield the most robust and
accurate process model possible. A full process flow diagram (PFD) to showcase the
AspenTech model developed is available in Figure S1 and a description to accompany this
PFD is present in Supplementary Information Description S3.

2.5. Systems Assessed and Sensitivity Analysis

This study assesses four methods of industrial gasification in the context of both
biomass and MSW-derived plastic wastes. The six test cases studied and variations of the
thermodynamic model are described below:

Case 1 is a coal-fired oxyfuel plant (benchmark), Case 2 is a methane fired autothermal
steam methane reforming plant (benchmark), and Case 3 is an MSW-plastic/corn stover
(1:1 ratio by mass) oxyfuel plant. These three cases are almost identical, aside from the
different feedstocks utilized. Case 4 is an MSW-plastic/corn stover (1:1 ratio by mass)
steam gasification plant, which does not have an ASU but instead uses very high-pressure
steam as the oxidant in the gasifier. Case 5 is the same as Case 4, but utilizes a mixture of
steam, oxygen, and a sorbent (in this case Ca(OH),—portlandite) to perform in-situ carbon
capture and hydrogen generation. Lastly, Case 6 is an air-blown gasifier which recovered
hydrogen from an MSW-plastic/biomass mixture (1:1 ratio by mass), but does not have
an ASU nor gas turbine nor gas cleanup process due to the presence of large amounts
of nitrogen circulating throughout. The general differences in the gasification islands are
highlighted in Figure 1.

2.6. Feedstocks Considered and Heating Values

The feedstock considered for the MSW /Biomass gasification processes was selected
from a group of known WHE feedstocks and their associated ultimate analyses (Table S2).
A representative mix of corn stover and MSW-derived plastics, in equal mass portions.
This was done as a proof-of-concept to simulate ideal conditions for MSW plastics contami-
nated with biomass wastes (e.g., agricultural) from landfilling. Additionally, since the full
ultimate elemental analysis is known for each component, they were ideal candidates for
the development of the thermodynamic mode. For the purpose of this analysis, the MSW-
derived plastics was considered to be a poly-ethylene derivative. Sub-bituminous coal and
a shale-derived natural gas were also considered as reference feedstocks to compare the
proposed theoretical process to industrially available gasification processes. Table S3 show-
cases the different energetic values in Btu/Ib for the four feedstocks. Natural gas, due to
the abundance of methane, shows the highest heating value while the MSW-derived plastic
comes in second due to the assumption that is a poly-ethylene derivative; the energetic
value of C-H bonds and relative abundance in the (CH,-CH;), backbone is quite high. Corn
stover, with a heating value of ~7590 Btu/lb, is much lower than the other feedstocks, how-
ever quite in line with other lignocellulosic biofuel materials [30]. The low heating value
of biomass feedstocks makes them quite challenging in gasification/power-generation
activities; generally, more feedstock is needed to produce the same electricity/chemical
yields in reference to coal, for example, due to the high water and oxygen content. This can
lead to the presence of tars and waxes which can also foul up the gasifier.

2.7. Indicators Examined

Environmental impact indicators were considered in the assessment of the gasifica-
tion thermodynamic models developed from AspenTech. The most important metrics
considered were carbon dioxide (CO,), nitrogen oxides (e.g., NOx), carbon monoxide (CO),
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reduced sulfur species (H;S, COS), chloride emissions (C1™), ashes from the gasifier block,
and predicted process waste-water (from steam). Each metric is reported in the most salient
metric possible. For instance, gaseous emissions, such as NOy, CO, and H,S/COS, were
reported according to U.S. powerplant standards (e.g., Ibs contaminant per MMBtu fired in
turbines). Other metrics were reported as metric tonnes per hour for simplicity.

2.8. Sensitivity to Examine CO, Reduction Using Renewables to Generate Steam

The use of steam gasification and steam-sorbent gasification (Case 4 and Case 5,
respectively) for the disposal and recovery of value from MSW plastics and biomass show
potential advantages over oxyfuel and air gasification processes. This is due to the use of
water as an oxidant, which allowed for enhanced methanation and greater hydrogen yields
per feedstock charge. However, high energy penalties are incurred as a function of the
external boiler firing duty needed to vaporize BFW to produce VHP steam to supply to
the gasifier. This can hamper the overall CO, emissions of the process and the energetics,
making steam gasification less desirable than oxyfuel gasification. However, if the energy
needed to maintain the gasifier temperature of the energy needed to vaporize water into
steam for Case 4 and 5 could be sourced by alternative energy systems, the carbon balance
of these plants may fall into a more desirable range. A sensitivity analysis was performed
to examine the difference in carbon emissions if the energy to charge the gasifier with steam
could be sourced from renewables (e.g., solar thermal).

3. Results and Discussion
3.1. Material and Energy Balances

Table 2 shows the overall material balances for the processes examined. Case 2, steam
methane reforming (SMR) produces the most hydrogen of all the processes. This is due
to the clean nature of the feed which readily reacts with steam to yield H, much more
efficiently than the solid gasification processes. Case 3 (plastic/biomass oxyfuel) is very
similar to Case 1 (coal oxyfuel), however the yield of hydrogen is about half. This suggests
that due to the lower combined heating value of the fuel, an MSW-cogasification facility
needs to input more feedstock per desired unit hydrogen [30]. The biomass and organic
fraction of the feed brings down the intrinsic heating value. Plastics, however, boost the
calorific value of the feed due to the abundance of C-C and C-H bonds (e.g., LDPE is about
85% carbon by mass) [31]. The potential for the creation of tars and waxes is very prevalent
during the gasification of plastics, and thus the gasifier temperature needs to be kept
constantly elevated [11]. Case 4 elucidates that using steam as an oxidant can more readily
produce hydrogen in an MSW-cogasification facility and unload power requirements from
the ASU; however, the energy requirements for producing the steam charge to the gasifier
are large. Case 5 showcases that the use of a gasifier bed material, in this case portlandite,
can seriously alleviate both carbon dioxide emission and the penalties associated with the
physisorption SELEXOL process [32]. Finally, the air gasification shows little merit (Case 6),
with low hydrogen yields and high emissions. This further supports a growing consensus
that either pure oxygen or steam must be used as a gasifier oxidant to avoid penalties from
circulating large amounts of nitrogen.

Energy balances, in terms of the main users and producers, were tabulated to
evaluate the efficacy of the plants from a full-scale power generation standpoint. Overall,
similar trends as discussed for the material balances exist for the energy balances as
well (Table 3). Case 1 and Case 3 are very similar from an energy balance, as expected,
showcasing the predictability of oxyfuel fired gasification processes. The ability to
generate roughly the same amount of power, but different hydrogen yields, shows
that the differences in the energetic value of the feedstocks are most important in the
yield of hydrogen. In Case 4 and Case 5, steam gasification and sorption enhanced
steam gasification, significantly boosting the yield of net power, almost 4- and 3.2-fold,
respectively. This is impressive, but likely due to the large presence of reformation and
methanation reactions that are driven by the steam. These reactions are less likely to
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occur in the presence of oxygen, as partial oxidation will be dominant. However, it
should be noted that preparation of the steam to feed the gasifier requires large amounts
of energy, almost 1024 MMKcal/h in Case 4 and 512.1 MMKcal/h in Case 5. This is
because in the absence of oxygen, steam gasification is mostly endothermic, so the heat
for gasification must come from an ancillary boiler. This boiler will likely be fired with
natural gas, and thus will incur additional CO; penalties. However, from an absolute
yield Case 4 and Case 5 are the most efficient in terms of power generation.

Another important metric in assessing the efficacy of these gasification processes is
the feedstock conversion capacities, expressed in both per tonne of hydrogen produced
and per MW of power generated. Figure 3 showcases these LCA metrics for all six of
the gasification cases studies. As observed, the process utilizing natural gas SMR to
generate hydrogen and power is the most efficient from per tonne of methane utilized
and per tonne of hydrogen produced. This is attributed to the energetic value of the
feedstocks, with methane being the highest. Similarly, coal oxyfuel gasification (Case 2)
and the plastic/stover oxyfuel gasification (Case 3) follow the same trend in tonne
feedstock/tonne hydrogen, with Case 3 being the most at about 22 tonnes of feedstock
per tonne of hydrogen produced. As seen in Case 4 and Case 5, the use of steam and
steam plus a gasifier bed sorbent can actually reduce the required tonnage of feedstock
per tonne of hydrogen and tonne of feedstock per MW of power. The use of steam as
an oxidant increases the amount of methane and hydrogen relative to the other gases,
while oxygen in the gasifier increases the relative amounts of CO due to the partial
oxidation. Using a gasifier-bed sorbent brings down the tonne of feedstock required
per tonne of hydrogen produced by further increasing the amount of hydrogen through
in situ carbon capture. By capturing carbon dioxide that is being generated in the
gasifier, the sorbent effectively shifts the equilibria of the water gas shift by removing
CO; in solid form as a carbonate salt, thereby allowing more CO to react with water
to yield increased fractions of hydrogen [18]. Thus, the use of bed-active gasifier
materials could be an attractive way to further enhance the production of hydrogen
from low-calorific-value feedstocks.

W tonne feedstock/MW power
W tonne feedstock/tonne hydrogen

Coal, Oxyfuel

Case 2: Case 3: Case 4: Case 5: Case 6:
Methane, SMR Plastic/Stover, Plastic/Stover, Plastic/Stover, Plastic/Stover
Oxyfuel Steam Sorbent/Steam Air

Figure 3. Feedstock production capacity LCA metric for six gasification cases in terms of tonne of
feedstock needed for tonne of hydrogen produced (red) and tonne of feedstock needed per MW of
power generated (blue).
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3.2. Environmental Impact Assessment

Table 4 shows the environmental impact of the six gasification cycles studied. The
major environmental pollutants produced from this site are: carbon dioxide emissions,
nitrogen oxide (NOx) emissions from the GTCC, CO emissions from non-combusted
material in the GTCC, hydrogen sulfide emissions from the gasification process, chloride
emissions from the gasifier, ash emissions (both bottom and fly ash), and process waste-
water [33]. Carbon dioxide is produced in both the gasification process and the gas turbine
as well. In Cases 4 and 5, where very-high-pressure (VHP) steam is injected into the
gasifier, additional CO, emissions are incurred from a boiler producing the steam. NOx
emissions stem from the gas turbine, where nitrogen can itself become oxidized. CO is
emitted from incompletely combusted materials in the gas turbine, and has to be controlled
as it is poisonous in large quantities. Diluents can be injected into the gas turbine to
mitigate NOx emissions by lowering the combustion temperature; however, lowering the
combustion temperature will also increase the amount of CO [34]. Thus, the addition of
a diluent must be carefully tuned. Chlorides and ash wastes are significant problems in
MSW gasification operations, and need to be carefully controlled to prevent the emission
of hazardous pollutants. Chlorides must be removed early on in the process to prevent
corrosion downstream via chloride-induced corrosion stress cracking [35]. As seen in
Table 4, Case 3 (plastic/biomass, oxyfuel) actually generates the least amount of carbon
dioxide and correspondingly low amounts of NOx and CO relative to all other scenarios.
Due the presence of the ASU, water was only used to make a feedstock slurry in this case,
and thus process waste-water requirements are also reduced. Case 4 yields the highest
amount of carbon emissions due to the firing of almost 1124 MMKcal/h of VHP steam as an
oxidant in the gasifier, higher CO emissions, and large amounts of waste-water produced.
The addition of a sorbent, as shown in Case 5, can assist in reducing CO,, CO, Cl, Ash, and
waste-water emissions relative to Case 4. Thus, the use of a catalytically active gasifier bed
material could help at reducing the emissions profile of steam-based gasification processes,
which can also produce more hydrogen.

3.3. Emission Potential (CO,-Equivalents)

Overall, it was determined that the air-blown gasification of an MSW plastic/corn
stover is the worst from a carbon emission standpoint per tonne of hydrogen produced
and MW power (Figure 4). The use of the SELEXOL-based carbon capture process and
its advantages can clearly be observed in all other gasification cases relative to Case 6. It
should be noted that most of the carbon dioxide emissions for Cases 1-5 used in these
LCA metrics come from the HRSG stack, and are generated during the combined cycle.
Additional carbon capture systems could be installed for the stack gas; however, for the
purpose of this study it was not considered due to the dilute amounts of CO; present in the
flue gas. Cases 1-5 are quite similar in their carbon emissions relative to power generated,
however using steam as an oxidant does incur a greater CO, penalty per MW power and
an extreme penalty in terms of tonnes of CO, per tonne of hydrogen produced. This can
be explained by the fact that water is a lesser oxidant in gasification systems. A penalty
is incurred in steam gasification because of the large gas firing duties from the auxiliary
boilers to supply steam. The chief reactions occurring during steam-based gasification
are methanation coupled with water—gas shift, yielding high amounts of methane and
hydrogen. The sheer mass of methane allows the significant recovery of energy by firing
in the gas turbine, suggesting that from a power perspective, steam gasification could
make energetic sense, however from a commodity chemical standpoint, it may not be the
best method of recovering value from MSW and biomass. The data suggest that full-scale
oxyfuel MSW-plastic/biomass co-gasification facility equipped with a GTCC-HRSG is
competitive enough to compete in the range of conventional SMR and coal gasification
plants on all emissions LCA metrics as indicated by Figure 4.
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Figure 4. Carbon dioxide LCA emission metric for six gasification cases in terms of tonnes of
carbon dioxide emitted per tonne of feedstock (green), tonnes of carbon dioxide emitted per tonne of
hydrogen produced (red), and tonnes of carbon dioxide emitted per MW of power generated (blue).

Carbon Capture Potential

As a component of the LCA, a full carbon balance was performed to assess the
overall environmental greenhouse gas release potential of the various gasification cycles
studies herein. Overall, all gasification cases, with the exception of the air-blown gasifier,
were tuned such that almost all of the carbon dioxide produced during gasification
was captured using the SELEXOL process. Thus, the intrinsic syngas carbon capture
efficiency for all cases (except 6) was approximately 100%. In all cases, as a component of
the combined cycle process, a gas turbine was operated to fully combust the PSA offgas.
As visualized in Figure 5, the carbon capture efficiency for Case 1 (coal, oxyfuel) and
Case 2 (autothermal methane reforming) is quite similar, however the overall carbon
emissions for Case 2 are the highest of all the processes. The large amount of CO,
released in the autothermal reforming process is due to the highly energetic value of
the methane feed, producing a PSA off-gas which is quite rich in methane and CO
with a great combustible value. The MSW-plastic/biomass oxyfuel, steam, and steam-
sorbent gasification series showed relatively similar total CO, emissions, suggesting
that the PSA off-gas has roughly the same energetic composition to feed the gas turbine.
Interestingly, the sorption-enhanced gasification process yielded the highest degree of
potential carbon capture due to the presence of the portlandite, which performs in situ
capture of CO; in the gasifier (producing carbonates), yielding a higher-purity hydrogen
and methane stream for downstream use. Portlandite or Ca-bearing phases can be
sourced from alkaline industrial wastes, such as steel slag, construction and demolition
waste, and mine tailings, which could be used as sorbent materials in this process [36,37].
Regeneration of Ca gasifier-bed active materials could be achieved through conventional
calcination and slaking cycles (e.g., calcium looping) which would produce pure gaseous
CO; for storage, but this could be energy-intense, require additional unit operations, and
require piping and access to CO; storage wells [38]. The produced calcium carbonates
from such a process could be re-used in carbon utilization applications, especially within
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the context of the built environment. Recent studies have attempted to understand
the processes and mechanisms that are the most important in the crystallization of
CaCO;s for carbon utilization [39,40] in addition to how these carbonates modify cement
hydration [41] and rheology [42] when they are reincorporated as new built environment
building blocks. Alternatively, if the carbonate materials are not re-utilized within
industrial applications, they can be stored as thermodynamically stable CO, sinks
underground (e.g., reclaimed mines) for deep and permanent sequestration.
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Figure 5. Carbon capture potential for the six gasification cycles considered in this study. The chart
shows the total carbon emissions produced (grey), the total carbon captured (red), and the carbon
emissions from the turbine (blue). On the right axis (in green), the carbon capture efficiency was
tabulated for all the processes.

3.4. Sensitivity Analysis: Use of Renewable Energy Systems

In order to reduce carbon emissions during the generation of steam for the steam
gasification of MSWs, a sensitivity test was conducted to investigate offsets using renewable
steam generation methods. One such promising technology is the use of concentrating
solar power (CSP) plants to supply thermal energy. These facilities utilize thousands of
heliostats and power towers to concentrate solar light to a point source boiler at high-
pressure and high-temperature conditions (>60 bar, >550 °C). A comparison between the
different emission profiles of Case 4 and Case 5 was tabulated on both a per power basis
(Figure 6a) and on a per tonne of hydrogen basis (Figure 6b). Overall, significant reductions
in CO, emissions can be achieved by using CSP to provide heat to the gasifier, especially in
Case 4, where no sorbent was utilized in the gasifier itself. The potential hybridization of
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these steam gasification processes with alternative energy systems may make them more
attractive for both near-term and long-term investment prospects.

Etonne CO, emission/MW power (non-Ren)
@tonne CO, emission/MW power (Ren)

(a)

b mtonne CO, emission/tonne hydrogen (non-Ren)
-( ) — Btonne CO, emission/tonne hydrogen (Ren)
- — N
Case 4: Case 5:
Plastic/Stover, Plastic/Stover,
Steam Sorbent/Steam

Figure 6. Analysis of using a solar thermal-based power process to produce the steam required for
the steam gasification cases, Case 4 and Case 5 in the context of MSW plastic/biomass gasification.
Offsetting carbon emissions that are incurred through boiler firing to generate the steam for the
gasifier would yield significant benefits from carbon balance standpoint. This figure showcases the
reductions (green) versus the base case (black) in tonne of CO, per MW power (a) and tonne of CO,
per tonne of hydrogen (b) produced.

3.5. Limitations of the Study
While the methodology used in this study provides valuable insights into the conver-
sion of biomass and plastic materials via integrated gasification, several limitations should
be noted:
1. Scope Limitation: The attributional cradle-to-gate LCA primarily focuses on the
conversion process and excludes pretreatment and transportation of feedstocks. This
might not capture the complete environmental footprint of the entire lifecycle.
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2. Data Quality and Reliability: Assumptions made throughout the study, as high-
lighted by ISO 14040, can impact the results. While they are meant to provide clarity,
they may also introduce biases or inaccuracies.

3. Thermodynamic Models: The choice of the Predictive Soave-Redlich-Kwong (PSRK)
and NRTL-Electrolyte methods for thermodynamic modeling, while robust, may not
account for all possible chemical interactions or unforeseen process deviations.

4.  Feedstock Representation: The study considers a mix of corn stover and MSW-
derived plastics as a representation. The variability in actual feedstock compositions
in real-world scenarios might result in different outcomes.

5. Limitation of Indicators: While multiple environmental indicators were assessed,
other potential environmental impacts might not have been captured in this study.

6. Scaling Limitations: The results obtained are based on the described process
configurations and may not directly scale or apply to different setups or larger
industrial scenarios.

7. Sensitivity Analysis: The study assumes that the energy for certain processes could
be sourced from renewables. In real-world scenarios, the availability, consistency, and
reliability of renewable sources can vary, impacting the outcomes.

8. External Factors: External factors like policy changes, technological advancements,
or economic factors that might influence the feasibility and efficiency of the described
processes in the future were not considered.

Future research should consider addressing these limitations for a more comprehensive
understanding of the gasification process and its environmental impacts.

4. Conclusions

Gasification systems applied to mixture of biomass and MSW-derived plastic wastes
comprise a technology that has immense potential. As seen by the carbon and energy
balances presented herein, steam gasification is a promising method to dispose of these
plastics /biomass feedstocks and yields 75% greater fraction of power per tonne of
feedstock and 33% greater fraction of hydrogen per tonne of feedstock as compared to
air or oxyfuel gasification. Although steam gasification could be a better gasification
pathway, extreme heat penalties are incurred via an auxiliary boiler to supply the steam
charge. This decreased the total carbon capture ability of the plant by about 10%.
However, sourcing alternative energy resources to supply the gasifier with the steam (e.g.,
CSP), could become practical in a carbon-constrained world, allowing the hybridization
of alternative energy, waste disposal, and commodity chemical production. Lastly,
using gasifier active bed materials, such as sorbents like portlandite [Ca(OH),], can
dramatically reduce the need for complicated scrubbing systems (e.g., SELEXOL) and
the produced calcium carbonate could be safely stored or reused for carbon utilization
efforts. Overall, this study provides a thermodynamic metric assessment of emerging
gasification technologies to deal with the growing problem of MSWs, especially those
rich in biogenic and plastic fractions. As society moves closer towards the development
of circularized commodities economies, these advanced gasification facilities, especially
using sorbent materials, become quite attractive.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en16227548 /s1, Table S1: Assumptions for the gasification LCA
presented in this study adhering to the ISO 14040. Table S2: Various WtE feedstocks and their
associated elemental ultimate analysis (if known) and corresponding Gross Calorific Value (M]/kg).
Table S3: The estimated feedstock energetic values for the gasifier thermodynamic block based on the
aforementioned collected feedstock data from Table S2. Figure S1: Overall Process Flow Diagram
(PFD) of the modeled IGCC showing all of the major unit operations and the flow of materials
throughout. Refs. [43—47] are cited in the Supplementary Materials.
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Abstract: Various research and development activities are being conducted to use hydrogen, an
environmentally friendly fuel, to achieve carbon neutrality. Using natural gas-hydrogen blends has
advantages such as the usage of traditional combined cycle power plant (CCPP) technology and
existing natural gas piping infrastructure. Therefore, we conducted CCPP process modeling and
economic analysis based on natural gas-hydrogen blends. For process analysis, we developed a
process model for a 400 MW natural gas CCPP using ASPEN HYSYS and confirmed an error within
the 1% range through operation data validation. For economic analysis, we comparatively reviewed
the levelized cost of electricity (LCOE) of CCPPs using hydrogen blended up to 0.5 mole fraction.
For LCOE sensitivity analysis, we used fuel cost, capital expenditures, capacity factor, and power
generation as variables. LCOE is 109.15 KRW /kWh when the hydrogen fuel price is 2000 KRW /kg
and the hydrogen mole fraction is increased to 0.5, a 5% increase from the 103.9 KRW/kWh of CCPPs
that use only natural gas. Economic feasibility at the level of 100% natural gas CCPPs is possible by
reducing capital expenditures (CAPEX) by at least 20%, but net output should be increased by at least
5% (20.47 MW) when considering only performance improvement.

Keywords: hydrogen—natural gas blends; economic analysis; levelized cost of electricity; total

revenue requirement; low-carbon fuels

1. Introduction

The use of fossil energy in various industries generated 37.1 billion tons of CO,
emissions worldwide in 2021, which has been causing environmental problems, such as
global warming and ocean acidification [1]. Moreover, since CO; is a major cause of climate
change, in February 2021, 124 countries pledged to make joint efforts to eliminate carbon
using carbon reduction technologies to become carbon-neutral by 2050 or 2060 [2]. The plan
is to continue to reduce CO; emissions through various kinds of research and development
activities, but transition to environmentally friendly fuels is crucial at this point to achieve
zero emissions. When hydrogen, which is a typical environmentally friendly fuel, is
used as a fuel for power generation, only oxygen (O;) is created as the by-product in the
process, and hence it can be the ultimate solution to problems related to energy and the
climate crisis. According to market research by the International Energy Agency (IEA),
the global demand for hydrogen was 75 million tons in 2019, but it is expected to increase
sharply to approximately 1200 million tons by 2070 as its application scope expands to
industries, transport, and fuels. Moreover, using hydrogen or hydrogen-based fuels is
expected to reduce CO; emissions by 8% per year, which is why it is necessary to use
hydrogen for sustainable energy industries [3]. To use hydrogen in various industries,
it is necessary to establish the entire process of production, storage, and supply. First,
hydrogen is classified into three types according to the production method. Gray hydrogen
is produced through steam methane reforming (SMR) of fossil fuels (coal, oil, or gas),
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blue hydrogen is produced by additionally applying carbon capture and storage (CCS)
equipment, and green hydrogen produces hydrogen through renewable energy [4]. Of
all the hydrogen produced worldwide, 48% is produced using natural gas, 30% using oil,
and 18% using coal; only about 4% is produced using water electrolysis [5]. Moreover, less
than 1% is produced using renewable energy, which suggests a need to increase production
of green hydrogen through continuous R&D and demonstration [6]. Next, the storage
and supply method of hydrogen is addressed. To use hydrogen as a fuel, countries with
insufficient hydrogen production are considering phase-converting and storing gaseous
hydrogen in a liquid state and then supplying it through transport. Liquid hydrogen has
an extremely low melting point, 20 K, and it generates boil-off gas (BOG) even with a
small heat input from the outside, which limits long-distance transport. Hence, continuous
efforts are being made to establish a hydrogen ecosystem by developing technologies, such
as slush hydrogen production for zero boil-off application [7,8] or methods to transport
hydrogen using catalytic reactions of organic liquids, such as toluene/methylcyclohexane
and ammonia (NH3) [9-11].

It Is difficult to ensure economic feasibility with existing technologies, considering
the production, storage, and transport process of hydrogen, but it will be possible to
produce grey hydrogen for USD 1.0-USD 2.1/kg, blue hydrogen for USD 1.5-USD 2.9/kg,
and green hydrogen for USD 3.0-USD 7.5/kg [12]. As 7.5-8 kg of oxygen is generated
per kg of hydrogen through electrolysis when a hydrogen electrolyzer is used, a plan
has also been suggested to ensure economic feasibility by lowering the cost of produced
oxygen to USD 2.98-USD 3.2/kg-H, in connection with biomass gas and the process [13].
Moreover, the method of blending natural gas and hydrogen has been receiving attention
for using business infrastructure that is already established, and many studies are currently
being conducted on this method [14]. Blending hydrogen into a natural gas pipeline
network can reduce greenhouse gas emissions more than using just natural gas alone.
An experiment proved that blending 20% hydrogen into natural gas for combustion can
reduce CO; by up to 9.33% per year [15]. Other experiments have also confirmed that
blending as much as 20% hydrogen into the engine using natural gas results in lower
emissions such as hydrocarbon and carbon monoxide than recommended by European
emission standards such as Euro-5 (Euro V) and Euro-6 (Euro VI) [16,17]. Furthermore,
it is possible to ensure economic feasibility and increase supply by using the natural gas
pipeline networks established in each country, and the demand and supply of hydrogen
can be adjusted by gradually increasing the amount of blended hydrogen from 0.1% to
10%, until a large amount of hydrogen production is secured [18,19]. Countries such as the
UK, Netherlands, and France have studied ways to blend 2-20% hydrogen into the existing
natural gas pipelines and reviewed the applicability by changing the method of combustion
control and reinforcing safety equipment [20-22]. However, an experiment regarding the
effect of operating pressure on piping when blending natural gas and hydrogen proved that
fatigue life rapidly decreased when the amount of hydrogen blended into high-pressure
12 MPa natural gas piping was increased up to 50%, which suggests the need for additional
research on materials [23]. A combustor design to prevent flashbacks is important since
hydrogen combusts faster than natural gas. Cameretti et al. suggested a method that does
not cause flashbacks even when blending more than 10% hydrogen into natural gas using
computational fluid dynamics (CFD) [24]. The well-known problem of flashback at higher
hydrogen concentrations can be prevented by using water dilution [25]

Recently, gas turbines have been developed, such as the distributed electric and
thermal energy generation to avoid any possible waste [26]. Combustor development is
one of the key technologies of gas turbines, and the GE DLN-2.6 combustor is capable
of 15% hydrogen cofiring, which is limited to 5% in actual operation. There is ongoing
research and demonstration to apply high-concentration hydrogen of more than 50% [27].
Siemens is capable of up to 15% hydrogen blending without significantly changing the
current natural gas combustor for natural gas-hydrogen cofiring and is currently validating
the performance of the gas turbine combustor to apply up to 50% [28]. An examination of

20



Energies 2023, 16, 6822

fuel characteristics and review of the performance of diaphragm gas meters to accurately
measure the flow rate of blended gas revealed that the error is small when 0-15% hydrogen
is blended into natural gas [29].

Meanwhile, many studies anticipate several benefits from using natural gas-hydrogen
blends, but there are several problems. Italy has a natural gas pipeline network of approxi-
mately 300,000 km, so economic benefits are expected from blending hydrogen. However,
the lower heating value (LHV) per unit mass of hydrogen is 120.1 MJ /kg, which is higher
than that of natural gas (49.3 MJ /kg), but the heating value per unit volume is 10.8 MJ /Nm?,
which is lower than that of natural gas (39.08 MJ/Nm?). Hence, the volume of hydrogen
should be at least 3.6 times that of natural gas to produce the same heating value [30].
Therefore, when using blended fuel, it is important to design the combustor according to
the increase in volume. Moreover, various studies have been conducted on the levelized
cost of hydrogen (LCOH) in which hydrogen is produced and stored using a hydrogen
electrolyzer associated with renewable energy, but many studies are still needed to ensure
economic feasibility at the level of USD 37.9-USD 52.9/kg when applying a 200-300 kW
hydrogen electrolyzer [31]. Therefore, this study validated a process model for a combined
cycle power plant (CCPP) using natural gas-hydrogen blends as fuels and examined the
economic benefits of using natural gas—hydrogen blends through economic analysis. First,
we validated the analytical model by comparing the simulation results of the existing
CCPP process that uses 100% natural gas as fuel with actual operation data. Then, using
the validated model, we calculated the change rate in power generation and temperature
character depending on the amount of hydrogen blended. Therefore, we verified the fuel
costs of adequate hydrogen by comparing the levelized cost of electricity (LCOE) expected
from operating a 400 MW CCPP with natural gas-hydrogen blends. In addition, we pro-
posed proper operation conditions to secure competitiveness with natural gas CCPPs by
comparing LCOE according to changes in hydrogen fuel cost, capacity factor, and facilities
investment cost, namely, capital expenditures (CAPEX).

2. Methodology
2.1. Process Model
2.1.1. Assumption of Combined Cycle Power Plant (CCPP)

The CCPP process generates power using natural gas as fuel, and it is a system that
operates at more than 60% efficiency by generating power from a gas turbine while recov-
ering the heat from the high-temperature exhaust gas discharged simultaneously, which
is supplied to the steam turbine [32]. CCPPs mainly comprise a compressor, gas turbine,
heat recovery steam generator, steam turbine, deaerator, condenser, boiler feedwater pump
(BFP), and condensate extraction pump (CEP).

Figure 1 shows the schematic diagram for the performance review of a CCPP, which
mostly comprises 1 gas turbine, 1 heat recovery steam generator, 1 steam turbine, and
balance of plant (BOP) equipment. The net power output of the process is 393.58 MW,
and the net power efficiency at higher heating value (HHV) and lower heating value
(LHV) is 53.6% and 58.8%, respectively. Conditions such as ambient relative humidity
of 60%, ambient dry bulb temperature of 15°C, and atmospheric pressure of 1.013 bar(a)
were considered, and the HHV and LHYV of the natural gas supplied were 54,136 k] /kg
and 49,300 kJ/kg, respectively [33]. In addition, the following conditions were set for
process analysis.

The flow is in a steady state.

Air and combustion products are assumed as ideal gas.

The gas turbine and steam turbine models are operated at a steady state.

Heat transfer between the components of the plant and the environment is negligible.

We used ASPEN HYSYS V 12.0 for the CCPP process modeling and applied the Peng—
Robinson (PR) equation of state (EOS) for analysis. The values provided by the HYSYS
database were used for material properties. The composition of Natural gas is shown in
Table 1.
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Figure 1. Schematic diagram of a combined cycle power plant.

Table 1. Natural gas fuel composition.

Gas CHy4 CyHg CsHg
Vol (%) 89.5 8.8 1.7

2.1.2. Model simulation

For CCPP process modeling, we used the 400 MW CCPP heat and mass balance dia-
gram operated by Korea South-East Power Co., Ltd. (Jinju, Republic of Korea). To perform
block modeling including the gas turbine, the combustion efficiency of the combustor was
set at 100% and the heat loss that may occur in the combustion process was set at 3%. The
efficiency of the gas turbine and compressor was set at 85% and 89.3%, respectively, and
it was modeled so that 11% of the compressed air flow would be used for cooling the
gas turbine. Required equations for the calculation of components of compressor and gas
turbine are given below [34].

Compressor
1 k1
Tout = Ty <1 + 1“7 <7Akc - 1)) (1)
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Gas turbine

P\ F
Tout = Tin(l —nGr 1- (P > (2)
out

The heat recovery steam generator of the steam turbine block was modeled by ar-
ranging 4 economizers, 3 evaporators, and 7 superheaters, and the minimum approach
temperature was set at 5 K. We conducted a comparative review on temperature, pressure,
and flow rate at the major points, and the differences between the actual heat and mass
balance diagram and the simulation model are as shown in Table 2.

Table 2. Thermophysical property comparison of actual and simulation data.

Temperature (°C) Pressure (Bar) Mass Flow Rate (t/h)
Point Stream
Actual Simulation Actual Simulation Actual Simulation

1 Air 15 15 1.013 1.013 2,122 2132
2 Natural gas 200 200 39 39 48.83 48.83
3 Com;;ss“"n 1500 1,514 39 39 2,170 2181
4 Exhaust gas 611.8 616.0 1.039 1.09 2,170 2181
5 Exhaust gas 83.0 83.6 1.013 1.07 2,170 2181
6 Steam 596.4 596.0 129.7 129.7 257.5 288.8
7 Steam 582.3 582.0 27.2 31.3 283.1 317.4
8 Steam 235.5 238.2 2.0 2.5 289.5 289.6
9 Steam 244.2 245 4.0 4.2 47.8 49.2
10 Steam 294 31.2 0.041 0.094 340.1 342
11 Water 29.5 29.5 9.5 9.5 340.8 345

The model analysis results revealed a difference in flow rate at certain points, and
there were some errors in the process since the LP sealing steam and the steam fumed
intermittently to the condenser. However, we confirmed that the maximum error was
around 1% by similarly controlling the rates of fuel consumption and total power produced
in the steam turbine and gas turbine blocks. The thermodynamic efficiency of the CCPP
was evaluated by net efficiency (n,,.; ccpp) based on the power produced, and it is defined
as shown in Equation (3).

Pnef, GT + szt, ST % 100 (3)
(rinG) x LHV

MNinet, CCPP =

Here, Pyt gt is the net power of the gas turbine, excluding the auxiliary power gener-
ated in the compressor from the gross power produced in the gas turbine. P, st is the net
power of the steam turbine, excluding power such as BFP and CEP from the gross power
produced in the steam turbine, and 11 is the fuel supply based on LHV.

We compared the change in the amount of hydrogen blended with natural gas by
increasing the amount from 0 to 0.5 in mole fraction. Equation (4) shows the natural
gas-hydrogen blend ratio in mole fraction [35], and the amount of natural gas—hydrogen
blends injected is as shown in Table 3.

Mole fractionyy = __XH2 100 4)
XH2 + XNG

2.2. Economic Model
2.2.1. Methodology of Levelized Cost of Electricity (LCOE)

Connecting the processes or converting fuels can improve the efficiency of the CCPP
system, but it generally involves a complicated system or reduces economic feasibility.

Hence, a newly proposed process or a process altered by fuel conversion requires a com-
parative review between different power generation systems through economic evaluation.
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The LCOE can quantitatively evaluate the economic feasibility of the source of power
through the process of converting the costs required for constructing and operating the
equipment in the CCPP into the present value and levelizing them. The total revenue
requirement (TRR) methodology used by the US Electric Power Research Institute (EPRI)
was applied to calculate the LCOE of the 400 MW natural gas-hydrogen CCPP [36].

Table 3. Flow rate of blended fuel based on mole fraction.

Fuel Composition

H, Mole Fraction H, FK)ILV) Rate NG Mole Fraction NG F(lt(/)l‘:; Rate
0 0 1.0 48.83
0.1 0.662 0.9 47.38
0.2 1.435 0.8 45.68
0.3 2.352 0.7 43.67
0.4 3.455 0.6 41.24
0.5 4.808 0.5 38.26

The TRR calculates the cost of system construction and other expenditures with the
cost that must be recovered annually by selling electric power. Hence, it requires the
calculation of TCI (total capital investment), which consists of FCI (fixed capital investment)
and OO (other outlay). FCl is divided into DC (direct cost) and IC (indirect cost) and is
expressed as shown in Equation (5).

TCI = FCI + 00 = DC + IC + 00 (5)

DC includes purchased equipment cost (PEC), piping, land, and service facilities, and
IC includes engineering cost, construction cost, and contingency. OO includes startup cost,
working capital, and allowance for funds used during construction.

Meanwhile, TRR is calculated as the sum of annual expense and CC (carrying charge)
required for facility operation. Expenses comprise electricity cost (or fuel cost, FC) and
O&M cost (OMC), and CC includes capital recovery, return on equity, return on debt,
income taxes, other taxes, and insurance. Figure 2 shows the diagram for calculating
TRR [37].

CR; (capital recovery) is calculated as the sum of BD; (book depreciation), DITX;
(differed income taxes), and RCEAF; (recovery of common-equity AFUDC), as shown in
Equation (6).

CRj = BD; + DITX; + RCEAF; (6)

DITX is the tax incurred owing to the difference between TXD (tax depreciation) and
BD (book depreciation), and it is as shown in Equation (7), considering fyarcs, j (rate of
depreciation), t (tax rate), and TL (taxation period).

TXD =TDI+ fmarcs,j j=1 ..., TL +1
TXD =0 j=TL +2,...,n
DITX = (TXD—BD) xt j=1,...,TL 4+1 @)

DITX — — YL DITX,
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Meanwhile, CC (carrying charge) is calculated as shown in Equation (8), using vari-
ables such as ROI (return on investment), BBY (balance beginning of year), f, (funding
ratio), ADJ (adjustment), and BD (book depreciation).

ROI = BBY; iy
BBY = TCI x fq

x= d,ps, ce
x = d,ps, ce

BBY; = BBY; 1 — (BDj_1 + ADJ;-1) j=2,...,n
ADY]/d:DITX]Xfx j:21--'/n/del ps
ADY]r,d:DITX]'Xfce“FRCEAFj j=1...,n
ITX = ﬁ(ROIce X ROIPS + RCEAF]') — DITX

Direct Cost(DC)

Purchased Equipment Cost

Piping

Service Facilities

Electrical equipment

A
=
g
a

System
Equipment cost data

Indirect Cost(IC)
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Figure 2. The concept of the TRR method for a CCPP.

)

Then, to levelize TRR, i.e., the sum of CC and expense, the constant escalation leveliza-
tion factor (CELF) is applied to the cost incurred for overall system operation, as shown in

Equation (9).

n .
CCL = CRF x y, ——I
' 1 (.1+leé(f>
CRE — ot (Utiers)
(1+ippr) "1

FCL = FCO X CELFPC
CELFpc = % X CRE, kg = 1
OMCL = OMCO X CELFOMC
CELFoue = 4 0kbuc) 5 CR, Kowe = e
TRR; = CCp + FCr, + OMCy,
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The LCOE is calculated by subtracting BPV (by-product value) from TRR and dividing
the result by annual power, as shown in Equation (10) [38].

TRRy — BPV

2.2.2. Capital Cost Calculation

To calculate the LCOE of a natural gas-hydrogen CCPP, a levelization process is
required to prepare cash flows, calculate annual costs to be recovered, and convert them
into present values. Hence, a few necessary conditions for economic analysis were assumed,
as shown in Table 4. For the annual inflation rate, nominal inflation rate, and exchange rate,
1.5%, 1.5%, and KRW 1100 were applied, respectively, with the consideration of the means
from 2012 to 2020 for each [39,40]. The first and second FPI supply refer to the facilities
investment cost of each year, assuming that the construction period is two years, and this
is randomly assumed to convert the interest incurred during the construction period into
allowance for funds used during construction. Total income tax rate was set as 22%, and
other tax rate as 2.0%, which is 10% of total income tax rate [41]. Since the lifetime of a
turbine, which is a major facility, is generally about 30 years, plant life was set as 30 years
and tax years, as 20 years [42]. In addition, capacity factor was set as 28.6% based on the
actual utilization rate, and for fuel cost, the actual fuel cost of the CCPP operated by Korea
South-East Power Co., Ltd. was applied. Regarding the combustor replacement cost for
natural gas-hydrogen cofiring, we used the data provided by a gas turbine company in
Korea. The results obtained from the experiment and analysis of CFD can be used to adjust
the amount of hydrogen blended or replace the combustor for application to the existing
CCPP system [43].

Table 4. Economic assumptions and index input for economic analysis.

Contents Unit Value
Annual inflation rate [39] Y% 1.5
Nominal inflation rate [39] %o 1.5
Overall Fuel escalation %o 1.0
economic Levelized interest rate Y% 47
index First FPI supply % 40.0
Second FPI supply % 60.0
Won-dollar exchange rate [40] KRW 1100
Plant design start year year 2020
Plant construction start year year 2020
Plant operation start year year 2022
: Financing fraction Y% 50.7
System Common equity Re uired.annfual return (Zo 38
. . inancing fraction Y% .
financing Preferred stock Required annual return Y% 8.0
Debt Financing fraction %o 49.3
€ Required annual return % 24
Resulting average cost of money % 47
Total income tax rate [41] Y% 22.0
Other tax income rate [41] % 2.0
Plant life [42] year 30
Tax life year 20
Capacity factor (or plant operation rate) % /year 28.6
Power plant net power kW 406,211
Fuel cost Natural gas unit price UsD/M] 20,488
Plant operation Hydrogen unit price UsD/t 7273
index Number of combustors ea. 14
Unit cost per combustor USD/ea. 272,727
Combust Lifetime of combustor h 25,000
ombustor Total Combus’gor cost for USD 26,757,818.2
repair

Total combustor cost for
repair per year USD/year 1,337,891
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Meanwhile, for the total facilities investment cost, land cost, and other utility costs
of the natural gas CCPP, we used the data provided by Korea South-East Power Co., Ltd.,
and other main equipment manufacturers to calculate DC, IC, and OO. Table 5 summarizes
the total net outlay and total facilities investment cost that is not depreciated from the total
investment cost calculated.

Table 5. Capital cost calculation summary.

Contents Cost (USD)
Onsite costs P“rChasefo‘;‘tlmpmem 209,090,909
Offsite costs Land cost 20,909,901
Direct cost ivi
Civil, struc’fu.ral and 118,181,818
supervision
Fixed capital Total cost 348,181,818
investment
Engineering and supervision 27,854,545
Indirect cost Construction cost 52,227,273
ndirect cos Contingency 64,239,545
Total cost 144,321,364
Total cost 492,503,182
Fuel and O&M for startup 9,543,459
S Escalated startup cost 288,451
tartup cost
Total cost 9,831,910
Oth . ) Working capital cost 23,233,479
ther outlay Worl.qnlg Escalated working capital cost 1,061,267
capita
P Total cost 24,294,746
AFUDC Allowance for funds used during construction 30,372,455
Total AFUDC after 2 years 34,883,398
Land cost 20,909,091
Pl'ant facilities 490,220,655
investment
Total capital investment Total net outlay
(TCI) Startup cost 9,831,910
Working capital 24,294,746
Total net outlay 545,256,402
Total cost 580,139,800
Total net capital investment Total capital investment 580,139,800
Total cost 580,139,800
Land cost 20,909,091
TOtil flleprectiablet Total nondepreciable capital investment Working capital 24,294,746
capital Investmen Common equity
AFUDC 25,948,579
Total cost 71,152,416
Total depreciable 508,987,384

capital investment

2.2.3. Model Development

Before calculating the LCOE of the 400 MW natural gas-hydrogen CCPP system, it
is necessary to validate the TRR model. Hence, validation was conducted to determine
whether the same level of LCOE is calculated by applying the actual facilities investment
cost of Bundang CCPP Unit 2, which has been in operation since 1997. Table 6 summarizes
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the variables applied for validation. The results showed that the LCOE calculated using
the suggested TRR method was 96.5 KRW /kWh, indicating a 1.4% difference from that of
Bundang CCPP Unit 2 (95.16 KRW /kWh), which confirmed that the proposed model has

sufficient reliability.

Table 6. Evaluation of TRR method model.

Contents Unit Bundang CCPP-2 TSB R Met'hod
imulation
Total capital investment KRW 162,900,000,000 162,900,000,000
Common equity financing fraction % 50.73 50.73
Cost of equity capital % 7.02 7.02
Debt financing fraction % 49.27 49.27
Cost of debt capital Y% 2.36 2.36
Weighted average cost of capital % 4.7 4.7
Income tax rate % 22 22
Plant lifetime Year 30 30
Capacity factor % 28.6 28.6
Plant net power MW 368 368
Fuel cost/year, only NG KRW 80,200,000,000 80,200,000,000
Levelized cost of electricity KRW/kWh 95.16 96.5

3. Analysis Results
3.1. Process Simulation Results

Based on the model that has been validated using actual CCPP data, we checked for a
change in performance according to the natural gas-hydrogen blend ratio. For performance
comparison, we applied the same condition by setting the heat energy of the natural gas—
hydrogen blend supplied to the gas turbine at 743.3 MW and consistently supplying air at a
flow rate of 2132 t/h by replacing only the combustor in the existing gas turbine. Moreover,
the amount of air required according to the increase in hydrogen cofiring rate increased
gradually when the hydrogen volume was 80% or higher, but the ratio was around 0.5%,
proving that there was almost no change in the characteristics of the compressor [33].
Table 7 shows the comparison of the process analysis results and efficiency.

Table 7. Results of the thermodynamic analysis.

Contents Unit Actual  Simulation E(l:,;(;r
NG flow rate t/h 48.83 48.83 -
Air flow rate t/h 2122 2132 0.46
. GT inlet temperature °C 1500 1500 -
Gas turbine block 51 et temperature °C 611.8 616 0.65
GT exhaust gas flow rate t/h 2170 2181 0.46
Net power kW 263,180 263,197 0.01
S bi BFP flow rate t/h 340 345 147
teargll tulz mne HRSG inlet temperature °C 83 83.6 0.72
o¢ Net power kW 130,400 130,968 0.43
Total net power generation kW 393,580 394,165 0.14
Nuet.ccpp (LHV) % 58.86 58.94 0.13

An increase in the ratio of hydrogen blended into the fuel led to an increase in the
output of the gas and steam turbines. At 0.5 mole fraction, the gas turbine block generated
271.17 MW of power, showing that power generation increased by 3.03%, while the steam
turbine block generated 135.36 MW, showing that power generation increased by approxi-
mately 3.1%. Thus, a total of 406.53 MW was generated. Figure 3 shows the characteristics
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of the increase in an enthalpy change and output due to the increase in the partial pressure
of water as the hydrogen blend ratio increased.

300

—A—GT Power Generation ———ST Power Generation
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Figure 3. The performance results of the CCPP based on blended fuels.

Figure 4 shows that when the mole fraction of hydrogen in the fuel increases to 0.5,
the net efficiency improves by 1.86% from 58.94% to 60.8%, proving that fuel supply in
mass decreases by 11.8%. This is because the per unit mass LHV of hydrogen is 2.43 times
greater than that of LNG, but the analysis was conducted assuming the heating value of
the fuel supplied to the CCPP is the same. Therefore, higher efficiency can be expected
by increasing the hydrogen blend ratio in the fuel. The inlet volume flow increased by
63.9% from that when supplying 100% natural gas. This proves that combustor design is
important for using hydrogen fuel blends.
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Figure 4. Correlation of net efficiency with fuel consumption based on blended fuels.

3.2. LCOE of Natural Gas—-Hydrogen CCPP

We reviewed the expected LCOE in case a natural gas-hydrogen CCPP is operated by
changing or replacing the existing combustor in the LCOE model based on the TRR method.
The target hydrogen supply price was 6000 KRW /kg in 2022 according to the Korean govern-
ment’s Hydrogen Economy Roadmap, but as the distribution was 7000-8800 KRW /kg in 2022,
the hydrogen fuel supply price was set as 8000 KRW /kg [44]. Moreover, we calculated the
combustor replacement cost and TCI based on the expected cost of constructing a 400 MW
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CCPP provided by a turbine manufacturer and used the values listed in Table 6 for other
variables. The LCOE when only natural gas is used versus when natural gas—-hydrogen
blends are used is as shown in Table 8.

Table 8. Index input for LCOE of a natural gas-hydrogen CCPP.

Natural Gas and

Unit Natural Gas Hydrogen
Total capital investment KRW 360,000,000,000 360,000,000,000
Hydrogen mole fraction - 0 0.5
Plant lifetime Year 20 20
Plant operating rate % 28.6 28.6
Plant net power MW 394.165 406.53
Combustor repair cost KRW/year - 1,470,000,000
Fuel cost/year KRW 72,000,000,000 152,800,000,000
Levelized cost of electricity KRW/kWh 103.9 180.67

For the natural gas CCPP, fuel and maintenance costs play a bigger role than capital
expenditures (CAPEX) when calculating LCOE. Consequently, it was found that the cost
increased up to 180.67 KRW /kWh when operating a natural gas-hydrogen CCPP owing to
hydrogen fuel cost.

3.3. Sensitivity Analysis of LCOE

The key variables that affect the LCOE calculation of the CCPP include fuel cost,
capacity factor, CAPEX, and power generation. Hence, we reviewed ways to achieve price
competitiveness by conducting a sensitivity analysis of the variables that affect LCOE.

The IEA has predicted that the price of hydrogen in China will decrease to USD
2-USD 5/kg by 2030, and the price of hydrogen in the global market is expected to be
USD 1.5-USD 2.5/kg [45]. For fuel cost, since LCOE may fluctuate greatly depending on
hydrogen supply price, LCOE was reviewed at the price range of 2000-8000 KRW /kg
(USD 1.8-USD 7.2/kg). Figure 5 shows the analysis results based on a hydrogen fuel
supply of up to 50% in terms of mole fraction. The range of LCOE when using 50%
blends is 109.15-180.67 KRW /kWh, and when the supply fuel is converted 100% to hydro-
gen, the expected LCOE could be 432.08 KRW /kWh (8000 KRW /kg), 280.20 KRW /kWh
(5000 KRW /kg), or 128.32 KRW /kWh (2000 KRW /kg).

Capacity factor, which is the utilization rate of the natural gas-hydrogen CCPP, can
also be a key variable. Increasing the capacity factor from 28.6% to 35% or more can lower
the LCOE to 103.76 KRW /kWh, down to the LCOE level (103.9 KRW /kWh) of a CCPP
using only natural gas. Here, hydrogen fuel price must be lowered to 2000 KRW /kg, and
the results of the economic analysis on hydrogen supply price and capacity factor are as
shown in Figure 6.

The investment cost associated with hydrogen production is expected to be reduced by
approximately 30% by 2050 with a learning rate of 17-23% due to technology development
and learning effects [46,47]. Even in the case of combustors and related equipment for
using hydrogen fuel, it is necessary to review LCOE according to an approximately 30%
change in CAPEX, considering a case in which CAPEX decreases owing to technology
development or the cost increases owing to increased technical difficulty. Figure 7 shows
the change in LCOE according to the increase and decrease in CAPEX. Even when CAPEX
decreases by up to 30%, the LCOE changes only by around 5%. When the hydrogen supply
price is 8000 KRW /kg, the LCOE is 171 KRW/kWh even when CAPEX is reduced by
30%. However, it is 2000 KRW /kg, the LCOE is 118.17 KRW /kWh even when CAPEX is
increased by 30%, which is significantly lower. Therefore, a change in fuel price is much
more important than a change in CAPEX.
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Figure 5. LCOE analysis results considering fuel blend.
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Figure 6. LCOE analysis results considering capacity factor.

Finally, Figure 8 shows the power generation required for a natural gas—hydrogen
CCPP to achieve competitiveness with a CCPP that uses only natural gas as fuel. If the
output of a CCPP using 2000 KRW /kg hydrogen blended in 0.5 mole fraction is 427 MW
or more, it achieves competitiveness with a CCPP that only uses natural gas. The results
of the process analysis conducted earlier show that the output (power generation) of a
natural gas-hydrogen CCPP is 406.53 MW. If the output is increased by at least 20.47 MW
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by optimizing the process and improving performance, it will be possible to achieve a
similar level of LCOE as a natural gas CCPP.
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Figure 7. LCOE analysis results considering CAPEX discount rate.
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Figure 8. LCOE analysis results considering power generation.

Thus, the LCOE sensitivity analysis showed that, for a natural gas-hydrogen CCPP to
secure competitiveness, it is more effective to reduce the hydrogen fuel supply price than
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CAPEX and increase utilization rate. Furthermore, performance must be improved by at
least 5% (20.47 MW) to secure an LCOE at the level of a natural gas CCPP.

4. Discussion

Various R&D and demonstration projects are underway to build a hydrogen ecosystem
within the energy industry, from hydrogen production and storage to its transport and
use. This study economically evaluated the gradual increase in hydrogen use as well as the
use of natural gas-hydrogen blends that can be linked to natural gas-based CCPPs, which
are used as a key power source in various countries. First, we simulated the natural gas
CCPP process with 400 MW of output using ASPEN HYSYS to evaluate the benefits of
using hydrogen fuel. The simulated model showed an error of around 1% by comparing
the material properties of the key points of actual operation data, thereby confirming the
excellence of the validation and implementation model.

Based on the validated process model, we reviewed ways to secure the economic
feasibility of natural gas—hydrogen CCPPs compared with natural gas CCPPs. We com-
pleted the validation of the LCOE calculation model based on the TRR method using the
commercialization costs of the operational Bundang CCPP-2. A sensitivity analysis was
conducted with fuel cost, capacity factor, CAPEX, and power generation as the variables to
evaluate the LCOE of natural gas-hydrogen CCPPs. The results showed that the change
in LCOE was most significant according to hydrogen fuel prices, revealing that when
hydrogen supply price decreases to 2000 KRW /kg, the LCOE does not change much even
if hydrogen is blended into the fuel by up to 0.5 mole fraction. Hence, it will be possible to
obtain an LCOE at a similar level as that of natural gas CCPPs by optimizing the process
and improving performance while gradually increasing the ratio of hydrogen fuel. The
capacity factor is expected to gradually increase more than 28.6% as the ratio of coal-fired
power plants decreases and that of natural gas CCPPs increases within the power system in
Korea. Hence, using natural gas-hydrogen blends will help to improve economic feasibility.
Finally, regarding CAPEX, according to the use of hydrogen fuel, a reduction in cost is
expected owing to the expansion of hydrogen-related industries and continuous technology
development. Consequently, even if the amount of blended hydrogen is increased by up to
50%, natural gas-hydrogen CCPPs will be able to achieve sufficient competitiveness owing
to technology development and green energy policies.

This study has a few limitations. First, the process model was validated using the
operation data of natural gas CCPPs, but there is no operation data of the CCPP model
using natural gas-hydrogen blends. Therefore, it is necessary to validate the reliability of
the model through actual operation and experimental data in the future. Next, LCOE was
analyzed by limiting the scope of variables used in economic analysis to certain values, but
it is necessary to consider additional variables based on the ones confirmed in this study.
Finally, it was assumed that hydrogen is blended into natural gas in certain ratios, but it is
necessary to also consider specific hydrogen supply plans for future economic analysis.

Despite several limitations, this study suggested a method to secure economic feasibil-
ity of CCPP by using natural gas-hydrogen blended fuels instead of using only natural gas.
In further research, we intend to analyze the probabilistic effects using methodologies such
as Monte Carlo simulation for extensive economic analysis while connecting variables such
as CAPEX, and capacity factor with learning rate. The cumulative probability curve using
Monte Carlo will show the optimal LCOE conditions by reflecting price fluctuations in the
equipment and electricity costs.

5. Conclusions

This study examined ways to secure the economic feasibility of using hydrogen fuel
by simulating the process of a CCPP that uses natural gas-hydrogen blends and calculating
LCOE. We increased the ratio of hydrogen in natural gas from 0 to 0.5 mole fraction and
analyzed LCOE according to changes in the values of variables, such as fuel cost, capacity
factor, CAPEX, and power generation. The results are as follows.
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We developed a process model for natural gasbased CCPPs and compared the material
properties of each key point with operation data, which revealed an error range of
around 1%, thereby completing the validation of the process model.

When hydrogen fuel is supplied at 2000-8000 KRW /kg, the LCOE is 103.9-180.67 KRW /kWh.
When it is supplied at under 2000 KRW /kg, the LCOE is 109.15 KRW /kWh even if
the ratio of hydrogen blending is increased to 50%, showing a 5.0% increase from the
LCOE of existing natural gas CCPPs (103.9 KRW /kWh).

When the capacity factor of the CCPP is increased from 28.6% to at least 35% after
blending 50% hydrogen at the price of 2000 KRW /kg with natural gas, the LCOE falls
under 103.76 KRW /kWh, thereby ensuring price competitiveness over CCPPs using
only natural gas.

Even when CAPEX is reduced by up to 30%, the LCOE is reduced by only around
5%, not showing much of a reduction effect. However, when it is reduced by 20%,
the LCOE is 103.3 KRW/kWh, which is lower than that of a CCPP that uses only
natural gas.

The process analysis showed that blending 50% hydrogen is expected to result in
power generation of 406.53 MW and an LCOE of 109.15 KRW /kWh, suggesting
that the same LCOE as that of existing natural gas CCPPs can be secured when net
power generation is increased by 20.47 MW by optimizing the process and improving
efficiency.
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Nomenclature

ADJ Adjustment

AFUDC  Allowance for funds used during construction
BBY Balance beginning of year

BD Book depreciation

BFP Boiler feedwater pump

BPV Byproduct value

CcC Carrying charge

Cccrp Combined cycle power plant
CEP Condensate extraction pump

CP Cumulative probability

CRF Capital recovery factor

DC Direct cost

DITX Differed income taxes

ESS Energy storage system

FCI Fixed capital investment

FOM Fixed operating and maintenance
IC Indirect cost

LCOE Levelized cost of electricity
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MACRS  Modified accelerated cost recovery system

(0]0) Other outlay
OTXI Other taxes and insurance
PEC Purchased equipment cost
PEI Plant facilities investment
RCEAF Recovery of common-equity AFUDC
ROI Return of investment
SRHF Standing reserve hourly fee
SRP Standing reserve payment
SRSC Standing reserve scheduled capacity
TCI Total capital investment
TCR Total capital recovery
TDI Total depreciable investment
TRR Total revenue requirement
TRRL Total revenue requirement levelized
TXD Tax depreciation
Subscript
a Annualized
ce Common equity
d Debt
FC Fuel cost
j J th year
k Ratio of specific heats
L Levelized
n Net efficiency
n Operating year
OMC Operating and maintenance cost
ps Preferred stock
R Replacement
r Pressure ratio
t Tax rate
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Abstract: Plastic waste has a high energy content and can be utilized as an energy source. This
study aims to assess the economic feasibility of polypropylene plastic waste (PP) pyrolysis. A
literature review was carried out to determine the optimal pyrolysis conditions for oil production.
The preferred pyrolysis temperature ranges from 450 °C to 550 °C, where the oil yields vary from
82 wt.% to 92.3 wt.%. Two scenarios were studied. In the first scenario, pyrolysis gas is used for the
pyrolysis heating needs, whereas in the second scenario, natural gas is used. An overview of the
economic performance of a pyrolysis plant with a capacity of 200,000 t/year is presented. Based on
the results, the plant is economically viable, as it presents high profits and a short payback time for
both scenarios considered. Although the annual revenues are smaller in scenario 1, the significant
reduction in operating costs makes this scenario preferable. The annual profits amount to 37.3 M€,
while the return on investment is 81% and the payback time is 1.16 years. In scenario 2, although the
plant is still feasible and shows high profitability, the annual profits are lower by about 1.5 M€, while
the payback time is 1.2 years.

Keywords: pyrolysis; plastic waste; polypropylene; feasibility assessment; circular economy; indus-
trial symbiosis

1. Introduction

The production of plastics on a global scale is on an upward trajectory, due to their
extensive use in agriculture, construction, packaging, the automobile industry, and electrical
equipment manufacturing. In 2020, global production reached 367 million t, displaying
a 25% increase compared to 2010. It is estimated that by 2050, the production could
potentially exceed 1 billion t if the current production and consumption trends persist [1].
The improper disposal of plastic waste leads to soil and groundwater pollution, and thus
poses a serious threat to the environment and human health. Presently, approximately only
10% of plastic waste is recycled properly, while the bulk of it is either landfilled, incinerated,
or generally left untreated and mismanaged [2].

In Greece, approximately 700 thousand t of plastic waste, or 68 kg per capita, is gener-
ated annually. Currently, the majority (i.e., 84%) is landfilled and only 8% is recycled [3].
The improper management of plastic waste is mostly attributed to low collection rates,
highly mixed waste streams and limited recycling infrastructure [4]. The accumulation
of plastic waste poses an important issue for the country, as more than 40 thousand t of
plastic leaks into nature and local ecosystems each year. Additionally, there are negative
implications on the national economy, with annual losses amassing to 26 M€, affecting the
tourism, shipping, and fishing sectors [3,5].

There is still significant room for improvement in terms of the diversion of plastic
waste from landfills and incineration plants and managing them in an efficient and envi-
ronmentally sound manner [6]. The potential of utilizing plastic waste and feeding it into a
forward supply chain, within the model of circular economy, is significant. A circular econ-
omy model focuses on waste management and resource recovery, through reuse, recycling,
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and energy utilization. Additionally, it aids in the development of new industries and jobs,
reducing emissions, and promoting the efficient use of resources [7].

There are several pathways for the proper management and utilization of plastic waste
within a circular economy concept. Plastic waste can be recycled and converted into other
useful products. Mechanical recycling, which is also referred to as secondary recycling,
involves a plastic waste recovery process based on mechanical means. Moreover, plastic
waste has a high energy content and can, therefore, be utilized as an energy source.

An efficient method of utilizing these materials is through the process of pyrolysis,
which involves indirect energy recovery from the feedstock. During pyrolysis, the feedstock
is heated in the absence of oxygen, and the molecular chains are deconstructed. There
are three main products of this process, which are pyrolysis oil, gas, and char. Pyrolysis
oil can be used as a fuel, and it has properties that are similar to those of conventional
fuels. The gas can be used to partially cover the energy demands of the process, while
the solid product (char) can either be sold or used to produce activated carbon and other
useful products. The conversion of plastic waste into valuable products and energy carriers
through the pyrolysis process contributes to the reduction in the negative environmental
impacts of the waste and to the reduction in fossil fuel use [6-8].

The utilization of plastic waste through pyrolysis can promote the transition to a
circular economy that emphasizes industrial symbiosis. Industrial symbiosis is a part of
industrial ecology, and it aims to foster cooperation between enterprises through the physi-
cal exchange of materials, energy, and/or by-products by using neighboring geographical
advantages. Material symbiosis includes the use of by-products or waste generated by
upstream production units as raw materials for downstream production. Energy symbiosis
promotes the improvement of energy efficiency in industry, through the optimization of
energy exchange networks in line with the overall supply—demand relationship. In the
concept of energy symbiosis, industrial plants are urged to adopt the model of energy
cascading and cogeneration, and thus improve their energy utilization efficiency [8,9].

A graphical conceptual representation of plastic waste treatment via pyrolysis in a
circular economy and industrial symbiosis is presented in Figure 1. Several industrial plants
that produce plastic waste can offer their waste as feedstock to a pyrolysis plant, ensuring
an efficient and environmentally safe utilization route for their waste. The pyrolysis oil can
be sold, providing a source of revenue for the pyrolysis plant. As mentioned, it can be used
to generate heat and electricity, or it can be upgraded to produce fuels. Apart from the oil, a
pyrolysis plant can generate two additional products, which can be used efficiently within
the concept of industrial symbiosis. The gaseous product can be utilized to cover the energy
demands of the pyrolysis plant. It can potentially also be used by neighboring industrial
plants as a source of thermal energy, thus reducing their operating costs and dependence
on fossil fuels, such as natural gas. Lastly, the char can be offered to neighboring plants
and used as fuel. It can also be used as feedstock in a plant that produces activated carbon.

Countries (governments and companies) must implement circular economy pathways
to reduce waste, conserve biodiversity, maintain environmental quality, and achieve eco-
nomic sustainability. Investment in alternative energy sources including bioenergy, must
be prioritized [10].

Different approaches can be used to mitigate and reduce the global environmental
impacts of plastic waste. These include taxes on plastic products, especially plastic packag-
ing, incentives to reuse and repair, target values for recycled products, extended producer
responsibility, improved waste management infrastructure and schemes, and increased
litter collection rates [11]. However, the successful implementation of such policies on a
larger scale is still a significant challenge. Furthermore, the lack of plastic waste treatment
infrastructure is an important issue, as efficient large-scale plastic waste recycling pathways
are still scarce [12].
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Figure 1. Conceptual representation of plastic waste pyrolysis in a circular economy and industrial
symbiosis model.

In the European context, the EU has proposed several policies and actions towards
the more sustainable management of plastic waste, where the focus is plastic reuse and
recycling. The Action Plan for a Circular Economy, which was adopted in December
2015, identified the management of plastic waste as an area of high priority and focused
on combating the potential challenges that arise from plastics throughout their value
chain and their entire life cycle. The Plastics Strategy of 2018 outlined the transition to a
circular plastics economy, made commitments for action at the EU level and recommended
measures to national authorities and industry, to make plastic waste recycling profitable
for businesses. The Revised Waste Framework Directive, which was passed in May 2018,
updated the rules for waste management in the EU, including the management of plastic
waste. The European Green Deal was presented in December 2019 and set out a roadmap for
no net emissions of greenhouse gases by 2050. The Plastics Strategy aims at implementing
new legislation, as well as specific targets and measures for tackling over-packaging and
waste generation. Moreover, it promotes the strengthening of legal requirements to boost
the market for secondary raw materials with mandatory recycled content, as well as
guarantee that all packaging in the EU market is reusable or recyclable in an economically
viable manner by 2030 [13,14].

In Greece, there are efforts underway to minimize the generation of plastic waste and
promote its proper management and utilization. The Extended Producer Responsibility
(EPR) Law 2939/01 obliges producers to finance the collection and recycling of waste
through EPR schemes. The New Recycling Law 4496 /2017 introduced a national plan for
a four-stream collection system, including paper, glass, metals, and plastics. It also sets
new targets, as 74% of the waste produced must be diverted from landfills. Moreover,
the Landfill tax 4042/2012 proposed a 35 €/t tax for landfilling untreated waste, aiming
to reach up to 60 €/t, but it was never rolled out. The government has also made active
efforts to cease operations of illegal dump sites or convert them [3]. However, despite the
introduction of such initiatives, there are still several challenges that hinder their proper
implementation, such as low capacity and stakeholder pushback [4,5]. Additionally, the
country still has limited infrastructure for recycling or utilizing plastic waste to generate
useful products.

In order to promote the establishment of pyrolysis and other installations for the
treatment of plastic waste, it is vital to determine the optimal conditions for their operation
and assess the feasibility of such systems [4].
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The aim of this study is to estimate the economic feasibility of polypropylene (PP)
plastic waste utilization using pyrolysis for closing loops in energy and materials. PP
is a thermoplastic polymer with properties such as fire resistance, simplicity, high heat
distortion temperature, and dimensional solidity and accounts for 16% of the worldwide
plastics market [1]. Petrochemical companies have generated an increasing demand for PP
products and have raised environmental concerns related to PP waste.

This study is part of a Greek project entitled “Utilization of plastic and rubber waste
for the production of alternative liquid fuels and adsorbent materials with innovative
processes within the framework of the circular economy and industrial symbiosis model
- ACTOIL". It is, therefore, focused on the development of a PP waste pyrolysis plant in
Greece, within the context of circular economy and industrial symbiosis, by utilizing the
industrial sector’s plastic waste, such as PP waste from HELLENIC OILS, which is a Greek
company responsible for the refining, supply and sales of petroleum and petrochemical
products. The company produces considerable PP waste, which could be used as feedstock
for a pyrolysis plant in Greece. Through economic assessment, it is possible to evaluate
whether such installations can be profitable, to identify potential areas of improvement and
to outline the optimal plant capacities. Overall, the aim of this study is to contribute to
supporting developers and investors in the establishment of plastic waste pyrolysis plants.
The findings of the study stress the potential of the pyrolysis of plastic waste and can, thus,
play a pivotal role in the promotion of circular economies of plastic waste in the Greek
context and in other countries.

In this paper, comprehensive information on the study’s data, theoretical background,
and methodology is provided. A literature review is provided in Section 2 to help position
the paper. In Section 4, the economic analysis provides detailed insights and useful data
for decision-makers and investors and in Section 5, the main findings derived from the
economic evaluation are depicted.

2. Literature Review

Through a literature review, this paper identifies the most important parameters that
affect the quality and yields of pyrolysis products. It also provides a critical overview on
the optimal pyrolysis conditions required to produce oil. Thus, the results of the literature
review were used as guidelines for the selection of pyrolysis operating parameters for
different types of plastic waste feedstocks. Furthermore, the feasibility of a PP pyrolysis
plant is examined through a preliminary techno-economic assessment.

The selection of relevant papers for the literature review was made (Chapter 2). In
Chapter 3 of the report, the effect of the different parameters that affect pyrolysis product
yields is presented, as well as an overview of the optimal conditions for oil production based
on the literature review. Chapter 4 includes a feasibility assessment of a polypropylene
pyrolysis plant located in Greece, while Chapter 5 provides conclusions and suggestions.

The feedstocks that were considered were as follows: polypropylene (PP), polystyrene
(PS), polyethylene terephthalate (PET), poly-vinyl chloride (PVC), high-density polyethy-
lene (HDPE), low-density polyethylene (LDPE) and mixed plastic waste, but the focus was
on PP.

Internet search engines and electronic libraries were used for the review of relevant
articles and journals. Scopus, ScienceDirect and Google Scholar were used to research
plastic waste pyrolysis, focusing on publications between 2012 and 2022. The following
keywords were used: ‘plastic waste” AND ‘pyrolysis’, ‘polypropylene” AND ‘pyrolysis’,
‘polystyrene” AND ‘pyrolysis’, “‘polyethylene terephthalate” AND “pyrolysis’, ‘poly-vinyl
chloride” AND ‘pyrolysis’, ‘high-density polyethylene” AND ‘pyrolysis’, ‘low-density
polyethylene” AND ‘pyrolysis’, ‘mixed plastics” AND “pyrolysis’. The contribution of the
published articles for each search term is presented in Figure 2. An increasing trend in
the number of articles can be observed, with the highest number of articles of interest
published in 2021 and 2022. Mixed plastic waste was the most common type of feedstock
encountered in the articles, followed by polypropylene and polystyrene.
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Figure 2. Annual contribution of the published articles of interest in the period 2012-2022.

The number of articles was 7656 and after an initial screening process based on the
titles and abstracts, the number decreased to 295. A second screening process was carried
out, in order to define the most relevant articles related to the effect of pyrolysis parameters
on product yields and properties. Eventually, 44 articles were chosen for the plastic waste
pyrolysis literature review. The distribution of the selected articles per year of publication
and per type of feedstock is presented in Figure 3 and Table 1, respectively.
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Figure 3. Share of the articles used in the study per year of publication.
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Table 1. Share of the articles used in the study per type of feedstock.

Type of Feedstock Share of Articles Used in the Study (%)
PpP 24%
LDPE 17%
HDPE 15%
PS 15%
Mixed plastics 12%
PET 7%
PE 5%
pPVC 5%

Most of the articles considered within this study were published in 2022 (32%), fol-
lowed by 2021 (14%), 2020 and 2014 (11% each). Polypropylene (PP) and low-density
polyethylene (LDPE) were the most common feedstocks in the relevant articles.

3. Literature Review Findings on Plastic Pyrolysis Maximizing the Oil’s Yield

Pyrolysis is a thermochemical process that involves the deconstruction of molecular
chains of materials by heating them in an oxygen-free environment. Typically, the tem-
perature of pyrolysis varies between 300 °C and 800 °C. The products of pyrolysis are
a liquid product, called pyrolysis oil, a solid product called char and a gaseous product.
Pyrolysis oil can be used for the production of electricity or thermal energy. It can also
undergo further processing to produce a fuel with similar properties to conventional fuels,
i.e., diesel, gasoline or kerosene [15,16]. The gaseous product, which consists mainly of
carbon monoxide and carbon dioxide, hydrogen, and hydrocarbons, has a relatively high
calorific value and can, therefore, be exploited to meet part of the energy needs of the
process [17]. The solid product of pyrolysis can be used as a fuel or as raw material for the
production of activated carbon and other useful products [18]. In the pyrolysis process, an
inert gas is always used, which does not participate in the reaction and in most cases, this
gas is nitrogen [15].

The type of raw material, the conditions of pyrolysis (i.e., temperature, heating rate,
duration and pressure), the type of reactor and the use of a catalyst are parameters that
affect the yield and properties of the products, as well as their final composition [19,20].

3.1. Temperature and Heating Rate Effect on Pyrolysis

The temperature of pyrolysis significantly affects the product yields. Temperatures
between 300 °C and 600 °C are preferred if the desired product is pyrolysis oil, while
temperatures above 600 °C favor the formation of gaseous products. In addition, the
heating rate and the duration also affect the pyrolysis process. In general, oil production is
favored by intermediate temperatures, short residence times and relatively high heating
rates, while the optimal yields of liquid products can be observed at temperatures between
450 °C and 600 °C [21]. On the contrary, gaseous products are favored by very high
temperatures and long residence times [22], while low heating rates at low temperature
with long residence times lead to char production [18]. Temperature, residence time and
heating rate determine the type of pyrolysis (Table 2).

Table 2. Types of pyrolysis [15,20,21].

Type of Temperature . . Heating Rate Feedstock Size
Pyrolysis ©C) Residence Time ©Cls) (mm)
Slow 300-650 5-60 min 0.1-1 5-50
Fast 450-600 0.5-10s 10-200 <1
Flash 450-1000 <0.5s >1000 <0.2
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3.2. Impact of the Type of Plastic Waste on Pyrolysis Process

The type of feedstock, as well as its characteristics and composition, have a significant
impact on the pyrolysis process. It affects the yields, as well as the properties of the
products. In the context of this study, different types of plastic waste were examined as
feedstocks in the pyrolysis process.

A significant advantage of pyrolysis compared to other methods of plastic waste
management is that no sorting process is required, and different types of plastics can be
used simultaneously as feedstocks of the process [23]. Nevertheless, the type of plastic that
is used can affect product yields, as well as their properties and quality. A high volatile
content in the raw material favors the formation of pyrolysis oil, while on the contrary, a
high content of ash leads to an increased yield of gas and solid products [15]. The list of
plastics used in pyrolysis processes, as well as some of their applications, are presented in
Table 3. The proximate analysis of the different types of plastic is presented in Table 4.

Table 3. Types of plastic and their applications [19,24,25].

Type of Plastic Symbol Uses/Applications

Plastic beverage packaging, electrical

Polyethylene terephthalate PET insulation, magnetic tapes; printing sheets

Packaging, stationery, reusable containers,

Polypropylene PP textiles, auto parts; laboratory equipment
High-density polyethylene HDPE Bottles for packaging, 01l.cans, toys; insulating
material
: . Plastic bags, wrapping sheets, insulating
Low-density polyethylene LDPE material; household goods
Polystyrene PS Food pa.ckagmg, elecFrorucs, medical
equipment, appliances; toys
Polyvinyl chloride PVC Pipes, insulation material, flooring, medical

equipment; construction material

Table 4. Proximate analysis of different types of plastic [19,21].

Fixed Carbon Volatile Matter

. . o o
Type of Plastic =~ Moisture (wt.%) (WE%) (Wt.%) Ash (wt.%)
PET 0.45-0.7 6-14 85-92 0-0.1
HDPE 0-0.3 0.01-0.03 94-99.8 0.2-1.5
LDPE 0-0.3 0 99-99.8 0-0.4
PVC 0.7-0.8 5-7 8595 0-0.1
PP 0.15-0.4 0.15-1.2 95-99 1-4
PS 0.25-0.3 0.12-0.2 99-99.8 0-0.5

PET and PVC have the lowest volatile content; therefore, it is expected that their
pyrolysis will favor the formation of gaseous and solid products. In addition, the pyrolysis
of PVC results in the release of harmful products, such as HCl, as well as the formation of
chlorobenzene in pyrolysis oil, which is toxic to the environment. The use of PVC pyrolysis
oil requires further processing, adding further costs to the process [26]. PP, PS, HDPE and
LDPE have a high volatile content, reaching up to 99.8 wt. %, indicating their suitability for
the production of pyrolysis oil.

As mentioned, the properties of pyrolysis oil are significantly influenced by the type
of plastic used as feedstock, as shown in Table 5. The higher heating value (HHV) of the
pyrolysis oil from HDPE, LDPE, PS and PP is usually within the range of 39-43 MJ/kg,
which is similar to conventional fuels, such as gasoline and diesel. In contrast, the thermal
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content of PVC and PET pyrolysis oil is significantly lower (21.8 MJ/kg and 28.2 M] /kg,
respectively).

Table 5. Properties of plastic pyrolysis-derived oil and comparison with conventional fuel-derived
oil [15,20,21].

HHV Density, Elemental Composition (wt.%)
Feedstock o 3
(MJ/kg) 15°C (g/em?) C H N S Other
PET 28.2 0.087-0.9 62.1 4.21 - - 33.7
HDPE 43.3 0.8-0.92 85.4 14.2 - 0.28 0.12
LDPE 40.6 0.77-0.8 85.4 14.2 - 0.25 0.15
PVC 21.8 0.84 39.2 49 - 0.58 55.3
PP 39.6 0.77-0.86 84.7 14.1 - 0.33 0.87
PS 41.5 0.85-0.86 91.5 7.4 - 0.19 0.91
Gasoline 42.5 0.78
Diesel 44 0.81 85.6 14.1 0.3 - -

3.3. Pyrolysis Reactor’s Effect on Pyrolysis

The type of reactor used for pyrolysis significantly affects the performance and dura-
tion of the process, as well as the properties of the final products. Based on the conditions,
the scale of production and the desired end products, the selection of the appropriate type
of reactor can be made.

Batch reactors are closed systems where there is no flow of reactants or products
during the reaction. Semi-batch reactors allow the addition of reagents and the removal
of products during operation, giving them greater flexibility. An important advantage of
these types of reactors is the ease of controlling the parameters of pyrolysis, leading to high
yields and conversion rates. However, the high operating costs make this type of reactor
better for small- and laboratory-scale applications [19].

Fixed-bed reactors are used extensively, especially in the case of catalytic pyrolysis.
Despite their simple design, they have some disadvantages since the available surface
of the catalyst during the reaction is limited. Fluidized-bed reactors use a fluidizing gas
that ensures better mixing of the catalyst with the raw material, and thus a more efficient
reaction. This type of reactor ensures good temperature control and is more flexible than
batch and semi-batch reactors. In general, fluidized-bed reactors are preferred for large-
scale applications, mainly from an economic point of view [17,19].

Rotary kiln reactors present several advantages, such as simple construction, low
purchase costs, simple operation, and feedstock flexibility. These reactors are heated using
solid heat carriers. In addition, the rotational movement of the furnace improves the mixing
between materials and heat dissipation, while at the same time preventing the formation
of agglomerates. It should be noted that the filling rate of this type of reactor significantly
affects the performance and quality of the finished products. The ideal filling rate for oil
production is about 15-20%, ensuring optimal heat transfer [27].

3.4. Catalyst’s Effects on Pyrolysis

Pyrolysis is an energy-intensive process and catalysts contribute significantly to its
optimization, as they limit the energy requirements. For example, optimal yields in py-
rolysis oil can be achieved even at temperatures below 450 °C using the appropriate
catalyst [17,28].

Catalysts are used in the pyrolysis of plastic waste to accelerate the rate of reactions.
Their presence significantly enhances the efficiency of the process and reduces the required
reaction time and degradation temperature of the raw material, while at the same time
improving the quality of the fuel.

Several studies have reported that the ratio of raw material to catalyst significantly
affects both the yield and the composition of pyrolysis products. The increase in the amount
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of catalyst is not linearly related to process efficiency. Usually, an increase in efficiency
is observed up to a certain amount of catalyst, while further addition does not affect
the reaction [20]. Various catalysts, such as natural zeolite (NZ), FCC, Cu-Al,O3, Fe; O3,
MCM-41, ZSM5, HZSM-5 and Al(OH)3Ca(OH),, have been used in plastic waste pyrolysis
processes [15,17,19,28].

3.5. Pyrolysis Oil

The results of the literature review on plastic waste pyrolysis are disaggregated based
on the type of plastic used. The parameters studied are the type of reactor, the use of
catalyst, and the temperature of the pyrolysis process.

3.5.1. Polypropylene (PP) Pyrolysis Oil Yields

Polypropylene is used extensively as feedstock for pyrolysis, as typically very high
yields in pyrolysis oil are achieved. Optimal oil production can usually be achieved at
temperatures ranging from 450 °C to 550 °C.

Generally, very low pyrolysis temperatures are not preferable, since in these cases, the
formation of gaseous products is favored. Ahmadis et al. [29] performed PP pyrolysis at
300 °C, with a heating rate of 20 °C/min, and the process yield of oil reached 69.9 wt.%.
The increase in temperature resulted in the improved production of oil, as at 380 °C, the
yield reached 80.1 wt.% [30]. Similarly, Kusenberg et al. [31] reported an oil yield of 87
wt.% at 450 °C, using a CSTR reactor. Pyrolysis at 500 °C [32] and 550 °C [33] resulted in
oil yields of 82.1 wt.% and 92 wt.%, respectively. It should be noted that excessively high
temperatures can negatively affect the process. As demonstrated by Demirbas [34], the oil
yield fell to only 48.8 wt.% at 740 °C, as gas production was favored (49.9 wt.%).

Catalytic pyrolysis of PP has several advantages since optimal yields are achieved
at lower temperatures. In a semi-batch reactor, an FCC catalyst was used, achieving the
optimal oil yield (85 wt.%) at 400 °C [35]. Abbas-Abadi et al [36], by using the same type
of catalyst and reactor, achieved improved oil production (92.3 wt.%), due to the higher
operating temperature (450 °C). The use of natural zeolite for catalytic pyrolysis at 430 °C
resulted in an oil yield of 72.2 wt.% in a semi-batch reactor [37].

3.5.2. Polyvinyl Chloride (PVC) Pyrolysis Oil Yields

PVC is not generally used as feedstock for pyrolysis, due to its relatively low oil yield
and the production of toxic by-products. Thermal degradation of polyvinyl chloride is
estimated to take place at temperatures between 220 °C and 520 °C [19]. During PVC
pyrolysis at 500 °C and in a fixed-bed reactor, very low oil production was observed,
with a yield of 12.3 wt.%, while the main product of the process was gas (87.8 wt.%) [24].
Marino et al. [38] used a fixed-bed reactor with a ZSM-5 catalyst at 450 °C with significantly
improved results. The process yield of oil was 60 wt.% and the yield of gas was 35 wt.%, in
which a high HCI content was observed.

3.5.3. Polystyrene (PS) Pyrolysis Oil Yields

Unlike PET and PVC, polystyrene pyrolysis displays very high yields of oil. For
its thermal breakdown, temperatures between 350 °C and 500 °C are required, while
it is estimated that the pyrolysis temperature should not exceed 550-600 °C to achieve
maximum oil yields [19]. Generally, PS pyrolysis oil yields vary between 90 wt.% and 99
wt.%. In a batch reactor, an oil yield of 89.5 wt.% was observed at 580 °C [34], while at a
lower temperature (450 °C), the yield of liquid products was 56 wt.% [39].

The use of a catalyst during the pyrolysis of PS reduces the required reaction time, but
there is a slight improvement in the oil yields of the process. Terapalli et al. [40] used PS as
feedstock for pyrolysis at 600 °C in a microwave reactor, using KOH as a catalyst. The oil
yield reached 95.2 wt.%, using a heating rate of 31 °C/min and 7.5 gr of KOH for 27.5 gr of
PS. In these conditions, the gas and char yields were 3.5 wt.% and 1.3 wt.%, respectively.
Adnan, Shah and Jan [41] used a Zn catalyst in a batch reactor at 500 °C. The yields of

46



Energies 2023, 16, 593

the oil and gas products were 96.7 wt.% and 3.3 wt.%, respectively. A similarly high oil
yield was observed with the use of an MgO catalyst in a fixed-bed reactor. PS pyrolysis
took place at 400 °C and 500 °C. The final yield of oil was 93 wt.% in both cases, while
gas production increased from 2 wt. % to 5 wt.% [35]. Finally, Miandad et al. [28] studied
PS pyrolysis at 450 °C using the following two different catalysts: (i) natural zeolite with
heat treatment at 500 °C for 5 h (TA-NZ) and (ii) natural zeolite with treatment with 0.1 m
HNOs for 48 h (AA-NZ). The highest oil yield observed was 70 wt.% and this was achieved
using the TA-NZ catalyst. However, while the yield of the liquid product with the AA-NZ
catalyst was lower (60 wt.%), the HHV of the oil produced (42.1 MJ/kg) was higher.

3.5.4. Polyethylene Terephthalate (PET) Pyrolysis Oil Yields

As mentioned, the use of PET as a pyrolysis feedstock is not preferred, mainly due to
its low content of volatile components and its generally low oil yield compared to other
plastics. However, there have been some studies that have examined the utilization of PET
via pyrolysis.

It has been observed that the thermal breakdown of PET takes place in a temperature
range between 350 °C and 520 °C [19]. Cepeliogullar and Piitiin [17] used a fixed-bed
reactor at a temperature of 500 °C with a heating rate of 10 °C/min. The main product
was gas, with a yield of 76.9 wt.%, while the yield for oil was found to be 23.1 wt.%.
Furthermore, a high content of benzoic acid was observed in the oil produced (49.93 wt.%),
giving it a strongly acidic character. Additionally, Shahbaz et al. [42] studied PET pyrolysis
at 450 °C, with a heating rate of 10 °C/min, achieving an oil yield of 18 wt.%. Finally, PET
pyrolysis, using a fixed-bed reactor at 500 °C and at a heating rate of 6 °C/min, resulted in
oil production of 39.89 wt.%, while at the same time, yields for the gas and solid products
were 52.13 wt.% and 7.98 wt.% [32], respectively.

3.5.5. Low Density Polyethylene (LDPE) Pyrolysis Oil Yields

The use of low-density polyethylene as feedstock for pyrolysis has been studied
extensively. In general, it is estimated that the thermal breakdown of LDPE takes place
from 360 °C up to 550 °C [19] and optimal yields of oil are achieved between 500 °C and
550 °C. Based on the study by Bagri and Williams [43], LDPE pyrolysis at 500 °C and
in a fixed-bed reactor produces 95 wt.% oil and 5 wt.% gas. In addition, FakhrHoseini
and Dastanian [30] observed an oil yield of 80.4 wt.% at 500 °C, while in another study
in a fluidized-bed reactor, it was observed that a very high temperature (600 °C) led to a
significant decrease in oil yields to 51 wt.% [44]. It should also be noted that the pressure
of the process affects the quantity of the products. Odejobi et al. [33], while performing
pyrolysis at 450 °C, managed to achieve oil yields of approximately 41 wt.%, with gas
production reaching 57 wt.%.

According to Wu et al. [45], the use of HZSM5 as a catalyst helped to increase the
process oil yields in a fixed-bed reactor. At a temperature of 550 °C and a heating rate of
20 °C/min, oil production reached 93.42 wt.%. Similarly, in another study, the combination
of an HZSMS catalyst with a relatively high temperature (550 °C) again resulted in a very
high oil yield of 93.1 wt.% [46].

3.5.6. High-Density Polyethylene (HDPE) Pyrolysis Oil Yields

Like LDPE, HDPE is used extensively for pyrolysis oil production. In the absence of a
catalyst, Dzol et al. [46] achieved an oil yield of 90 wt.% at 500 °C in a fixed-bed reactor.
On the other hand, when using HZSMS5 or waste chicken eggshells (WCE) as catalysts,
optimal results were obtained with WCE, providing an oil yield of 80 wt.% [47]. According
to Mastral et al. [48], oil production dropped to 68.5 wt.% when the process was performed
at 650 °C and with a duration of 20 min. Using an MIL-53 (Cu)-derived zeolite Y catalyst at
500 °C [49], the oil yield reached 95.3 wt.%, while with the HZSMS5 catalyst at 550 °C [46],
oil production was 85 wt.%. Abbas-Abadi et al. [41] studied HDPE pyrolysis, where the
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process took place in a semi-batch reactor at 450 °C and with an FCC catalyst. In this case
oil, the gas and solid product yields were 91.2 wt.%, 4.1 wt.% and 4.7 wt.%, respectively.

3.5.7. Mixed Plastic Waste Pyrolysis Oil Yields

In many cases, a mixture of plastics can be used as the feedstock of pyrolysis. For exam-
ple, Donaj et al. [50] performed pyrolysis of an LDPE/HDPE/PP mixture in a fluidized-bed
reactor. Without the use of catalyst, the optimal oil yield, 48.4 wt.%, was reached at 650 °C,
while using a Ziegler-Natta catalyst, oil production increased to 89 wt.% at the same tem-
perature. It should also be noted that the same series of experiments were carried out at
730 °C with lower yields.

Moreover, the PE/PP/PS mixture has been extensively studied, showing generally
low yields of oil. With the PE-PP/PS mixture (75 wt.%/25 wt.%), Kaminsky, Schlesselmann
and Simon [51] achieved a yield of 48.4 wt.% of oil, performing pyrolysis in a 730 °C
fluidized-bed reactor. Similar results, with an oil yield of 46.6 wt.%, were reported by
Demirbas [32] in a batch reactor. Based on the findings of the literature review, the use
of a catalyst does not significantly affect the oil yields of the process in this case. In a
batch reactor, at 450-500 °C and using natural zeolite as a catalyst, Nugroho, Pratama and
Saptoadi [52] reported that oil production reached 45.1 wt.%, as the gaseous product was
favored (50 wt.%). Miandad et al. [28] used the PS/PE /PP mixture (50 wt.% /25 wt.%/25
wt.%) at 450 °C with a natural zeolite catalyst. The yields of oil, gas and solid products
were 44 wt.%, 37 wt.% and 19 wt.%, respectively.

3.5.8. Selection of Pyrolysis Operating Conditions for Maximizing Oil Production

Based on the results of the literature review, pyrolysis parameters were selected on the
basis of maximizing oil yields. An overview of all the results with the optimal conditions
for oil production are depicted in Table 6.

In the study of Miandad et al. [28], where various mixtures of plastics were examined,
oil yields of less than 55 wt.% were obtained. Optimal results were reported for the
following two cases of pyrolysis at 450 °C: (i) a PS/PE mixture (50 wt.% /50 wt.%) with
a catalyst of natural zeolite treated with HNO3, producing an oil yield of 52 wt.%, and
(i) a PS/PP mixture (50 wt.%/50 wt.%) with a natural zeolite catalyst and heat treatment,
resulting in an oil yield of 54 wt.%.

Table 6. Literature review results of catalytic and non-catalytic plastics pyrolysis.

Yield (wt.%)
Feedstock Reactor T(O Catalyst oil Gas Char Ref.
TA-NZ 40 41 189
_ 450 AANZ 54 26.1 19.9 [2]
- 300 - 69.82 28.84 1.34 [29]
Batch 380 - 80.1 6.6 133 [30]
CSTR 450 ] 87 9 3 [31]
PP - 500 - 82.1 17.8 0.1 32]
- 550 - 92 8 0 [33]
Batch 740 - 4838 496 16 [34]
- 400 FCC 85 13 2 [35]
] 450 FCC 923 41 3.6 [36]
Batch 430 NZ 7217 27.83 37]
Fixed-bed 500 - 123 87.7 0 [24]
Pve Fixed-bed 450 ZSM-5 60 35 5 [38]
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Table 6. Cont.

Yield (wt.%)

Feedstock Reactor T (°O) Catalyst oil Gas Char Ref.
TA-NZ 70 142 15.8
) 450 AANZ 60 246 15.4 (28]
Batch 581 - 89.5 9.9 0.6 [34]
400 93
PS Fixed-bed T a0 MgO o 5 5 [35]
Batch 450 - 56 45 1 [39]
- 600 KOH 95.2 35 13 [40]
Batch 500 Zn 96.73 3.27 0 [41]
- 400-500 - 26-28 - - [24]
PET Fixed-bed 500 - 39.89 52.13 7.98 [32]
- 450 - 18 33 49 [42]
- 500 - 80.4 19.4 0.2 [30]
Batch 450 - 41 57 2 [33]
Fixed-bed 500 - 95 5 [43]
LDPE Fluidized-bed 600 - 51 242 0 [44]
Fixed-bed 550 HZSM5 93.4 6.4 0.2 [45]
Batch 550 HZSM5 93.1 14.6 0 [46]
- 550 - 80 20 0 (53]
- 450 FCC 91.2 41 47 [41]
Batch 550 HZSM5 84.7 153 0 [46]
WCE 90 9 1
HDPE Fixed-bed 500 - 50 13 7 [47]
Fluidized-bed 650 - 68.5 315 0 (48]
Fixed-bed 500 MIL-53(Cu) Y zeolite 95.3 - - [49]
CSBR 500-900 - 14.7 84.5 0.8 [54]
- 450 TA-NZ 40 47 13
PE - AA-NZ 42 50.8 7.2 (28]
CSTR 450 - 85 10 5 [39]
PS/PE (50/50) - 450 AA-NZ 52 29.2 18.8
PS/PP (50/50) - TA-NZ 54 25.7 20.3
PP/PE (50/50) - TA-NZ 44 446 114 28]
f;f‘)//gg;’; - TA-NZ 44 37 19
I:fé}’;;gg’;? - AA-NZ 30 384 316
PP/PE/PS Batch - 46.6 35 2.2 (32]
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Table 6. Cont.

Yield (wt.%)
Feedstock Reactor T(°Q) Catalyst oil Gas Char Ref.
Fluidized-bed 650 Ziegler—Natta 89 6.5 4.5
LDPE/HDPE/PP - 154 369 157 [50]
PE-PP/PS (75/25) Fluidized-bed 730 - 48.4 35 16.6 [51]
{;](E)//Z(I;//IPOS) Batch 450-500 NZ 45.1 50 49 [52]

Polypropylene (PP) pyrolysis displays very high yields of pyrolysis oil. The properties
of the oil are similar to those of conventional fuels. The optimal temperature range for
PP pyrolysis is from 450 °C to 550 °C, where oil yields from 82 wt.% to 92.3 wt.% were
reported. For temperatures below 450 °C, lower yields were observed (<80 wt.%), while at
much higher temperatures (740 °C), the gas production increases significantly, limiting the
formation of oil. The use of an FCC catalyst significantly affects the process, achieving an
oil production value of 92 wt.% at 450 °C.

The pyrolysis of PVC and PET favors the production of gaseous products, with yields
ranging between 55 wt.% and 88 wt.%. Oil production is limited to the range of 12-40 wt.%.
The process is carried out at 450-500 °C. During the pyrolysis of PVC, harmful by-products
are released, such as HCl in the gas product and chlorobenzene in the oil. Their removal is
vital and significantly adds to the overall cost of the process.

The pyrolysis of PS, regardless of the type of reactor and the presence of a catalyst,
typically has oil yields ranging from 60 wt.% up to 98.7 wt.% for temperatures of 450-600 °C.
Optimal oil yields are reported at temperatures from 550 °C up to 600 °C, while the use of
catalysts such as FCC and Zn allows the process to be carried out at lower temperatures
with high oil production. In general, polystyrene showed the highest oil yields compared
to other plastics.

Both LDPE and HDPE pyrolysis result in high oil yields, typically exceeding 80 wt.%
for temperatures of 450 °C to 550 °C. In the case of LDPE, the increase in pressure and
the presence of a catalyst has a positive effect on the oil yield; oil production of 93.1 wt.%
can be achieved at 550 °C, using an HZSM5 catalyst. The use of an FCC, Si-Al or HZSM5
catalyst during HDPE pyrolysis resulted in oil yields higher than 85 wt.% for temperatures
ranging from 450 °C to 550 °C. The yields of oil for LDPE pyrolysis (73.6 wt.%) are higher
than PP (73 wt.%) and HDPE (71.5 wt.%).

Compared to the pyrolysis of a single type of plastic, the use of a mixture of plastics
shows much lower oil yields, which are usually in the range of 30-50 wt.%. Optimal
pyrolysis temperatures are in the range of 450 °C—650 °C. When using a Ziegler—Natta
catalyst at 650 °C, the oil yields are 90 wt.%. The properties of the final product show many
similarities with those of conventional fuels.

4. Feasibility Study for a PP Pyrolysis Plant in Greece

A preliminary economic assessment was carried out for a PP pyrolysis plant. The
assessment was conducted for different plant capacities. The economic performance of the
plant was evaluated based on the following economic indicators: the initial investment, the
operating costs, annual cash inflows, gross and net profits, return on investment (R.O.I)
and pay-out time (P.O.T).

R.O.lis an indicator used to measure the profitability of a particular investment and is
used to express the percentage of the initial investment that can be recovered over one year.
Generally, a positive R.O.I denotes an investment that is profitable. However, if similar
investments occur with a higher R.O.], these are preferable [55].
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P.O.T is an indicator used to measure the period required for the profit or other benefits
of an investment to equal the cost of the investment. A smaller P.O.T is a sign of a more
attractive investment opportunity [55].

By studying the effect of the plant’s capacity on the two indicators, it was possible
to determine a range for the preferred capacity of the pyrolysis plant. The present study
examines the following two scenarios:

e  Scenario 1: Pyrolysis gas is used to meet the energy requirements of the process. If
there is further availability, then the remaining amount of gas is sold.
e  Scenario 2: the entire amount of pyrolysis gas is sold.

4.1. Hypotheses of the Study

The pyrolysis plant utilizes PP waste from HELLENIC OILS, which is a Greek company
responsible for the refining, supply and sales of petroleum and petrochemical products.
The company produces considerable PP waste, which could be used as feedstock for a
pyrolysis plant in Greece. In the context of circular economy and industrial symbiosis
models, the pyrolysis plant receives the waste from HELLENIC OILS and utilizes it to
generate the following three main products: pyrolysis oil, pyrolysis gas and char. Liquid
and solid products are sold and are an important source of revenue for the unit. Pyrolysis
gas can either be sold or used to meet the energy requirements of the process either partially
or completely.

The hypotheses of the study are as follows:

0,
0‘0

The capacity selected for the PP pyrolysis plant is 200,000 t/year; the process followed

to make this selection is shown in Chapter 4.3.7.

%  Based on the literature review, the optimal pyrolysis temperature for oil production is
500 °C; the process takes place at atmospheric pressure.

% According to the literature review findings, the oil yield is to be considered equal to
86 wt.%, the gas yield is equal to 13.9 wt.% and the char yield is equal to 0.1 wt.%.

% A rotary kiln reactor was chosen, due to its extensive use and advantages, such as
simple construction, low purchase costs and simple operation.

% It was assumed that product yields are not affected by the increase in plant capacity.

% The unit operates for 330 days and 24 h/day.

% The facility is in Greece.

% PP waste transportation costs are negligible, assuming that this cost is integrated into

the price of the PP waste.

A general overview of the characteristics of the studied plant is given in Table 7.

Table 7. Characteristics of PP pyrolysis plant under study.

Days of Operation Per Year 330
Operating hours (h/d) 24
Feedstock Industrial PP
PP input (t/day) 606
Temperature (°C) 500
Pressure (atm) 1
Pyrolysis oil production (t/day) 521
Pyrolysis gas production (t/day) 84
Pyrolysis char production (t/day) 0.6

4.2. Description of the PP Pyrolysis Plant

Figure 4 shows the generalized flowchart for a PP pyrolysis unit. A brief description
of the devices used, as well as the process currents, is also presented.
The main types of equipment used in the process are as follows:

e  M-101: shredder—used to shred the feedstock and facilitate its energy utilization.
M-102: feed hopper.
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R-101: rotary kiln reactor where the pyrolysis process takes place.

C-101: Condenser—the gases produced in the reactor are fed into C-101. The resulting
condensate contains a percentage of water and is, therefore, led to a separator to be
removed.

e  (C-102: Condenser—the gaseous product that was not condensed in C-101 is fed into
C-102. The condensate does not contain water and is driven into an oil collection
container.

S-101: oil/water separator—used to remove the water from the pyrolysis oil.

T-101: pyrolysis oil collection container.

G-101: gas storage container—the gas can either be sold or used to meet the reactor’s

energy requirements.

101 G-101
R-101 c-101 c-102
102 103 105 107 111
110
M-101 M-102 106
5-101
104 109
108
T-101

Figure 4. Generalized flowchart of the pyrolysis process [56-58].

The main process streams, as depicted in the flowchart, are as follows:

101: feedstock (industrial PP).

102: shredded feedstock.

103: feed stream of the pyrolysis reactor.

104: solid residue of pyrolysis (char), which can either be stored for further processing
or sold directly.

105: main product of pyrolysis, which contains the products of the process in gaseous
form and is led to the condensers.

106: contains water and pyrolysis oil and is led to a separation device.

107: contains gases and pyrolysis oil in gaseous form and is led to the second condenser
for further separation.

108: contains water that is removed.

109: contains pyrolysis oil for storage.

110: contains pyrolysis oil resulting from the condenser; the product is fed to the
storage tank.

111: contains the gaseous product of pyrolysis that is either stored or used to meet the
energy requirements of the process.

4.3. Preliminary Economic Assessment

A preliminary economic assessment was carried out, considering the initial investment,

the operating costs, annual cash inflows and gross and net profits, as well as two economic
indicators, which are R.O.I (return on investment) and P.O.T (pay-out time). Moreover, the
effect of plant capacity on the economic performance was also considered.
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4.3.1. Initial Investment (CAPEX)

The Chemical Engineering Plant Cost Index (CEPCI) was used to calculate the invest-
ment requirements for the PP pyrolysis plant. The initial investment of one unit for 2022
can be calculated from the following equation:

CEPClgm
1 =] et 1
F, 2022 = Irx X CEPCly 1)

where Iy, is the investment for the year 2022 and Ir x the investment for the year X, for
which bibliographic data were found. As no values are available for the CEPCI index for
2022, it is possible to make an estimate based on the data presented in Figure 5, showing
that CEPClIypp, = 651.4.

730

700 y = 10.744x - 21073
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Figure 5. CEPCI indicators for 1996-2020 [59].

The initial investment is directly related to the capacity of the pyrolysis plant. Table 8
shows the investment requirement for units of different capacities, based on the literature
review. Using the CEPCI indicators, all values are transposed and refer to 2022.

Table 8. Initial investment for pyrolysis units of different capacities.

Capacity

IF,X (M EUR) (T/Day) Year CEPCI IF,2022 (M¢€) Ref.
1.17 25 2018 603.1 1.35 [60]
3.12 40 2019 608 3.34 [61]
26.1 110 2021 640.6 26.5 [62]
33.1 120 2018 603.1 35.8 [63]
8.07 133 2021 640.6 8.2 [64]
324 876 2019 608 34.7 [65]
102.9 1000 2021 640.6 104.6 [66]

Using the data in Table 8, it is possible to make an estimate of the relationship between
capacity and the investment requirement for a plastics pyrolysis plant. This can be achieved
based on the equation obtained from Figure 6, which is as follows:

IF 2020 = 667,520 x QU660 "
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where Ir 02 is the initial investment for 2022 and Q is the plant capacity (t/day). Con-
sequently, the initial investment for the PP pyrolysis plant with the selected capacity of
200,000 t per year is Ir = 45.9 M£. It should be noted that the investment is the same for
both PP pyrolysis scenarios considered.

M€)
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N
o

100 y = 667520x06603
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Initial Investment (
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0 200 400 600 800 1000 1200
Plant capacity (t/day)

Figure 6. Relation of plant capacity and initial investment.

4.3.2. Operating Costs (OPEX)

The next step in the economic assessment of the pyrolysis plant is to determine the
operating costs. This category of expenses includes labor, raw materials, and the cost of
utilities, as well as some additional costs.

Operating expenses differ between the two scenarios, due to the difference in costs for
utilities. In scenario 1, where pyrolysis gas is used to meet the energy requirements of the
process, natural gas is not used, thus reducing costs by approximately 3 M€. The overall
operating costs for the two scenarios are presented in Table 9 [67]. The detailed calculation
methodology is presented below.

Table 9. Overview of PP pyrolysis operating costs.

Type of Cost Cost Estimation EUR/year

1. Production Costs
A. Direct Costs

i. Feedstock 35 x 10°
ii. Labor 831,140
iii. Supervision 15% A(ii) 124,670
. o Scenario 1 6.28 x 10°
iv. Utilities Scenario 2 9.45 x 106
v. Maintenance 5% Ig 2.3 x 100
vi. Materials 0.75% Ig 344,210
vii. Lab costs 10% Ad(ii) 83,115
B. Fixed Costs
i. Insurance 1% Ig 458,950
ii. Taxes 1% Ig 458,950
C. Additional Costs 60% (A(ii)+A(iii)+A(v)) 1.65 x 100
I1. General Costs
A. Administration costs 5% A (ii) 41,560
B. Distribution costs 5% I 2.29 x 10°
. Scenario 1 51.3 M€
Total Operating Costs C Scenario 2 54.8 M€
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Labor Costs

The man-hours are calculated using the Wessels method with the following equa-
tion [67]:

®)

manhours - tonnes\ %%*
(days) x (stages) day

The days of operation were considered to be 330, the stages to be 3, the parameter
o equal to 11, and the capacity of the unit to be 606 t/day. Using the man-hour price for
Greece [68], the total labor costs were defined, as observed in Table 10.

Table 10. Labor costs calculation.

Days of Operation 330
Operation stages 3
Capacity (t/day) 606
Number of man-hours 50,679
Man-hour cost (€/hour, Greece) 16.4
Total Labor Costs (€/year) 831,143
Feedstock Costs

To determine the cost of the raw material, the price of PP scraps was taken as 175
€/t [69]. Based on the capacity of the unit and the feedstock price, it was calculated that the
total annual feedstock costs amount to 35 ME.

Utilities Cost

The utilities required for the operation of the pyrolysis plant are electricity, cooling
water and natural gas for heating the reactor.

It is estimated that a pyrolysis plant requires 28 kWh of electricity and 13 m? of cooling
water per t of feedstock [63]. Considering the cost of electricity of 0.13 €/kWh [70] and the
cost of water of 0.98 €/m? [71], the annual costs were 728,000 €/year and 2.55 M€/year
respectively. The electricity requirements (28 kWh/t) do not include the cost of operating
the shredder. It is estimated that this expenditure amounts to approximately 15 €/t of raw
material [72], adding 3 M£ to the annual costs of utilities.

In addition, for the calculation of the annual cost of natural gas, it is required to
determine the energy requirements of the process. For this, the following equation was
used:

prro = Mppdry X C]o,PP X (Tfinal - Tin) + Myater X hevap + Muwater X (hw,final - hw,in) 4)
All the required data for this calculation are presented in Table 11.

Table 11. Calculation of PP pyrolysis energy requirements.

Characteristics Value Ref.
Feedstock moisture (wt.%) 0.6 -
Feedstock quantity mppqyy (kg/s) 6.97 -
Specific heat C,, pp (k] /kgK) 1.92 [73]
Tin (°C) 20 -
Tout (°C) 500 -
Water quantity myater (kg/s) 0.04 -
hevap (k] /kg) 2454 [74]
hy 20 (k] /kg) 83.9 [75]
hy500 (k] /kg) 3488 [75]
Energy Requirements Q 6.67 MW
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The energy requirements for the pyrolysis reactor (Q = 6.67 MW) can be met either
using pyrolysis gas (scenario 1) or by natural gas (scenario 2).

Based on bibliographic data, it is estimated that the calorific value of pyrolysis gas
is 26 MJ/kg [76-78]. Given that the amount of pyrolysis gas produced is 84 t/day, the
gas can provide about 25 MW, thus fully meeting the energy requirements of the reactor.
Consequently, the cost to heat the pyrolysis reactor is zero for scenario 1.

In scenario 2, natural gas is used. The calorific value of natural gas is 31.7 MJ/ m3 [79],
while its price is 0.53 EUR/m? [80]. The total cost of the PP pyrolysis plant utilities is shown
in Table 12. The utilities costs are significantly lower for scenario 1.

Table 12. Utility costs for PP pyrolysis unit for scenarios 1 and 2.

Type of Utility Quantity Cost (M¢€/year)

Electricity 5.6 GWh/year 0.73

Cooling water 2.6 Mm3/ year 2.55
Shredding (electricity) 3
Scenario 1 0 0

Natural Gas Scenario 2 6 Mm? /year 3.17

Total Utilities C Scenario 1 6.28

otal Utilities Cost Scenario 2 9.45

4.3.3. Cash Inflow

The revenue of the PP pyrolysis plant originates from the sale of the three products.
Based on the quantities produced and their respective selling prices, it is possible to
calculate the annual cash inflow of the installation, as shown in Table 13.

In scenario 1, part of the pyrolysis gas is used to meet the energy requirements of the
processes and the remaining amount is sold. In scenario 2, the entire amount of pyrolysis
gas is sold, leading to higher cash inflows for the plant.

Table 13. Total cash inflows of the PP pyrolysis unit.

Quantity Selling Price  Cash Inflow

Product W/d) €/ (Mé€lyear) Source
Pyrolysis oil 521 652 112 [81,82]
Pyrolvsis oas Scenario 1 62 176 3.6 [83]
YIolysis & Scenario 2 84 176 4.89 [83]
Char 0.6 580 0.12 [84]
Scenario 1 115.86 M€
Total Cash Inflows S Scenario 2 117.15 M€

4.3.4. Net Profits

Based on the total cash inflows (S) and operating costs (C), it is possible to calculate the
annual gross profit of the PP pyrolysis plant for both scenarios, as shown by the equations

below:
RScenurio 1= S—-C=645 M€/y

RSCenario 2 = S—C=623 M€/]/

The net annual profit of the installation is calculated with the following equation:

Pscenario1 = R — e x I = (R—d x I ) x t = 373 M€/y

PScenario2:R_e><If—(R—dXIf> xt=236ME€/y

The following assumptions were made for this calculation:
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The economic life of the plant is N = 15 years.
Depreciation is linear.

The uniform tax rate is t = 0.4.

The depreciation rate for tax purposes is d = 1/N = 0.06.
The depreciation rate of the fixed investment is e = d.

4.3.5. Financial Indicators

To assess the viability of the PP pyrolysis plant, two economic indicators were also
examined, namely the return based on the initial investment (R.O.I) and payback time
(P.O.T). These indicators are calculated as follows:

P
ROI =
Cost of Investment
I
POT = —1

P%é’XIf

Initially, the return based on the initial investment (R.O.]) is calculated as follows for
the two scenarios:
ROIScenario 1= 81%

ROIScenario 2 = 78%

In addition, the payback time (P.O.T) is as follows:
POTscenario 1 = 1.16 years
POTsconario 2 = 1.2 years

4.3.6. Overview of Feasibility

An overview of the economic performance of the PP pyrolysis plant with a capacity of
200,000 t/year is presented in Table 14. Based on the results of the analysis, it appears that
the plant is economically viable, as it presents high profits and a short payback time for
both scenarios considered.

More specifically, the use of pyrolysis gas to supply heat to the reactor (scenario 1) has
a positive effect on the feasibility of the plant. Although the annual revenues are smaller in
scenario 1, the significant reduction in the operating costs makes this scenario preferable.
The annual profits amount to 37.3 M€, while the return on investment is quite high at 81%.
Finally, the payback time of the unit is only 1.16 years. In contrast, in scenario 2, although
the plant is still feasible and shows high profitability, the annual profits are lower by about
1.5 M€, while the payback time is a little higher at 1.2 years.

Table 14. Overview of the feasibility of the PP pyrolysis plant.

Scenario 1 Scenario 2

Capacity (t/year) 200,000

Investment (M€) 45.9
Operating costs (M€ /year) 51.3 54.8

Annual cash inflows (M€/year) 115.86 117.15
Net annual profit (M€/year) 37.3 36
R.OI 81% 78%
P.O.T (years) 1.16 1.2

Pyrolysis oil is the most important product of the process, as more than 95% of the
annual revenue of the plant is due to its sale. The solid product (char) is produced in very
small quantities; therefore, it does not contribute significantly to the profitability of the
plant.
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The annual operating costs amount to 51.3 and 54.8 M€, respectively, for the two
scenarios, 1 and 2. The cost of purchasing the raw material constitutes about 60% of the total.
The cost of utilities is a significant part of the total operating costs, with shredding costs
amounting to 3 M€. Some additional operating costs, such as supervision, maintenance,
local taxes, administration, and distribution costs, make up about 15% of the unit’s total
annual operating costs.

4.3.7. Sensitivity Analysis Effect of Plant Capacity on Economic Indicators

Based on the process described in the previous sections, the economic performance
of the PP pyrolysis plant can be examined for a range of capacities. The impact of plant
capacity on the initial investment is depicted in Figure 7. The investment increases with
the plant’s capacity, from 4.02 M€ for 5000 t/year to 59.98 M€ for 300,000 t/year.

Initial Investment (million euros)
[ N w S w N ~
o o Lo o o = o

o

0 50 100 150 200 250 300 350
tonnes/year Thousands

Figure 7. Effect of PP pyrolysis plant capacity on the initial investment (scenario 1).

Nevertheless, this is not a sufficient criterion for comparing the economic viability
of facilities of different scales; therefore, the indicators R.O.I and P.O.T are preferred, as
shown in Figure 8, to assess optimal capacity.
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Figure 8. Effect of PP pyrolysis plant capacity on R.O.I and P.O.T (scenario 1).
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For small capacities (<50,000 t/year), the PP pyrolysis plant seems profitable, but does
not appear to be a very viable or attractive investment. The payback period is between 2
and 10 years, which means that it takes a very long time to recover the initial investment.
However, the R.O.I index is less than 45%, which is significantly lower compared to higher
capacity installations.

In plants with a capacity of >100,000 t per year, the investment is much more advanta-
geous. It seems that the initial investment can be recovered in less than two years, as the
time decreases with increasing capacity. Accordingly, the higher the capacity of the unit,
the more efficient the investment.

Nevertheless, the initial investment increases significantly. For example, for a pyrolysis
plant with a capacity of 300,000 t/year, the R.O.I index is at its maximum (96%) and the
payback time is at its minimum (1 year), which means that it presents the optimal financial
performance. However, due to the size of the facility, the initial investment amounts to 60
M€, which can be a deterrent. Accordingly, to determine the optimal capacity, a profitable
investment with a reasonably high initial investment must be found.

As shown in Figure 8, the P.O.T index decreases with increasing capacity. When
the capacity has significantly increased, there is a very small reduction in payback time.
Especially for capacities >200,000 t/year, the payback time is insignificantly reduced,
meaning that while the initial investment significantly increases, the economic performance
of the plant is only improved slightly. The R.O.I index is constantly increasing, but its
increase is less significant for capacities >200,000 t/year.

Based on these observations, it can be assumed that while the unit is viable for all the
capacities that were considered, optimal economic efficiency can be achieved for capacities
in the range of 150,000-200,000 t per year.

5. Conclusions

Pyrolysis is an effective method of managing plastic waste mainly for oil production,
which exhibits similar properties to conventional fuels, such as gasoline or diesel. Many
factors affect the yields of the process, as well as the properties and quality of the final
products. The temperature, the type of feedstock and the presence of a catalyst are the
most important parameters to consider, although the type of reactor, the pressure and the
heating rate are also important.

Polypropylene (PP) is very often used as feedstock for pyrolysis, as very high yields
of pyrolysis oil are observed. The properties of the oil are similar to those of conventional
fuels. The preferred temperature for PP pyrolysis ranges from 450 °C to 550 °C, where oil
yields vary from 82 wt.% to 92.3 wt.%. For temperatures below 450 °C, lower oil yields
can be observed (<80 wt.%), while at higher temperatures (740 °C), the gas yield increases
significantly, limiting oil production.

Based on the results of the feasibility assessment, a PP-based pyrolysis plant can be
economically viable, with its optimal capacity being in the range of 150,000 to 200,000 t
per year. Pyrolysis oil is the main product of the plant, and it is responsible for generating
a significant part of the total revenue, while the gaseous product also contributes to the
economic viability. The pyrolysis plant shows significant profits both when the pyrolysis
gas is used to cover the energy requirements of the process (scenario 1) and when the gas is
sold as a final product (scenario 2). The solid (char), despite its relatively high selling price,
constitutes a very low percentage of the annual profits, due to its low yields.

For scenario 1, the pyrolysis plant with a capacity of 200,000 t PP/year is estimated
to have annual profits of 37.3 M€, while the payback time of the initial investment is very
low, at 1.16 years. Using part of the gas to meet the energy needs of the pyrolysis reactor
significantly reduces the operating costs, as the use of natural gas is not required. However,
the remaining amount of gas is sold and contributes to the annual revenue. In the case
where the entire amount of gas is sold (scenario 2), the profitability of the plant remains,
but this option is less preferable, due to the higher operating costs associated with the use
of natural gas.
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The results of this study show that the PP pyrolysis unit is economically viable for
a wide range of capacities. However, this is an approximate analysis based on certain
assumptions; thus, a detailed feasibility study is proposed to produce more accurate
results.
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Abstract: The increasing environmental concerns and dependence on fossil fuel-based energy sectors
necessitate a shift towards renewable energy. Off-grid communities can particularly benefit from
standalone, scaled renewable power plants. This study developed a comprehensive techno-economic
framework, analyzed the objective metrics, and assessed the influence of economies of scale in
solar PV power plants to electrify off-grid communities, taking Baluchistan, Pakistan, as a pilot
case. Simulations and analyses were performed using the System Advisor Model (SAM). The
results indicate a noteworthy reduction in the levelized cost of energy (LCOE) with increased power
generation capacity. It was observed that utilizing bi-facial modules with single-axis tracking leads to
a more cost-effective LCOE compared to the relatively expensive dual-axis trackers. The main cost
factors identified in the analysis were capital costs, installed balance of plant (BOP), mechanical, and
electrical costs. Notably, the disparity between the highest and lowest LCOE values across the six
different power generation pathways amounted to approximately 38.5%. The average LCOE was
determined to be 2.14 USD/kWh for fixed-mounted plants, 1.79 USD/kWh for single-axis plants,
and 1.74 USD/kWh for dual-axis plants across the examined power generation capacity range. The
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ments improving the efficiency and cost-effectiveness of renewable energy systems (RES) [1].
As technology progresses, off-grid communities can benefit from more affordable and
improved renewable energy solutions [2]. Reliance on centralized power grids can be
challenging in remote or off-grid areas where infrastructure development is limited. The

adoption of RES would enable these communities to achieve self-sufficiency and reduce
dependence on external energy sources.

Like many other developing nations, Pakistan faces significant electricity challenges
access, affordability, and shortfall. Around 40% of the population lacks access to reliable
electricity, while even those with access encounter issues such as electricity shortages and
high prices [3]. Moreover, 37.2% of Pakistan’s population live in extreme poverty in 2023,
earning an average of USD 3.65 per day [4]. This means that they may struggle to afford
Attribution (CC BY) license (https:// 1S USAge even if they have access to the national electricity grid. As of August 2022, the
creativecommons.org licenses /by / electricity deficit in Pakistan has escalated to 7461 MW [5]. Considering an anticipated
40). surge in electricity demand, this deficit is anticipated to escalate significantly, reaching a
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staggering 40,000 MW by the year 2030 [6]. These statistics highlight the need for Pakistan
to address the electricity shortfall issues while considering the accessibility and affordability
challenges faced by a significant portion of the population.

Baluchistan is the largest province in terms of area in Pakistan [7], and approximately
85% of its total population (13.16 million) resides in rural areas, leading this province to be
known as the “powerless province” [8]. The electrification rate in this province stands at
around 23%, significantly lower than the average national electrification rate of 72% [9]. As
of 2023, the electricity demand is 1650 MW, but only 400-600 MW are supplied, resulting
in persistent and regular load shedding (power/grid outages) of 12-18 h/day in main
towns, excluding the capital city of Quetta, regardless of the season [10]. The situation in
rural areas of this province is even worse, with electricity available for only 4 h/day, and
significant areas still are beyond the jurisdiction of the national or regional grid systems [11].
Consequently, this province suffers greatly in terms of agricultural, industrial, and trade
activities, in addition to civic problems, making it the least-developed province. The
National Transmission and Despatch Company (NTDC) has a total electric transmission
line of ~27 km in the province, capable of transmitting a maximum of around 600 MW [9].
Therefore, even when the government issues orders to reduce load shedding across the
country, it does not provide any relief to consumers in Baluchistan due to the inadequate
and insufficient transmission and distribution network.

The energy needs in Baluchistan Province are predominantly fulfilled through biomass
energy sources such as firewood, animal dung, and agricultural waste [12]. However, elec-
tricity consumption is increasing at a rate of 17% per year [13]. The province has significant
potential for solar, wind, geothermal, and micro-hydro power. Around 40% of its land re-
ceives solar energy at 6 kWh/m? per day, which adds up to a power generation potential of
approximately 1.2 million MW [14]. The government of Pakistan, specifically the Ministry
of Planning and Development, has recently shown its endorsement for investigating local-
ized and off-grid alternatives to deliver electricity in the remote regions of Baluchistan [15].
Harnessing solar power for off-grid communities in this province would contribute to
improvements in healthcare, education, communication, and water supply, leading to
overall socio-economic development and well-being. A detailed survey conducted for the
adoption of solar power in rural Baluchistan revealed that 89.2% of the rural population is
willing to install solar power systems. However, due to their poor financial condition, they
have been unable to install these systems and are awaiting support from the government or
international donors [16]. In 2016, the provincial government of Baluchistan allocated USD
4.6 million for solar and wind power to attract private sector investment [17]. However,
the private sector has shown reluctance to invest due to several factors, including the poor
law and order situation, the remote location of the area, inadequate communications and
infrastructure, and a low return on investment [18]. Another potential hurdle associated
with emerging technologies is that financial institutions and large-scale investors tend to be
risk-averse, often requiring realistic techno-economic information and a pilot plan before
providing financing.

As of 2022, the global utility-scale solar sector has witnessed significant growth, with
approximately 37,000 MW of operating projects and an additional 112,000 MW in de-
velopment [19]. The 2030 target of achieving an unsubsidized levelized cost of energy
(LCOE) of USD 0.02/kWh for utility-scale solar PV projects was set by the Department of
Energy (DOE), USA [20]. However, several challenges hinder the widespread adoption
of solar power, including inefficient solar panels and LS and high capital and operational
expenditures contributing to a higher LCOE in comparison to power tariffs. To promote
the adoption of large-scale solar PV systems in areas with favorable solar energy po-
tential, it is crucial to assess the techno-economic metrics based on local conditions and
specific components.

In addition to the continuous research focused on reducing costs in solar systems, it is
imperative to address concerns regarding inefficient infrastructure and the development
of a proper value chain. Furthermore, to attract private sector investment, make well-
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informed investment decisions, and gain a comprehensive understanding of the potential
and challenges involved, it is of utmost importance to possess detailed techno-economic
information about scaled solar power plants in specific geographical locations. Provid-
ing this information would greatly contribute to instilling confidence in investors and
financial institutions.

The reviewed set of recent studies in Table 1 reveals a disparity in the clarity of the
literature concerning the techno-economic metrics of scaled solar power plants. These
studies demonstrate variations in technical assumptions and cost estimates and exhibit
limitations in scope and procedural deficiencies. Furthermore, they overlook multiple
parameters essential for determining the LCOE beyond capital expenditure (CAPEX) and
operational expenditure (OPEX). The key deficiencies, as summarized below, underscore
the importance of evaluating detailed techno-economic metrics in this field:

e  Several significant cost-contributing parameters were either overlooked or arbitrarily
selected. For example, Niaz et al. (2022) [21] examined the LCOE considering CAPEX
and OPEX over ten years but did not include factors such as power generation scale,
salvage value, degradation rate, loss factors, or replacement cost. Similarly, Nadaleti
et al. (2020) [22] only considered CAPEX and OPEX. Yates et al. (2020) [23] calculated
LCOE using a range of CAPEX and OPEX costs but did not address the impact of
economies of scale. Ahshan et al. (2022) [24] investigated the LCOE of wind power,
primarily focusing on CAPEX and OPEX. Shehabi et al. (2022) [25] used income
tax rate, CAPEX, OPEX, balance of system (BOS) cost, equity, and replacement cost
to determine LCOE but did not consider salvage value or the impact of economies
of scale.

e The lack of a standardized approach for accounting CAPEX is noted. The direct
CAPEX should encompass the costs of PV modules, current balancing devices, in-
stallation expenses, and contingency costs when calculating the net present value
(NPV). However, it is taken generically, considering CAPEX as the cost/unit-power
while excluding the other three cost variables, e.g., by Assowe et al. [26], Alessandro
et al. [27], Jang et al. [28], and Burdack et al. [29].

e  Furthermore, in the USA as of 2021, out of a total of 1125 proposed photovoltaic
(PV) projects, 90% were based on single-axis tracking systems as opposed to fixed
tilt systems, and mono-crystalline silicon (mono-c-Si) modules accounted for 69% of
installations compared to thin-film modules [30]. Additionally, policy measures in the
USA, such as extending the exemption from the 15% import duty through 2026, have
encouraged the installation of bi-facial modules. This divergence in plant setup and
module specifications in large-scale deployment highlights the need for research to
understand how these factors impact energy output and cost.

To facilitate informed decision making regarding the implementation of scaled solar
power for electrifying off-grid communities, this study provides a comprehensive techno-
economic assessment.

Given the existing knowledge gap and the projected growth in renewable electricity
demand, the contribution of this study mainly includes:

e  Development of a robust framework for scaled solar PV plants that incorporates all
relevant technological, financial, and benefit considerations. This approach enabled
the accurate determination of techno-economic metrics, allowing for a fair comparison
with fossil fuel-based power generation.

e Incorporate the essential macro- and micro-cost and technical parameters (Table 2)
that are integral to the analysis and that must be considered when developing a
techno-economic analysis model. Neglecting any of these parameters can lead to
underestimation or overestimation of techno-economic metrics, rendering them unre-
liable. While certain parameters may have specific ranges, completely excluding them
may result in misleading conclusions.

e Evaluation of economies of scale impact on techno-economic metrics of a scaled
renewable power plant.
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e By examining these factors, the primary objective of the study is to generate valuable
insights into the feasibility and viability of implementing scaled solar power plants in

the region.

Table 1. Key parameters of LCOE (non-exhaustive).

Study (Year Published, Ref.) 2022, [21] 2022, [24] 2022, [25] 2020, [22] 2020, [31] 2020, [23] 2016, [32] 2015, [33]
System lifetime V4 v/ v v 4 4 V4 X
Degradation rate X v X X X X X X
Technical loss factor X X X X Vv X X X
Carbon trading price X vV X X X X X X
Residual value X X X X X X X X
CAPEX v v v v v v v v
OPEX v v v v v v v v
Discount rate X X X Vv X 4 V4 X
Inflation rate X X X X X X V4 X
BOS and installation cost X X X X X X X X
Foundation (land
. X X X X X X X X
preparation)
Engineering and developer
X X X X X X X X
overhead
Contingency X X X X X X X X
Table 2. Parametric framework of techno-economic assessment.
Category Parameter Notes

Site selection

Geographical location

DNI and financial factors, e.g., utility tariffs, tax rate, inflation and discount rate,
carbon credits, etc., vary with location/country of interest.

Energy generation

Capacity

The economy of scale has an impact on net technical and cost parameters.

Performance and cost

System lifetime

Various renewable power-generation systems have different life spans and
replacement costs.

Feasibility

Energy harvesting system

Solar PV, solar-thermal, wind, and biomass have different energy potentials
concerning net output power.

System performance

Efficiency

Module type in the case of PV, turbine class in the case of wind, and Biomass’s
energy-to-power-conversion technique affect the power generated.

System performance

Loss factor

In practice, at the industrial level of power generation systems, specific energy and
exergy losses typically exist, e.g., DC/AC losses in PV plants.

Net output power

Degradation rate

The performance of the power generator degrades with time, reducing the net
output power.

CAPEX

The cost of components related to renewable energy system changes due to ongoing
increases in global installed capacity and product improvements; more realistic
CAPEX based on a well-defined system’s design impacts the net cost.

System cost

Lifetime cost

Power generation systems and BOS have different lifetimes; hence during the specific
analysis period, these should be accounted for separately.

OPEX

Logistics, labor wages, and insurance costs, and other soft costs are often
country-specific, hence have a pronounced impact in the long run as OPEX mainly
affects annual equivalent costs.

Project finance

Equity

The equity with a specific interest rate through a reasonable estimate must be
accounted for in the life cycle costing of the renewable power generation to encourage
private sector investment.

Residual value

The residual value is a significant cost factor, specifically when the analysis period is
shorter than plant life.

Discount rate

Net present value

Inflation rate

Discount and inflation rates directly affect the LCOE, neglecting or assuming it leads
to unrealistic results.

IRR

To attract private sector investment, IRR with a reasonable estimate should be
declared, and its effect should be reflected in net cost.
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Table 2. Cont.

Category Parameter Notes

The penalty charges avoided from reducing CO, emitting to the atmosphere are

Carbon credit accounted for in LCC while evaluating the LCOE.

Annualized cost - — -
If the analysis period is different than the system life, then replacement cost needs to

Replacement cost be accounted for in annualized cost.

Renewable power plant requires a considerable land area for installation, which has a
Foundation significant impact on CAPEX if leased or purchased. The CAPEX must account for
land purchase and preparation costs where applicable.

Engineering and developer Overhead costs, e.g., computer programming, communication, and encoding, are

Capital cost overhead specifically crucial in setting central control systems in scale enactment.

In LCOE estimation over the 25-35 years period of the power generation system, the

Contingency cost associated with uncertain and unpredictable risk should be considered.

BOS equipment and installation cost is a significant direct cost component, and it

BOS and installation cost should be accounted for separately from the CAPEX.

2. Methods and Materials
2.1. Geographical Location

Several factors impact the site selection for a scaled solar power plant, such as the
country’s economic condition, commitment to the green energy transition, resource con-
straints, and renewable energy targets [34]. Additional considerations include wind speed,
direct normal irradiance (DNI), water resources, transportation, and existing infrastructure
such as industrial zones. Yang et al. [35] recommend a cumulative irradiation value of
>2000 kWh/m? /year while cautioning against exposure to less than 1600 kWh/m?/year of
DNI. High wind speeds can have adverse effects on solar PV plant performance, leading
to increased thermal losses and structural instability [34]. Given that around 83% of the
population in District Chagai, Balochistan, in Table 3 resides in the off-grid area [36], and
considering the region’s favorable solar energy potential, this study selects this area as a
pilot case (Figure 1).

Table 3. Characteristics of selected solar PV plant site.

Production Site Co-Ordinates DNI Avg. GHI Avg. Wind Speed Avg. T
(Pakistan) (°N, °E) (kWh/m?/d) (kWh/m?/d) (m/s) (o)

Chagai,

Baluchistan 29.3058, 64.6945 5.94 5.93 3.1 28.6

2.2. Metrological Data

The metrological data was obtained from the National Solar Radiation Database at
the NREL database [37]. By employing these site-specific data, it is believed that the
assessment of solar power will yield more precise results compared to relying on average
solar irradiation statistics for a given location.

2.3. Power Generation Pathways

The simulation encompasses a range of pathways derived from the combination of
three different module configurations and two module types. Through comprehensive
enumeration, a total of six pathways were examined in Figure 2. The findings were obtained
through open-access simulation tools, the System Advisor Model (SAM.V22.11.21) [38] and
a spreadsheet analyzer.
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Figure 1. Geographical location of the selected site.
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Figure 2. Roadmap of solar PV plant.

2.4. Simulation Algorithm

The algorithm presented in Figure 3 is employed to assess the key objective metrics:
The LCOE, capacity factor (CF), total annual energy generated, and energy yield (EY). The
technical specifications of the modules, as outlined in Table 4, along with the air-mass
modifier polynomial ratio described in Ref. [39], are taken into account to address the
effects of the solar spectrum on net power. Additionally, losses resulting from optical lenses,
alignment errors, tracker errors, and wind flutter are considered in the loss factor.
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Figure 3. Simulation algorithm of power plant.

Table 4. Specification of solar PV module.

Value
Parameters Unit Bi-Facial Mono-Facial
[40] [41]
Efficiency % 21.79 20.88
Power capacity Wac 671.055 540.696
Performance degradation %/y 0.45 0.55
Voltage (maximum) Ve 38.5 31.2
Current (maximum) Age 17.4 17.3
Temperature coefficient W/°C —0.303 —0.371
Cells Nos 66 55
Area m? 3.080 2.59
Unit mass kg/m? 11.092 11.092
Length m 3.08 2.59
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The model incorporates factors such as efficiency, loss factors, thermochemical char-
acteristics, variation in cell efficiency, and the impact of azimuth angle. The performance
and cost of the converters, trackers, and voltage optimizers significantly influence the
net output of the system. The critical technical characteristics of the modules, along with
the application of air-mass modifier polynomial ratios explained in Ref. [39], effectively
account for the spectrum effects on net power. The model also considers losses attributed
to the visual lens, placement error, tracker error, and wind flap, which are encompassed
within the overall loss factors.

The economic model incorporates various input parameters such as module cost,
inverter cost, BOS mechanical and electrical costs, installation cost, and non-labor soft
costs including approval, procurement, and developer overhead (Table 5). Estimated
expenses within the literature typically fall within a specific price range. For instance,
predictions for the total installed cost of a solar PV system with single-axis tracking range
from 1.3 USD/Wac to 1.14 USD/Wdc for a 100 MW capacity [42,43]. The Solar Energy
Industries Association (SEIA) [19] reported that the global average cost of commercial solar
PV plants installed in 2021 was 0.77 USD/Wdc for fixed-tilt systems and 0.89 USD/Wdc
for single-axis systems. The NREL [44] reports the median cost of 25 different utility-scale
solar PV plants as 1.2 USD/Wac and 0.97 USD/Wdc. These costs represent global averages,
and the net output is significantly influenced by module scale, location, type, brand, and
the presence of clean energy credits. Dedvar et al. [45] examined the scaled impact on
the minimum sustainable price (MSP) of solar PV modules in a practical manufacturing
plant setting. They observed a progressive decline in MSP with increasing capacity, with
reductions of 9%, 8%, and 6% for capacities of 600 MW, 1.2 GW, and 2.4 GW, respectively.

Certain fixed expenditures, such as general administration, vegetation care, and
module cleaning, are shared among various plant components, resulting in decreased
OPEX with increasing plant capacity. Around a 50% decline in OPEX has been noted in
thirteen years, i.e., from 35 USD/kWdc/year in 2007 to 17 USD/kWdc/year in 2019 [46].
Similarly, a report from Berkeley Lab [47] highlights a 51.4% reduction in OPEX over the past
12 years. The Trina-Solar modules examined in this study claim a 6.32% reduction in BOS
costs when bi-facial 600+ W modules are installed compared to mono-facial modules [48].

Table 5. Economic parameters.

Parameters Unit Value Reference
Installer margin and overhead USD /W 0.05 [49]
WACC % 6 Typical value
Installation cost USD /W4 0.11 [49]
BOP (mechanical) USD/Wgc 0.10 [50]
BOP (electrical) USD/Wgc 0.09 [50]
Sun-tracker (single-axis) USD /W 0.1 [30]
Sun-tracker (dual-axis) USD/Wgc 0.15 [30]
Engineering and developer overhead USD/Wg, 0.08 [49]
PII USD/Wc 0.04 [50]
Contingency % CAPEX 2 Typical value
Fixed-mounted OPEX USD/kWq./y 13 [51]
Single-axis OPEX USD/kWgy./y 14 [52]
Dual-axis OPEX USD/kWgy./y 16.26 [52]
- o MACRS Standards
Depreciation fo/y (Industries) [53]
DC/DC power optimizer USD/Wy, 0.15 [54]
PV Module Performance degradation %/y 0.5 [50]
Residual value % CAPEX 20 Typical value
Inflation % 2.6 [55]

AC: alternate current; DC: direct current; CAPEX: capital expenditures; OPEX: operating expenditures; MARCS:
modified accelerated cost recovery system; BOP: balance of plant; PV: photovoltaic; PII: permitting, inspection,
and interconnection; WACC: weighted average cost of capital.
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LCOE (USD/kWh) =

The LCOE serves as an economic metric for comparing renewable power generation
systems from various sources. Equation (1) defines the LCOE [39], and in this study,
modified and detailed relationships are employed as presented in Equations (2) and (3).
These equations are solved using the standard life cycle cost (LCC) concept, as illustrated
in Figure 4, to determine the NPV. By adopting this approach, a thorough evaluation of the

economic feasibility of the solar power plant system can be achieved.

LCOE (USD/kWh) =

Total life cycle cost of the energy generation system ($)

Total electricity generated (kWh)

CAPEX + Co&m - rdegn - Rvalue

LCOE (USD/kWh) =

En
where:
CAPEX is the capital expenditure (USD)
Cog&m is the operation and maintenance cost (USD)
I'deg 1S the degradation rate (%)
n is the plant’s lifetime
Ryalue is the residual value (USD)
E, is the electricity generated
. & n Cogm _yn (rdeP Xrtax)i _ Ryalue
CAPEX + CII’IS + (l+d)n + 21:1 (l+d)1 i=1 (1+d)1 (1+d)n
n Eix(l_rdAeg)i
i=1 (1 + d)l

where:

Cins is the installation cost (power plant) (USD)
Crep is the replacement cost (USD)

I; is the Year “i”

kW is the Kilowatt

n is the plant’s lifetime

USD is the dollar (United States)

I'dep i the depreciation rate (%)

I'tax is the federal capital tax on investment

Salvage value

Revenue/Returns

Ay

o A 4 4 4l 4
¥ ¥+ ¥ ¢ %
.y

Operational & Maintenance cost

z * Period

b2
vV VvV v

Initial Investment
Figure 4. Life cycle cost.

2.5. Assumptions and Exclusions

e  The economic model focused on cost analysis without an energy storage system.

e Power transmission and distribution costs were not taken into account.
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e  The cost of land acquisition or lease was not included and was assumed to be covered
by the public development budget.

e Incentives for investment, green power generation, or capacity build-up are not ac-
counted for in the NPV.

3. Results and Discussion

Techno-economic metrics are analyzed across four different generation capacities:
1000 MW, 3000 MW, 5000 MW, and 7000 MW, and six various pathways. The reason for
considering different capacities is to evaluate the influence of economies of scale on the
overall impact. The chosen range of installed capacity aligns with the requirements of
the region’s first solar PV plant [56], designed to meet the annual energy demands of an
off-grid community. To ensure an equitable comparison across various renewable energy
technologies and geographical sites in a global context, the power plant is considered
connected directly to the consumer’s facility, eliminating the need for an energy storage
system. It is worth noting that the irradiation potential varies throughout the year, such that
during the winter solstice it is ~44.3% lower compared to the summer solstice in Figure 5.
As a result, the monthly energy generation at the selected plant location exhibits significant
variability, particularly during the spring and fall equinoxes (Figure 6).
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Figure 5. Average direct of normal radiation per month in Pakistan.
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Figure 6. Monthly energy generated from various generation pathways, (M; mono-facial, B; bi-facial,
F; fixed-mounted, S; single-axis, D; dual-axis).

Given the variation in the energy received, the size of a power plant required to meet
a particular electricity load at this study site is found ~38.4% smaller during the summer
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solstice compared to the winter solstice. The comparative assessment of current market
prices reveals that the cost of bi-facial modules is ~38% higher than mono-facial modules.
Additionally, transitioning from a fixed-mounted configuration of the sun-tracking system
to a single-axis configuration increases the cost by ~47%, while the cost difference in
transitioning from a single-axis to a dual-axis configuration is ~40%. Considering these
discrepancies, an evaluation of the energy generation and plant performance in Table 6
is conducted to determine the optimal plant setup using either mono-facial or bi-facial
modules for scaled implementation in a standalone position.

Table 6. Plant performance metrics.

Fixed-Mounted Single-Axis Dual-Axis
Metric o
Mono-Facial Bi-Facial Mono-Facial Bi-Facial Mono-Facial Bi-Facial
Annual energy (GWh) 17.76 18.52 22.53 23.64 24.45 25.56
CF (%) 229 22.1 28.3 29.5 31.1 32.2
Energy yield (kWh/kW) 1777 1852 2255 2363 2446 2558

The analysis reveals that transitioning from mono-facial to bi-facial modules with a
single-axis configuration results in a net power output change of ~5%. Similarly, changing
the plant setup from mono-facial to bi-facial modules using the dual-axis configuration
leads to a net power output change of ~4.6%. Based on this comparative assessment, the
use of bi-facial modules in a single-axis configuration is preferred over the mono-facial
configuration due to the higher difference observed in net power output.

The model evaluated the installation of two distinct module types presently accessible
on the market, along with three potential mounting structures. Comparable meteorological
data and economic and technical input parameters are used to evaluate the influence of
module types on BOS costs and LCOE. Six distinct designs are assessed, encompassing two
module types and three module orientations, yielding varying optimized LCOE values in
Figure 7. The LCOE experiences a decrease of ~12% when shifting from a fixed-mounting
to a single-axis configuration, regardless of whether mono-facial or bi-facial modules are
used. However, the difference in LCOE when transitioning from a single-axis to a dual-axis
configuration is ~2%, which is not considered significant. Considering the higher cost
associated with installing dual-axis sun-trackers and the relatively lower increase in energy
generation, the LCOE assessment suggests that single-axis tracking is more economically
favorable until dual-axis systems become more developed and economically feasible in
the future.

Comparing the outcomes of this study with other studies proves challenging due
to variations in solar energy potential across different worldwide geographical locations,
differences in plant installed capacity, and diverse technical and cost assumptions and
limitations. Nonetheless, the results obtained from this study can be compared to recently
bid utility-scale regional solar PV projects conducted in areas with similar solar irradiance
levels in Table 7. The observed decrease in costs with increasing plant capacity in this
study aligns with the awarded prices of the power purchase agreement (PPA) for recent
projects. For example, the LCOE for a 2000 MW plant in the UAE is ~55% lower than that
of a 1200 MW project. Similarly, the LCOE in Qatar and Oman, which are reported as
1.57 USD/kWh and 1.78 USD /kWHh respectively, are also comparable to the findings of this
study, with slight variations attributed to differences in solar irradiance due to different
geographical locations. Furthermore, the resulting LCOE from this study is comparable
to the reported values of 1.67 USD/kWh (PV-battery storage system) and 1.45 USD/kWh
(PV-battery storage system-diesel generator) for the geographical location in District Dera
Ismail Khan, Pakistan [57]. Similarly, another study by ARENA in Australia [58] reported
1.14 USD/kWh, with the slight difference attributed to ~11% more sunshine hours available
for a full load at the selected site of this study as compared to the location in Australia.
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Figure 7. Economy of scale impact of solar PV electricity cost at the selected site (M; mono-facial,
B; bi-facial).

Based on a qualitative assessment, the integration of concentrated solar power with
conventional plants in Pakistan resulted in a reduced levelized cost of electricity (LCOE) [59].
An evaluation encompassing technical, economic, and environmental considerations ad-
vocated for an independent standalone solar PV system in Ref. [60], exhibiting a payback
period of 3.125 years and facilitating a substantial reduction of 90,225 tons per annum in
CO, emissions within the Pakistani context.

Drawing from an inquiry into a hybrid energy system combining wind, PV, and
biomass components in Pakistan, an LCOE of 5.744 USD/kWh was ascertained [61]. More-
over, a comparative analysis of the technical and economic dimensions of scaled solar PV
installations across five diverse locations, detailed in Ref. [62], identified the Baluchistan
Province as the most suitable locale, distinguished by a diminished LCOE of approximately
2.6 USD/kWh. When juxtaposed with the established LCOE of 5.6 USD/kWh attributed to
a wind power system as appraised in Ref. [63], the present study’s findings—specifically,
LCOE values of 2.14 USD/kWh (fixed-mounted PV systems), 1.79 USD/kWh (single-
axis tracking systems), and 1.74 USD/kWh (dual-axis tracking systems)—underscore the
viability of solar PV plants within the prevailing market dynamics.

Table 7. PPA of recently tendered regional projects.

Plant Capacity Awarded PPA
Country (MW) (USD/KWh) Year Reference
1200 2.951 2019 [64]
UAE 2000 1351 2022 [65]
Qatar 800 1.572 2020 [66]
Oman 500 1.781 2019 [67]

PPA: power purchase agreement.

4. Conclusions and Policy Recommendations

The techno-economic analysis conducted on scaled solar PV plants with a power
capacity range of 1000-7000 MW has yielded several significant findings. The transition
from mono-facial to bi-facial modules, combined with a single-axis configuration, resulted
in a noticeable increase in net power output of ~5%. Similarly, the shift from mono-facial
to bi-facial modules with a dual-axis configuration led to a net power output increase of
around 4.6%. The findings indicate that a power plant utilizing bi-facial modules with
a single-axis configuration offers greater feasibility compared to one employing mono-
facial modules in a fixed-mount arrangement. In terms of cost factors, the BOS cost and
the OPEX, primarily attributed to cleaning and vegetation management, emerged as the
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most significant after considering the CAPEX. The selected site demonstrated substantial
power generation potential, making it well-suited for large-scale commercial solar PV
plants. The average LCOE was determined to be 2.14 USD/kWh for fixed-mounted
plants, 1.79 USD/kWh for single-axis plants, and 1.74 USD/kWh for dual-axis plants
across the examined power generation capacity range. The anticipated economies of
scale, driven by the expanding global market for solar PV plants and renewable energy,
are expected to further contribute to overall cost reductions. Given the lower cost of
green power, as evidenced by the LCOE, particularly in Pakistan and specifically in the
Balochistan Province, the region’s extensive land area, and high solar energy yield (with
7-13 h of sunshine per day) position it as a compelling leader in the renewable power
sector. The comprehensive techno-economic framework developed in this study has
yielded a meticulously crafted solar PV system design that is scalable for implementation in
off-grid rural settings. This design is a product of rigorous exploration of pertinent techno-
economic variables. In forthcoming research endeavors, this framework is positioned
for augmentation to encompass the assessment of additional sustainable power systems,
including wind and biomass alternatives. This envisioned extension bears the promise of
providing invaluable insights to inform the energy system design within off-grid regions.

To foster investment decisions and formulate effective policies to promote off-grid
electrification and the development of renewable energy value chains, the following policy
recommendations are proposed:

e  The active involvement of the private sector is crucial in fostering a resilient renewable
energy value chain, especially in regions with limited existing energy infrastructure. It
would be helpful to mobilize financial resources from non-budgetary sources and to
provide the technical and managerial expertise required for building scaled solar PV
plants in off-grid areas.

e  The formulation of specialized policies and regulatory frameworks related to solar
power generation is required. These initiatives are essential to attract and facili-
tate investors and to overcome the challenges associated with the renewable energy
value chain.

e  The BOS cost is the major contributing factor in the LCOE; therefore, solar PV module
manufacturers should focus on improving module density within a string to reduce
expenses for accessories such as electric cables and racks. Additionally, the production
of large-sized and high-power solar PV modules is recommended to decrease the
construction time and lower the overall cost of the system.

e  Although the LCOE using bi-facial modules is ~7-10% lower, a careful comparison of
sun-tracker costs is necessary before deciding. A dual-axis tracking system generates
around 19.87% more power than a fixed-mounted system, but it comes with a net
installed cost difference of ~15.45%. Therefore, when dealing with limited space, a
cost-benefit analysis of installing sun trackers and types of modules is critical.

Author Contributions: Conceptualization, M.S. and PK.; methodology, M.S.; software, M.S.; valida-
tion, PK. and S.K,; formal analysis, M.S.; investigation, PK.; resources, M.S.; data curation, M.S. and
PK.; writing—original draft preparation, M.S.; writing—review and editing, M.S. and P.K.; supervi-
sion, PK. and S.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Graduate Scholarship Programme, Chulalongkorn Uni-
versity for ASEAN or Non-ASEAN countries, and the APC was partly funded by Energy Research
Institute, Chulalongkorn University.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

76



Energies 2023, 16, 6262

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

Abbreviations

BOS Balance of system

CCUS  Carbon capture utilization and storage
CAPEX Capital expenditures

CF Capacity factor

DNI Direct normal irradiance

FCEV Fuel cell electric vehicle

GHG Greenhouse gas

GHI Global horizontal irradiance

IPCC Intergovernmental Panel on climate change
IRENA International renewable energy agency
LCOE Levelized cost of energy

LCC Life cycle cost

MOE Ministry of Energy United States of America
MOU Memorandum of understanding

MT Million tones

NPV Net present value

NREL  National Renewable Energy Laboratory
OPEX Operational expenditures

1Y% Photovoltaic

PPA Power purchase agreement
R&D Research and development
RES Renewable energy systems

SAM System Advisor Model

TWh Terawatt hours

USD United States dollar

WACC  Weighted average cost of capital
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Abstract: The present paper focuses on investigating the cost-effective configuration of an array of
wave energy converters (WECs) composed of vertical cylinders situated in front of a vertical seawall
in irregular waves. First, the hydrodynamic calculations are performed using a WAMIT commercial
code based on linear potential theory, where the influence of the vertical wall is incorporated using the
method of image. The viscous damping experienced by the oscillating cylinder is considered through
CFD simulations of a free decay test. A variety of parameters, including WEC diameter, number of
WECs, and the spacing between them, are considered to determine an economically efficient WEC
configuration. The design of the WEC configuration is aided by a cost indicator, defined as the ratio
of the total submerged volume of the WEC to overall power capture. The cost-effective configuration
of WECs is achieved when WECs are positioned in front of a vertical wall and the distance between
them is kept short. It can be explained that the trapped waves formed between adjacent WECs as
well as the standing waves in front of a seawall significantly intensify wave fields around WECs
and consequently amplify the heave motion of each WEC. A cost-effective design strategy of WEC
deployment enhances the wave energy greatly and, consequently, contributes to constructing the
wave energy farm.

Keywords: wave energy converter; cost-effective analysis; method of image; linear potential theory;
vertical seawall

1. Introduction

The urgency to address global warming and the resulting climate changes highlights
the necessity of reducing greenhouse gas emissions, particularly within the energy sector,
where electricity and heat production are the largest contributors to global emissions [1].
Meanwhile, energy demand continues to surge. As a promising solution for curbing
greenhouse gas emissions, renewable energy, notably solar and wind power, is projected
to contribute 43% of the world’s electricity by 2030, a significant increase from the current
level of 28% [2]. Notably, wave energy boasts a higher power density compared to solar
and wind energy. For instance, at a latitude of 15° N within the Northeast Trades, the
average power density is 0.17 kW /m? for solar, 0.58 kW/m? for wind, and 8.42 kW /m? for
wave energy [3]. Despite its higher potential, wave energy has not yet achieved commercial
viability similar to solar and wind power sources due to its levelized cost of energy still
lacking competitiveness with other renewable sources [4]. Wave energy exhibits greater
availability compared to solar and wind energy, as it remains available both day and night,
and persists throughout the entire year. Hence, achieving cost-effectiveness in harnessing
wave energy is essential for establishing it as a financially feasible choice among renewable
energy alternatives.

There have been many studies focusing on optimizing wave energy converters (WECs)
for maximizing power extraction so that they become economically viable. In [5], an
optimization of dimensions and layout of an array of heaving buoy WECs have been carried
out. A control method is proposed in [6] for an array of WECs maximizing power and
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satisfying constraints for optimal energy extraction performance, with full consideration of
wave and multi-body interactions, as multiple WECs instead of stand-alone devices could
increase energy production by over 15% per device. In [7], a comprehensive assessment
is carried out focusing on the geometric optimization of wave energy conversion devices.
This review offers a critical analysis of the current state-of-the-art in geometry optimization
and outlines its limitations. Similarly, [8] provides a review of the geometry optimization of
WECs, aiming to discover enhanced hull shapes that can maximize power generation while
minimizing the associated costs. An investigation into the hydrodynamic optimization
of a sloped motion point absorber WEC has been conducted in [9] using a time-efficient
frequency-domain numerical model. In [10], the authors presented a size optimization
of WECs on a floating wind-wave combined power generation platform, which has a
significant increase in power generation compared with the single point absorber. The
structural optimization of oscillating-array buoys was performed in [11] to improve the
wave energy capture efficiency with the simulated models of different spacing, placement
modes, and actuating arm lengths of buoys. A review was conducted and presented in [12]
for the optimal configuration of wave energy conversions concerning nearshore wave
energy potential where WECs’ shape optimization may significantly boost performance,
and where if it is combined with the PTO control approach may lead to better outcomes.
In [13], power take-off optimization has been carried out to maximize energy conversion
with a two-body WEC system utilizing relative heave motion to extract power.

One method to increase wave power absorption is by positioning WECs in front
of a reflective structure which can amplify the WEC’s motion, thereby extracting higher
power. The authors of [14] analyzed the hydrodynamic performance of a series of truncated
cylinders positioned in front of a vertical wall in the frequency domain. This examination
aimed to explore the impact of wave reflections coupled with disturbances caused by the
bodies themselves. An experimental evaluation was conducted in [15] to determine the
hydrodynamic performance of a WEC system integrated into a breakwater, in comparison
with conventional WECs. The WECs positioned in front of the breakwater experience
increased heave motion, indicating that the presence of the breakwater enhances the energy
conversion performance of the WEC array. In [16], the authors conducted a hydrodynamic
investigation into an innovative breakwater featuring parabolic openings designed to
harness wave energy. Truncated cylinder-type WECs were positioned in front of these
openings, which effectively converge propagating waves toward a focal point. This con-
figuration notably increased the extracted wave power. A theoretical assessment of the
hydrodynamic attributes of arrays consisting of vertical axisymmetric floaters of various
shapes positioned in front of a vertical breakwater was conducted [17] using an analytical
method. The image method was utilized to simulate the breakwater’s influence on the array.
The study investigated three distinct types of floaters and various array configurations
situated in front of the vertical wall. The hydrodynamic coefficients either increased or
decreased depending on the distance between the wall and the floater. The investigation
delved further in [18] into evaluating an array of cylindrical WECs with a vertical symmetry
axis positioned in front of a reflective vertical breakwater. This study explored three distinct
array configurations: parallel, perpendicular, and rectangular arrangements, considering
various distances from the wall, inter-body spacing, wave heading angles, and mooring
stiffness values. Results indicated that the most power-efficient WEC arrangement was the
one aligned parallel to the breakwater. Additionally, the deployment of WECs in closer
proximity to the breakwater demonstrated higher power efficiency across the majority
of wave frequencies compared to WECs positioned farther away. Moreover, the pres-
ence of the breakwater positively influenced the system’s power absorption, significantly
enhancing absorbed power across various arrangements, wave angles, and inter-body
spacings. This amplification effect was particularly notable for the parallel, close-to-wall
configuration across incoming wave angles. In [19], the hydrodynamic efficiency of a WEC
placed in front of a bottom-seated, surface-piercing, vertical orthogonal breakwater in
the frequency domain has been analyzed. A theoretical approach, employing the image
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method, was utilized to simulate how the walls affected the device’s power absorption,
taking into account the infinite length of the walls” arms. The wave power absorption of
WEC five by five arrays and a single array of five WECs positioned in front of a vertical
wall were computed in [20,21] using an in-house transient wave-multi-body numerical tool
called ITU-WAVE, respectively. This tool employed a marching scheme to solve boundary
integral equations for analyzing hydrodynamic radiation and exciting forces. The method
of images accounted for the perfect reflection of incident waves from the vertical wall. Nu-
merical findings revealed significantly enhanced performance and wave power absorption
of WEC arrays in front of a vertical wall compared to arrays without this vertical wall
effect. This heightened efficiency primarily resulted from the presence of standing and
nearly trapped waves between the vertical wall and the WEC arrays, along with robust
interactions between the WECs themselves.

The present models used for estimating the expenses associated with a wave energy
project are often oversimplified, leading to a wide range of economic assessments. This
variability in evaluations raises uncertainties for potential investors, thus hindering the
progress of wave energy development. Indeed, comprehending the costs associated with
wave energy is a pivotal area of research within marine renewable energy. Within this con-
text, the paper [4] provides a comprehensive review of all factors essential for an economic
analysis of wave energy. This includes considering numerous elements that are typically
overlooked. The study aimed to delineate both direct and indirect costs of a wave farm,
encompassing preliminary expenses, construction, operational, and maintenance costs,
as well as decommissioning costs, alongside potential revenues. The expense associated
with WECs constitutes a substantial portion of the total cost of a wave farm. Similar to
other renewable sources like solar photovoltaic (PV) and solar thermal systems, the current
capital costs for wave energy surpass those of conventional generation technologies such
as gas and coal. Nonetheless, these expenses are anticipated to decline as economies of
scale come into play with increased wave farm installations. This trend, coupled with the
uncertainty surrounding long-term fuel costs and rising construction expenses for tradi-
tional generation technologies, is leading to a narrowing of the significant gaps in electricity
costs that were previously evident. Additionally, the operational and maintenance costs are
notably high, given the sea environment. Concerning the revenues generated by a wave
farm, the primary source of income naturally stems from the sale of the generated energy.
Currently, WECs exhibit relatively low performance levels, and enhancing their efficiency
will significantly strengthen the economic feasibility of wave energy.

In [22], a comprehensive techno-economic optimization of a floating WEC was con-
ducted using a genetic algorithm considering a wide multi-variate design space. This
included considerations of the floater’s shape, dimensions, subcomponent configuration,
and characteristics. Similarly, a techno-economic assessment of the influence on the siz-
ing of WECs was conducted [23]. The articles [24,25] provided economic evaluations
and cost estimations for WECs during their initial developmental phases. To assess the
cost-effectiveness of WECs in power generation, Ref. [26] introduces a cost indicator that
mirrors the expenses linked to WECs, as they constitute a significant portion of the overall
project cost.

Although there have been research works on parametric analysis of configurations
of WECs in regular waves, exploring the application of prototype-scale WECs in an array
subjected to irregular waves is crucial. Specifically, varying key parameters like WEC
diameters, the number of WECs, and their spacing while situating them in front of a
vertical seawall would provide valuable insights into the hydrodynamic interaction among
the WECs themselves and with the reflective wall at the sea site. Therefore, finding an
efficient configuration coupled with effective PTO damping is essential for optimization to
maximize power extraction, which should also factor into the economic aspect to make it a
commercially viable option. Hence, the objective of this research is to conduct an analysis
aimed at identifying a cost-efficient arrangement for an array of point absorber-type WECs
installed in front of a vertical seawall in irregular waves. Vertical cylindrical floaters have
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been selected as the WECs, with varying parameters like diameter, number of WECs, and
spacing between them, to determine an economically efficient configuration for harnessing
wave energy. To facilitate this process, a cost indicator [26] is utilized, representing the ratio
of submerged volume to power capture, which provides insight into the cost associated with
extracting a unit of electrical power. The hydrodynamic calculations have been performed
using the linear potential theory, and the method of image [17-21] has been employed to
account for the influence of the vertical wall. The viscous damping was obtained from a
computational fluid dynamics (CFD) simulation of heave-free decay test. Optimal PTO
damping at the natural frequency as well as PTO damping that results in maximum power
output under irregular waves are considered to maximize power extraction.

2. Methodology

An array of N vertical cylindrical WECs is placed in front of a vertical seawall, which
is perfectly reflective throughout the constant water depth k. The diameter and draft of
WECs are D and d, respectively. WECs are placed at a distance L;, from a seawall in a
parallel arrangement, whereas the distance between WECs is L. WECs are independently
oscillating vertically in waves while the other modes of motion are restricted. An array
of WECs is exposed to plane incident waves with angular frequency w and amplitude A
propagating into the negative x-axis. Figure 1 depicts the array of WECs placed in front of
a vertical seawall.
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Figure 1. Definition sketch of an array of vertical cylindrical WECs placed in front of a vertical
seawall. (a) top view (b) side view.

2.1. Hydrodynamic Model

The added mass, radiation damping, and wave excitation force on the WECs are
computed numerically from a panel-based commercial software WAMIT (Version 7.1),
which is widely used in computing wave loads and motions of offshore structures and
floating vessels. The linear potential theory has been used in numerical modeling under
the assumption of small amplitude, inviscid and incompressible fluid, and irrotational flow.
When a floating body oscillates near a rigid lateral boundary like a vertical seawall, the
interaction between them must be accounted for. Conventionally, the effect of a rigid wall

can be considered by imposing the no-flux boundary condition 37 = 0 on a rigid wall.
However, a more convenient approach is to replace the effect of a seawall with an image
body, which is placed symmetrically on the opposite side of the wall, with a prescribed

84



Energies 2024, 17,128

motion to ensure that the boundary condition on the seawall is satisfied [17-21]. Figure 2
shows a top view of an array of WECs positioned in front of a vertical seawall, which is
replaced with image bodies.

y

oo?oo'
00bhO O

(a) (b)

Figure 2. Top view of an array of (a) WECs in front of a vertical seawall and (b) WECs and image
bodies denoted by a dashed line to replace the vertical seawall.

In this approach, let us consider the WEC p placed in front of the vertical seawall,
which is replaced with an image WEC p’ symmetrically placed on the opposite side
of the seawall. The hydrodynamic parameters of the WEC p with the influence of the
vertical seawall can be obtained by combining the hydrodynamic parameters of the forced
oscillation of the WEC p and its image p’ effect, in the respective mode of motion. For
instance, the surge added mass, radiation damping coefficient, and wave excitation force

can be derived [17] as a’fl - af;, bfl - bf; and flp - flp , respectively. Similarly, the heave

added mass, radiation damping coefficient, and wave excitation force can be obtained by

/ / /
a§3 + a§3, b§3 + b§3, and f3p + fap , respectively. afj, bfj and fip are the hydrodynamic forces

of the p floater in i-th direction due to j-th mode of motion, where 1 and 3 denote the surge
motion and heave motion respectively.

2.2. Equation of Motion

The p-th WEC is independently oscillating with a vertical mode in incident waves,
with the other modes of motion being constrained. The wave power has been extracted with
a power take-off (PTO) system, which converts the heave motion of the WEC into electricity.
The PTO system is realized by an equivalent linear damping force. The schematic diagram
of the WEC in heave motion is shown in Figure 3.

The equation of heave motion can be written as [27-30]

(mP + als)zp + (b5 + bl + bhro)2zp + chazp = fF ¢y

where m? is a mass of the p-th WEC, a§3, b§3, f?f) are the frequency-dependent heave added
mass, radiation damping coefficient, and wave excitation force respectively, c§3 is the
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heave restoring force coefficient, and b’ is the heave viscous damping coefficient, which is
obtained by
2kPch
P 33 p p
bvis - P b33 (wN) ()
wN

P
where the undamped heave natural frequency is given by wI’i] =4/ #3(“],,) The damp-
33\YN

ing factor «” for the heave mode can be obtained from the heave-free decay test, which
can be conducted experimentally or using a CFD simulation. In the present study, the
heave-free decay test was conducted in a CFD simulation to obtain the viscous damping
coefficient. bgTo is the PTO damping coefficient and zy, is the heave motion response of the
p-th WEC.

7k

Figure 3. Schematic representation of the WEC in heave motion.

2.3. Extracted Wave Power

Wave power extracted by the WEC depends on the PTO damping and velocity of the
WEC. In regular waves, the time-averaged extracted power of p-th WEC per unit wave
amplitude is expressed as [27-30]

_ 1 2
P(w) = 2bhrotl2) ®

We can extend the extracted power in regular waves to irregular waves characterized
by a significant wave height Hy /3 and peak period Tp. The JONSWAP spectrum is used for
the incident wave spectrum S.(w), which is obtained by [31]

(w-wp)?
Xp [7 2(72w12,

2 4
Sc(w) = ‘Bich/j’S L exp [—1.25(;‘;) }’y }

; — 0.0624 _
with p = 0‘23+0.0336770.185(1.9+W)_1(1'094 0019151In 7)

4)

where wp(= ZT—Z) is the peak frequency. The peakedness factor v = 3.3, ¢ = 0.07 for

w < wp,and o = 0.09 for w > wp.
The mean extracted power of the p-th WEC under the irregular waves can be obtained
by [27,28,30,32,33]

Pl = / 5c(w)P” (w)dw )
0
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Thus, the total power of N WECs in an array can be written as

N
Protal = Z szr (©)
p=1
2.4. PTO Damping

Based on Equation (3), the extracted power will be maximum under the condition of

dp’

I4
dbPTO

=0 @)

which leads to a derivation of the frequency-dependent optimal condition of

, 2
EgTo(w) = (b§3)2 + <Cj;3 —w(mP + ’153)> 8)

Although applying the variable optimal damping coefficient E;TO as a function of
wave frequency might yield higher power extraction theoretically, it might not be practical
to apply variable PTO damping in the real sea according to incoming wave frequency. Thus,
adopting a single best PTO damping is desirable.

Conventionally, the optimal PTO damping at a natural frequency would be the best
option as the optimal PTO damping will be bIP;TO = b§3 at a natural frequency based on
Equation (8), which will lead to a maximum power extraction at resonance. Hence the
optimal PTO damping at a natural frequency can be a candidate in the maximizing of
power extraction.

An alternative approach is to explore a range of PTO damping values, calculate the
associated extracted power (Ffr,) for each PTO damping under the irregular waves, and
then select the PTO damping that yields the maximum extracted power. In this method,
as the PTO damping increases, the heave motion decreases, and these reductions are
reflected as the extracted power. However, the extracted power reaches a maximum with
the increase in PTO damping, after which it starts to decrease despite further increases in
PTO damping. Therefore, the PTO damping that results in maximum power can be chosen
as another candidate.

So, in the present study, both the optimal PTO damping at a natural frequency and the
PTO damping which yields maximum power extraction are considered and compared to
each other.

2.5. Cost Indicator

The cost-effectiveness configuration design of WECs is achieved by reducing the
cost of energy production while increasing wave power capture. To demonstrate the
cost-effectiveness design, a cost indicator [26], which is defined as a ratio of submerged
volume to power capture, is being used. In an array of WECs, it is defined as a ratio of total
submerged volume to the total power capture of all the WECs.

Total submerged volume (m 3)

Cost indicator = Total power capture (kW) ©)

The submerged volume is used to reflect the cost of materials for energy production.
Hence the large cost indicator denotes higher fabrication cost of WECs in producing unit
power of electricity, which is not desirable in achieving cost-effectiveness. Thus, the analysis
for a cost-effective array of WECs focuses on identifying an array of WECs with a smaller
cost indicator. Hence, the ranking of cost-effective configurations has been determined

based on a scale of lower to higher value of the cost indicator.
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3.5

3. Numerical Results and Discussion
3.1. Validation
3.1.1. Validation of Hydrodynamic Parameters

The present numerical results of hydrodynamic forces obtained from the commercial
software WAMIT are compared with the published analytical results [17] for validation
purposes. The WAMIT software supplies frequency-domain solutions based on the low-
order panel method for the radiation and diffraction problems under linear potential theory.
The hydrodynamic parameters obtained from the WAMIT were modified using the image
method to consider the vertical seawall effect.

As a numerical model, an array of five cylindrical WECs is placed in front of a vertical
seawall similar to the arrangement shown in Figure 2. The diameter (D) and draft (d)
of WECs are 2 m and 1 m. The water depth (k) is identical to the WEC’s diameter. The
distance (L) between WECs and the distance (L) between WECs and a vertical seawall are
8 m and 4 m, respectively. The comparison is shown with the dimensionless added mass
a;;/ %, radiation damping b;;/ %1)3, and wave excitation force f;/* ngZA wherei=1,3
denote the surge and heave motion mode, which are plotted against kD /2 where k is the
wave number. Numerical simulations are performed for the cases without the vertical
seawall and with the vertical seawall, which is based on the image method. The numerical
results of the first WEC in an array denoted as WEC (D are presented here. Figures 4 and 5
show the comparison between the present numerical solutions and analytical results [17]
for surge and heave hydrodynamic forces of the WEC (D). The numerical results are in
perfect agreement with the analytical results.
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Figure 4. Dimensionless added mass, radiation damping, and wave excitation force of the WEC (D in
surge mode [17].
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Figure 5. Dimensionless added mass, radiation damping, and wave excitation force of the WEC (D in
heave mode [17].

3.1.2. Validation of CFD Simulation

The viscous damping is obtained from a CFD simulation of the free decay test in the
heave direction, where the numerical calculation is performed by the commercial CFD
code STAR-CCM+. The computational problem is solved by using the three-dimensional
continuity, momentum, and K-Omega turbulence model with multiphase interaction in
implicit unsteady time-steps. The volume of fluid (VOF) method was adopted to track
the free surface in two phases (air and water). Two regions were created, one being the
background region and the other surrounding WEC as an overset region with information
exchanged through overlapping cells. The domain has been discretized into small cells
with a trimmed cell mesher while the surface remesher was selected to create mesh around
the WEC and prism layer for handling boundary layer while the domain has been created
predominantly with hexahedral elements. The domain’s length has been adequately
extended to avoid wave reflection, with the outermost and bottom boundaries designated as
walls, while the top boundary was a pressure outlet. With the finer time-step, a simulation
time of four times the natural period of the WEC has been used to capture peaks of
heave decay.

The computational result of the free decay test was compared with an experimental
result to validate the numerical model. The model used in the experiment was a vertical
cylinder with a diameter of 0.12 m and a draft of 0.25 m, which was placed in a water depth
of 0.6 m. The experiment was carried out in a two-dimensional wave flume, located at Jeju
National University, which was 20 m long and 0.8 m wide. The model was placed in the
middle of a tank with the help of four slack mooring lines which had negligible effect on
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motion response. The model was initially given a displacement in the heave direction and
allowed to oscillate freely. The heave motion was then tracked using image markers on
the model, and Python code was used to process the video clips and extract time series
data. Figure 6 shows the comparison of the numerical simulation with the experimental
observation, which showed good agreement. The validated numerical model was used to
simulate the free decay test of WECs with the present study to obtain the viscous damping
coefficient of WECs.

204 e Experiment
— CFD simulation

Heave (mm)

-20 4

Time (s)
Figure 6. Comparison of experimental results with CFD simulation in the heave free decay test.

3.2. Modeling Parameters

In the calculation, the prototype WECs were considered in irregular wave climates
described by a JONSWAP spectrum with a significant wave height (H; /3) of 3 m and peak
period (Tp) of 5 s. To search for a cost-effective design of WECs, various parameters of
WECsSs such as diameter, number of WECs, and distance between them were considered.
The diameters (D) considered were 2 m, 3 m, and 4 m while the drafts (d) of WECs were
selected as 5.55 m, 5.25 m, and 5 m, accordingly and mass (1) of 17,872 kg, 38,038 kg and
64,403 kg respectively. These drafts were chosen to tune the heave natural period of WEC
to align with the peak period of the wave spectrum such that the heave motion will be
maximized at the peak frequency where wave energy is concentrated. The number of
WECs under consideration were 1, 3, and 5, which enabled comparison of the performance
of a single WEC and multiple WECs in an array. The distance between the WEC and the
vertical seawall (L) is fixed to be equal to the WEC’s diameter (D). The WECs are deployed
with a parallel layout to the seawall. The distance between WECs (L) is considered as
two- and five-times the diameter of the WEC. These can be representative values of the
minimum required distance and a sufficiently distant placement respectively [18,21]. The
WECsSs were placed in a water depth of 10 m. Figure 7 shows a schematic sketch of different
configurations of an array of WECs and key parameters with a total of 15 cases.

All these design scenarios were initially tested without a vertical seawall. Subsequently,
the WECs were placed in front of a vertical seawall, allowing for a comparison of how
the seawall influences the performance of the WEC. Likewise, the comparison of the
performance of the different sizes, the number of WECs in an array, and the distance
between WECs were analyzed. As explained in Section 2.4, the extracted power was
calculated for different conditions like the optimal PTO damping at a natural frequency and
the PTO damping that yields maximum power extraction. Both the results were compared
and analyzed.
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Figure 7. (a) Schematic sketch of different configurations of an array of WECs with various parameters
such as WEC diameter, number of WECs, and spacing between WECs. (b) Various parameters in a
tabular form with a total of 15 cases.

3.3. Viscous Damping

Figure 8 shows the CFD simulation of the heave-free decay test for different diameters
of the WEC. The damping factor x and damped natural period Ty are indicated inside each
plot. The viscous damping coefficient b,;; can be obtained using Equation (2), which is
proportional to the damping factor. It can be observed from the plots that as the WEC's
diameter increased, the viscous damping increased due to the increase of the circumference
length of the bottom of a cylinder where the generation of vortices occurs.
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Figure 8. CFD simulation of the heave free decay test with different diameters of the WEC.

3.4. Extracted Power and Cost Indicator

The hydrodynamic parameters, computed from WAMIT with the method of image
to incorporate the influence of vertical seawall, were combined with the viscous damping
from CFD simulation and PTO damping. These combined parameters were then utilized to
compute the heave motion of the WEC, as well as the extracted power from the PTO system
and the related cost indicator under irregular wave conditions across different scenarios.
A MATLAB code was used to integrate the parameters obtained from WAMIT and CFD
calculations, for calculating the heave response of the WEC, along with the extracted power
and cost indicators across various scenarios under irregular waves.

Table 1 provides a breakdown of the extracted power of each WEC and the total power
of an array, along with the associated PTO damping and cost indicator for WECs positioned
without a vertical seawall. The calculations are presented for both the optimal PTO damping
at a natural frequency and the PTO damping yielding maximum power. Hereafter, these
will be referred to as “optimum” and “maximum”, respectively. Meanwhile, Table 2
presents corresponding data for WECs positioned in front of a vertical seawall. It can be
observed that the extracted power was significantly higher with the “maximum” than the
“optimum”. This difference can be attributed to the higher PTO damping associated with
the “maximum” resulting in increased power extraction. Likewise, the cost indicator was
notably reduced with the “maximum”, coinciding with the objective of cost-effectiveness.
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Table 1. Extracted power and cost indicator of WECs placed in the open sea, calculated for the optimal
PTO damping at a natural frequency and the PTO damping for the maxi mum power (denoted as
“optimum” and “maximum” respectively).

P;,, brro Protal Cost Indicator
(D) N L Case (kW) (kNs/m) (kW) (m®/kW)
m
Opt Max Opt Max Opt Max Opt Max
1 - 1 WEC1 1.01 3.40 0.23 3.00 1.01 3.40 17.23 513
WEC1 1.01 3.41 0.23 3.00
2D 2 WEC2 0.95 3.32 0.22 3.00 2.96 10.15 17.66 5.15
3 WEC3 1.01 3.41 0.23 3.00
WEC1 1.05 3.50 0.24 3.00
5D 3 WEC2 1.08 3.55 0.24 3.00 3.18 10.55 16.46 4.96
WEC3 1.05 3.50 0.24 3.00
2 WEC1 1.06 3.56 0.23 2.90
WEC2 1.01 3.46 0.23 3.00
2D 4 WEC3 1.00 3.44 0.23 3.00 5.14 17.48 16.98 4.99
WEC4 1.01 3.46 0.23 3.00
WEC5 1.06 3.56 0.23 2.90
5
WEC1 1.03 3.45 0.24 3.00
WEC2 1.07 3.53 0.24 3.00
5D 5 WEC3 1.09 3.60 0.24 2.90 5.30 17.56 16.46 4.96
WEC4 1.07 3.53 0.24 3.00
WEC5 1.03 3.45 0.24 3.00
1 - 6 WEC1 2.00 5.82 0.88 8.90 2.00 5.82 18.57 6.37
WEC1 221 6.18 0.92 8.80
2D 7 WEC2 2.19 5.96 0.96 8.90 6.62 18.32 16.83 6.08
3 WEC3 221 6.18 0.92 8.80
WEC1 2.00 5.94 0.86 8.90
5D 8 WEC2 211 6.36 0.84 8.80 6.11 18.24 18.23 6.10
WEC3 2.00 594 0.86 8.90
3 WEC1 2.26 6.31 0.92 8.80
WEC2 2.40 6.48 0.96 8.80
2D 9 WEC3 2.49 6.66 0.97 8.80 11.81 32.25 15.71 5.75
WEC4 2.40 6.48 0.96 8.80
WEC5 2.26 6.31 0.92 8.80
5
WEC1 2.05 6.01 0.87 8.80
WEC2 2.10 6.27 0.84 8.80
5D 10 WEC3 2.00 6.05 0.84 8.90 10.30 30.61 18.02 6.06
WEC4 2.10 6.27 0.84 8.80
WEC5 2.05 6.01 0.87 8.80
1 - 11 WEC1 4.00 9.02 2.45 17.50 4.00 9.02 15.70 6.96
WEC1 4.72 10.23 2.57 17.40
2D 12 WEC2 513 10.29 2.87 17.50 14.57 30.75 12.94 6.13
3 WEC3 4.72 10.23 2.57 17.40
WEC1 3.94 9.21 2.34 17.50
5D 13 WEC2 4.05 9.64 227 17.40 11.94 28.07 15.79 6.72
WEC3 3.94 9.21 2.34 17.50
4 WEC1 4.46 9.67 2.60 17.60
WEC2 531 10.78 2.82 17.40
2D 14 WEC3 5.60 11.67 2.70 17.20 25.13 52.55 12.50 5.98
WEC4 531 10.78 2.82 17.40
WEC5 4.46 9.67 2.60 17.60
5
WEC1 3.98 9.25 2.35 17.50
WEC2 3.95 9.54 2.24 17.50
5D 15 WEC3 3.86 9.42 2.21 17.50 19.74 47.00 15.92 6.68
WEC4 3.95 9.54 2.24 17.50
WEC5 3.98 9.25 2.35 17.50
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Table 2. Extracted power and cost indicator for WECs placed in front of a vertical seawall, calculated
for the optimal PTO damping at a natural frequency and the PTO damping for the maximum power
(denoted as “optimum” and “maximum” respectively).

P;,, brro Protal Cost Indicator
(D) N L Case (kW) (kNs/m) (kW) (m3/kW)
m
Opt Max Opt Max Opt Max Opt Max
1 - 1 WEC1 4.50 12.21 0.31 3.00 4.50 12.21 3.87 143
WEC1 491 12.66 0.33 3.00
2D 2 WEC2 4.67 12.20 0.32 3.00 14.48 37.54 3.61 1.39
3 WEC3 491 12.66 0.33 3.00
WEC1 4.86 12.94 0.31 2.90
5D 3 WEC2 5.25 13.38 0.33 2.90 14.97 39.26 3.49 1.33
WEC3 4.86 12.94 0.31 2.90
’ WEC1 5.31 13.75 0.33 2.90
WEC2 5.36 13.40 0.34 3.00
2D 4 WEC3 5.48 13.34 0.35 3.00 26.82 67.64 3.25 1.29
WEC4 5.36 13.40 0.34 3.00
WEC5 5.31 13.75 0.33 2.90
5
WEC1 4.73 12.58 0.32 3.00
WEC2 5.13 13.20 0.33 3.00
5D 5 WEC3 5.24 13.71 0.32 2.90 24.95 65.27 3.49 1.34
WEC4 5.13 13.20 0.33 3.00
WEC5 473 12.58 0.32 3.00
1 - 6 WEC1 9.46 18.78 1.46 8.90 9.46 18.78 3.92 1.98
WEC1 12.20 22.26 1.64 8.70
2D 7 WEC2 12.60 21.93 1.78 8.80 37.01 66.44 3.01 1.68
3 WEC3 12.20 22.26 1.64 8.70
WEC1 9.74 19.39 1.46 8.90
5D 8 WEC2 10.69 21.84 1.39 8.80 30.18 60.61 3.69 1.84
WEC3 9.74 19.39 1.46 8.90
3 WEC1 12.26 22.81 1.59 8.70
WEC2 14.64 25.61 1.74 8.60
2D 9 WEC3 16.42 27.39 1.86 8.60 70.22 124.23 2.64 1.49
WEC4 14.64 25.61 1.74 8.60
WEC5 12.26 22.81 1.59 8.70
5
WEC1 10.20 19.86 1.50 8.80
WEC2 10.55 21.29 1.42 8.70
5D 10 WEC3 9.56 19.82 1.39 9.00 51.07 102.11 3.63 1.82
WEC4 10.55 21.29 1.42 8.70
WEC5 10.20 19.86 1.50 8.80
1 - 11 WEC1 15.75 24.79 4.19 17.50 15.75 24.79 3.99 2.53
WEC1 21.93 32.50 4.54 17.00
2D 12 WEC2 28.37 36.44 5.85 16.50 72.23 101.43 2.61 1.86
3 WEC3 21.93 32.50 4.54 17.00
WEC1 14.84 24.93 3.79 17.60
5D 13 WEC2 14.93 26.46 3.50 17.70 44.62 76.32 4.22 2.47
WEC3 14.84 24.93 3.79 17.60
4 WEC1 19.27 28.62 4.65 17.60
WEC2 28.16 37.22 5.59 16.80
2D 14 WEC3 29.49 41.90 4.84 16.70 124.35 173.59 2.53 1.81
WEC4 28.16 37.22 5.59 16.80
WEC5 19.27 28.62 4.65 17.60
5
WEC1 15.25 25.16 3.88 17.60
WEC2 14.28 25.92 3.39 17.80
5D 15 WEC3 13.49 25.15 3.26 17.80 72.55 127.30 4.33 2.47
WEC4 14.28 25.92 3.39 17.80
WEC5 15.25 25.16 3.88 17.60
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These results are further plotted below for a detailed analysis. In Figure 9, the total
power output of various configurations of an array is assessed both for WECs without a
vertical seawall and those with a vertical seawall. WECs situated in front of the seawall
exhibited greater power extraction by the increase of WECs’ heave motion due to the
formation of standing waves. Also, the extracted power drastically increased with the
diameter as the larger WEC possesses the potential to accommodate larger PTO damping,
enabling higher power absorption.
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Figure 9. Comparison of total power for each configuration of an array of WECs placed in the open
sea and in front of a vertical seawall for different diameters of the WEC.

To understand how the number of WEC in an array and the distance between WECs
affects the power absorption of each WEC, the “optimum” extracted power of each WEC
in an array configuration of single, three, and five WECs with a distance of 2D and 5D
between WECs is compared in Figure 10.

The heave motion of the inside-positioned WECs in an array influenced the motion of
adjacent WECs. However, the outside-positioned WECs facing the open sea on one side
were only affected by the neighboring WEC on the other side. The WECs positioned at
the symmetrical placement in an array had the same performance. Therefore, the power
extracted from the centered WEC and the outmost WEC in an array were compared, as
these serve as representative WECs for the analysis. For the single WEC, the outmost WEC
and centered WEC are the same.
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Figure 10. Comparison of wave power extracted from each WEC in the configuration of a single
WEC and multiple WECs placed in front of the vertical seawall calculated for the “optimum” PTO.

It is noticed from Figure 10 that when compared to a single WEC, configurations
with three and five WECs exhibited an increase in power of each WEC, especially five
WECs. This enhancement was a result of the interaction between neighboring WECs due
to the presence of trapped waves between them. The trapped waves between WECs,
coupled with the standing waves resulting from the reflection of incident waves against
the vertical seawall, significantly intensified wave fields and consequently amplified the
heave motion of each WEC. Thus, the centered WEC showed higher power absorption
because of higher interactions of adjacent WECs than the outmost WEC which is open to
sea on one side. Likewise, the intermediate WECs ((2), ®) in an array of 5 WECs showed
increased power extraction. Therefore, an increase in the number of WECs results in
increased interactions among them, contributing to the enhanced power output of each
WEC. However, the extracted power would also depend on the distance between WECs,
which might constructively or destructively affect the performance. Among all cases
of multiple WECs, a separation distance of 2D between WECs exhibited greater power
enhancement compared to 5D, except for the 2 m diameter with an array of 3 WECs,
where only a marginal difference was observed. Notably, the WECs with larger diameters
demonstrated a substantial increase in the power extraction for the closer distance. This
power enhancement could be attributed to higher interactions among WECs while keeping
a closer distance between them than keeping them farther apart. Hence, these individual
power enhancements of each WEC within an array collectively contribute to a higher
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7

overall power output. The same observations held when employing the “maximum”
power calculation method. Therefore, an increased number of WECs arranged in an array
with shorter distances between them would be the optimal configuration for maximizing
power extraction.

3.5. Ranking of a Cost-Effective Array of WECs

The cost-effectiveness of various configurations of an array of WECs is assessed
based on a cost indicator, which reflects the cost associated with extracting unit power. In
Figures 11 and 12, the cost-effective configurations are prioritized according to the cost
indicator, with the most favorable scenarios placed at the top of the plots. The WECs placed
in front of a vertical seawall have substantially reduced the cost indicator with greater
power extraction. This occurred because the vertical seawall increases the heave motion of
WEC due to the formation of standing waves, resulting in increased power output for the
equivalent submerged volume.
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Figure 11. Ranking of the cost-effectiveness of configurations of WECs based on the “optimum”
power calculation method.

97



Energies 2024, 17,128

D2m,5WEC—-5D 5
D2m,3WEC-5D 3

D2m,SWEC-2D 4 EE Total Power (kW)
D2m, | WEC 1 [ Cost-Indicator (m*/kW)
D2m,3WEC-2D 2

D3m,5WEC-2D 9

D4m,5WEC-2D 14

D3m,5WEC-5D 10

D3m,3WEC-2D 7

D3m,3WEC-5D 8

D4m,3WEC-2D 12

D3m,IWEC 6

D4m,5WEC-5D 15

D4m,3WEC-5D 13

D4m, WEC 11

0 20 40 60 80 100 120

(a) Without a vertical seawall

D2m,SWEC-2D 4 #
D2m,3WEC - 5D
D2m,5WEC - 5D

3

5 0 I Total Power (kW)
D2m,3WEC-2D 2 @

1

9

7

1 Cost-Indicator (m*/kW)

D2m,IWEC

D3m,5SWEC-2D
D3m,3WEC-2D
D4m,SWEC-2D 14 M 173.59kW
D3m,5WEC-5D 10 |u
D3m,3WEC-5D 8 u
D4m,3WEC-2D 12
D3m,IWEC 6 o
D4m,3WEC-5D 13 &
D4m,5SWEC-5D 15 &
D4m,IWEC 11 |

0 20 40 60 80 100 120

(b) With a vertical seawall

’

Figure 12. Ranking of the cost-effectiveness of configurations of WECs based on the “maximum”
power calculation method.

In Figure 11, the trend indicates that the WECs with the sequence of larger-to-smaller
diameter, when combined with an increase in the number of WECs in an array and po-
sitioned closer together, tended to achieve superior rankings in cost-effectiveness under
the “optimum” power calculation method. In contrast, when employing the “maximum”
calculation method, the WECs with the decrease of the diameter of WECs tended to attain a
superior ranking as shown in Figure 12. When utilizing the “optimum” calculation method,
larger diameters tended to exhibit effective PTO damping for maximizing power extraction
for an equivalent submerged volume. Conversely, the “maximum” calculation method pro-
vided an opportunity for smaller diameters to accommodate efficient damping from a range
of PTO damping which yields higher power output for an equivalent submerged volume.

4. Conclusions

An assessment was conducted to determine the cost-effective configuration of an
array of WECs positioned in front of a vertical seawall in irregular waves. It involved a
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parametric study of varying diameters, number of WECs, and distances between the WECs.
The WEC oscillates vertically in heave motion while utilizing a linear PTO damping system
to harness wave power. The hydrodynamic parameters were numerically obtained using
WAMIT with the method of image to incorporate the influence of the vertical seawall. These
numerical calculations were validated against previously published analytical results. The
viscous damping was obtained from a CFD simulation of the free decay test, which was
validated beforehand against the experimental measurement for the cylinder model in a 2D
wave tank. The power calculations were performed using both the optimal PTO damping
at a natural frequency and the PTO damping that result in maximum power output. The
cost-effectiveness was evaluated using a cost indicator, represented as the ratio of the total
submerged volume of WECs to the overall power captured which reflects the production
cost associated with extracting a unit power.

Based on the parametric analysis, the WECs placed in front of the vertical seawall
achieve greater power extraction compared to the WECs placed in the open sea. The
formation of standing waves due to total reflection by vertical seawall increases the heave
motion of WECs, leading to higher power extraction. When compared to a single WEC,
an increase in the number of WECs in an array shows higher power absorption due to
interactions among WECs caused by trapped waves between them. The cost-effectiveness
of WECs increases when the WECs are placed in front of the seawall, with a larger number
of WECs in an array while keeping a shorter distance between them. The larger diameter of
WECs excels in cost-effectiveness rankings when considering the optimal PTO damping at
a natural frequency, whereas the smaller diameter of WECs exhibits superior performance
with the PTO damping for maximum power extraction. These differences are attributed
to the methods employed in implementing effective PTO damping, which enables higher
power output for an equivalent submerged volume of WEC.

These findings demonstrate that achieving economically efficient wave power ex-
traction is possible by installing multiple WECs in front of a reflecting seawall, even in
nearshore shallow water regions. The shorter distance between WECs and the larger
number of WECs in an array enables the production of more power. In addition, the
nearshore installation of WECs also allows cost-effective power transmission connectivity
to the onshore grid and the cost associated with maintenance compared to the offshore
installation. Nevertheless, the challenges associated with nearshore installation encompass
securing suitable space for WEC installation, implementing PTO systems, and establishing
grid connectivity, particularly in densely developed coastal areas, could pose significant
hurdles that must be addressed. These multiple WECs can also be installed in front of
the offshore wind power platform that has a reflective wall similar to the seawall. This
hybrid power system utilizing wind and wave power simultaneously could potentially
offer cost-effectiveness by sharing the supported structure, power grid, and connectivity.
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Abstract: In the last decade, shipping decarbonization has accelerated rapidly in response to the
regulatory framework. Shifting toward alternative marine fuel options is the subject of extensive
study from stakeholders and researchers. This study attempts to propose a decision support model for
alternative fuel evaluation. The decision-making process is multidimensional, comprising economic,
technical, environmental, and social aspects, and has been carried out with the aid of the outranking
multicriteria methodology, Promethee II. The approach is based on a comprehensive list of 11 criteria
and 25 sub-criteria, covering all the crucial aspects. The weighting criteria process postulates the
viewpoints of six stakeholder categories, including all the stakeholders” preferences: shipowners,
fuel suppliers, industry and engine manufacturers, academics, banks and the public. The results
demonstrated that although LNG, MGO and HFO are classified in the highest positions, there are
renewable options that also appear in high-ranking positions in most categories and especially among
academics, banks, the public and in the combined case scenario. The commercially available options
of drop-in biofuels, bio and e-LNG, fossil and bio methanol were ranked in these high positions.
This approach offers insight into the assessment and selection of alternative marine fuel options,

providing an incentive for strategic planning.

Keywords: decarbonization; marine fuels; shipping; multicriteria decision making; Promethee

1. Introduction

Maritime transportation constitutes a crucial part of the transportation sector and the
global economy, with an over 80% share of the volume of commodities transported by
sea [1]. In 2018, 2.89% of the global anthropogenic CO, emissions was due to emissions
from the shipping sector [2]. International shipping emits 70% of global shipping energy
emissions and, supposing that it was a state, it would have the sixth or seventh largest CO,
emissions [3]. The International Maritime Organisation (IMO) has proposed ambitious
strategies to decrease GHG emissions from international shipping during this century [2].
Initially, the first strategy, Resolution MEPC.304(72), included initial targets to shrink
CO, emissions per transport work, with a minimum 40% and 70% until 2030 and 2050,
respectively, based on emissions from 2008. Furthermore, GHG emissions have to be
reduced by at least 50% by 2050 compared to 2008 [4]. Shipping GHG emissions are going
to be increased between 50% and 250% by 2050 (compared to 2008 levels) if no actions are
taken [3]. In July 2023, the IMO adopted the IMO GHG Strategy from Ships (Resolution
MEPC.377(80)), which includes the use of zero/near-zero GHG emission technologies, fuels
and energy sources for a minimum 5-10% of the energy used by international shipping
until 2030. GHG emissions from international shipping should become net zero by or
around 2050. Furthermore, the current Strategy recalls the 2018 Strategy and might be
replaced in the future from a revised IMO GHG Strategy in 2028 [5].
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Additionally, the European Commission (EC), in 2021, introduced the ‘Fit for 55’
legislative package, mandating a reduction of 55% of GHG emissions by 2030. The shipping
sector is also affected by this European package, as it will be included in the European
emission trading system (EU ETS), applying to all vessels exceeding 5.000 gross tonnage
(GT) and covering 100% of intra-European Economic Community (EEC) emissions as
well as 50% of extra-EEC emissions. The FuelEU Maritime Proposal set a stepwise limit
for reducing the carbon content of the maritime fuel, and the European energy taxation
directive (EU ETD) also set a gradually increasing minimum tax for maritime fuels [6-9].

A shift to low- or zero-carbon fuels seems to be mandatory to comply with the above-
mentioned IMO and EU targets. The decarbonization of the shipping sector encompasses a
range of possible and innovative alternative technical and operational measures. Liquified
Natural Gas (LNG), methanol, biofuels, hydrogen, ammonia and electricity are discussed
worldwide as promising alternative fuel options. Each marine fuel option has to face its own
specific challenges for its adoption. New buildings will accelerate the compliance process.

In response to the legislation requirements, there has been a growing trend in the literature
to compare and evaluate the alternative fuel options. Ampah et al. reviewed 583 papers,
published between 2000 and 2020 in the field of alternative marine fuels, demonstrating the
growth of interest in the field. One of the research gaps, they concluded, is that most of
their examined studies only considered the effect on emission reductions from their proposed
measures. The types of proposed measures mainly covered technical aspects, such as hull
design, power and propulsion system, energy sources and operational optimization [10].
However, fuel option selection requires a multidimensional approach and appropriate tools
of evaluation to aid in decision making. Although multicriteria decision-making techniques
have been popular over decades in the field of supplier selection, there are only a few research
studies employing MCDM methods for alternative fuel selection, considering economic,
technical, environmental and social aspects. Furthermore, only a part of these published
studies (Deniz and Zincir [11], Hansson et al. [12,13], Mandic et al. [14] and Yang et al. [15])
included the alternative fuels of methanol, hydrogen, ammonia, bio and e-fuels in their
assessment. Thus, the development of a comprehensive integrated evaluation framework that
aligns with independent shipping stakeholders seems to be a demanding challenge.

The aim of the current paper is to present an in-depth evaluation process of alternative
marine fuels by identifying a variety of criteria. This approach assesses 16 alternative fuel
options, also taking into consideration the current fossil fuels, HFO (Heavy Fuel Oil) and
MGO (Marine Gas Oil) and adopting a set of 25 significant and coherent key parameters.
As the fuel selection problem has a multidimensional nature, a multicriteria analysis was
assumed for the assessment process, covering the economical, technical, environmental
and social aspects of the problem.

The rest of this paper is organized as follows: Section 2 presents the examined alterna-
tive marine fuels. Section 3 displays a literature review in the field and a brief presentation
of the proposed methodology, including the used multicriteria methodology and the
weighting criteria process. Section 4 analyzes the criteria used and determines their values,
while in Section 5, the results from the implementation of the evaluation methodology are
presented, followed by Section 6 with this research’s conclusions.

2. Alternative Marine Fuels

Globally, there are several potential marine fuel options as viable solutions to oil-based
fuels to aid the shipping industry in achieving the future emission reduction targets. In
this study, the examined marine fuels are divided into three categories: (a) commercially
available fuel options, (b) fuels in the demonstration phase and (c) fuels under development.
HFO and MGO are used as baseline options, given that they are the current dominant fuels
in international shipping. A brief general description of the examined alternative fuels is
given below:

Liquified Natural Gas (LNG) is the most prolific and commercially available fuel. The
main energy source for LNG is natural gas, composed of methane, liquefied at —162 °C, at
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atmospheric pressure. As a renewable replacement for LNG, bio-LNG has a much lower
carbon footprint than other fossil fuels or biofuels. It is made by processing organic waste,
such as animal waste or municipal waste. LNG could also be produced synthetically with
the power to gas process. This process includes hydrogen production from water, using
a renewable electricity source (wind, solar or other option) or it can be processed into
methane by adding non-fossil carbon dioxide obtained from carbon capture. E-LNG is
interchangeable with LNG and is able to be utilized in existing infrastructure. Nearly all
the current LNG production is from natural gas [16].

Methanol is mainly used to produce chemicals, like formaldehyde, plastics, and acetic
acid. It is produced from carbon sources, such as natural gas, coal, biomass, and even CO,.
About 65% of methanol production is currently based on natural gas reformation (grey
methanol), while the rest (35%) is largely based on coal gasification (brown methanol) [17].
In this study, grey and brown methanol is referred to as fossil methanol. Blue methanol is
produced using blue hydrogen in combination with carbon capture technology. Biomass
feedstocks, such as forestry and agricultural waste or biogas from landfill and municipal
solid waste, can be used as the raw materials for biomethanol production. Green e-methanol
is obtained with hydrogen production from renewable electricity sources or with the carbon
capture process. It has the advantage of being liquid in ambient conditions and so there is
no need for refrigeration or pressurization for transport and storage. Its bunkering process
is similar to HFO, and only minor modifications are necessary to existing infrastructure,
being already available in some ports [17].

Biofuels can be made from a variety of feedstocks and can be used as drop-in fuels with
minimal alterations to the existing equipment. In some cases, an alternative fuel may not be
useable in its 100% pure form and may require ‘blending’ to produce a drop-in solution [16].
Advanced biofuels are produced from specific feedstocks with no indirect land use change
(ILUC). In this study, the examined biofuels are as follows: HTL (hydrothermal liquefaction)
fuel oil, pyrolysis fuel oil, HVO and FAME and their respective feedstocks of energy crops,
lignocellulosic biomass, oil crops, waste oils and fats. Although crop-based feedstocks, like
palm oil and soybean, are widely available, their use in Europe is limited due to the policy of
ILUC. Lignocellulosic biomass, such as forestry and agricultural residues as well as woody
and grassy energy crops, seems to have greater future potential, whereas waste oils and
fats in the maritime sector have to face competition from other transport sectors. Biofuels’
sustainability depends mostly on the type of feedstock [16]. Hydrothermal liquefaction
(HTL) is direct thermochemical conversion of wet biomass into bio-crude at 300-350 °C
and 10-25 MPa. Pyrolysis is a thermochemical conversion of biomass to bio-oil. HVO
(Hydrotreated Vegetable Oil) is produced through a hydrotreating process, also called
hydroprocessing, in order to remove sulphur, oxygen, and nitrogen. Fatty Acid Methyl
Ester (FAME), known as biodiesel, is a prevalent biofuel in the EU. Nowadays, waste, used
cooking oils and animal fats are the main feedstocks for FAME, and transesterification is
the used chemical process [18].

Hydrogen can be produced from both fossil and renewable sources. Each year, almost
95% of global hydrogen production comes from gas and coal (grey hydrogen) [16]. Green
hydrogen is hydrogen through water electrolysis fueled by renewable-based electricity.
Hydrogen can also be produced from biomass as a biofuel. The production process refers
to the steam reformation of methane (biogas) obtained from the anaerobic digestion of
organic waste. The choice of an alternative production pathway for hydrogen is determined
to a large extent by the local availability of the energy source [16]. It can be utilized in
internal combustion engines or fuel cells. Experience from LNG in shipping could be useful,
given the similarity of the known technology of cryogenic conditions. A key barrier to
the liquefaction of hydrogen is the low temperature needed, —253 °C. Hydrogen facilities
have to increase approximately more than 220-times to reach the current LNG facilities,
becoming widespread in world trade [19].

Ammonia constitutes the basic product in chemical industries and especially in the
production of fertilizers. Although it is a carbon-free fuel, its application is currently limited.
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It has the advantage of being used directly as marine fuel or as a hydrogen carrier (ammonia
is converted back to hydrogen for combustion) [20]. Ammonia can be produced through
three pathways based on the energy source used: natural gas (fossil grey or blue ammonia),
renewable ammonia taking advantage of solar photovoltaics and wind (green ammonia)
and from residual biomass and municipal waste (bio-ammonia) [16]. Renewable ammonia
is chemically identical to fossil-based ammonia. It can be characterized as a versatile
fuel as it can be stored in liquid form at atmospheric pressure at —33 °C or at ambient
temperature and at least 8 bar and can be used in internal combustion engines, gas turbines
and fuel cells [21]. The conversion of the existing ammonia tankers to ammonia-fueled
ships could be applicable in the short term, as the issue of fuel availability from ports ceases
to exist. Fossil-based ammonia will perform a transitional role as a short-term solution in
decarbonization, whereas renewable NHj is predicted to have a dominant role in future
markets. Although renewable ammonia is able to displace conventional fuels, its use can
increase nitrogen oxide emissions, NOy, nitrous oxide and N,O, and an aftertreatment
technology is obligatory. Furthermore, ammonia is a hazardous toxic chemical [21].

3. Materials and Methods
3.1. Literature Overview

Currently, the shipping industry has a number of possible low- and zero-carbon marine
fuels available to meet IMO 2030 and 2050 emission reduction goals. The selection of each
fuel option has its own special characteristics, composing a multicriteria decision-making
problem with a finite set of criteria comparing stakeholders’ priorities [22]. Thus, the
comparative evaluation of fuel options needs a rigorous decision support framework able
to incorporate the different preferences of the stakeholder groups. Multicriteria methods
can solve problems with conflicting and multiple objectives, expressed by the decision
makers and stakeholders.

The topic of making marine fuels greener has been investigated by various researchers.
Studies are mainly divided into investigations of the feasibility of alternative technologies
and literature reviews mapping the research in respective domains. As a preliminary step,
an extensive literature review was implemented. Although there are numerous studies
in the field of shipping decarbonization, the number of publications dealing with the
multicriteria evaluation of marine fuels is only twelve, as shown in Table 1. Their ranking
results are utilized as a base for comparison with the obtained results from this study.

Table 1. Literature review—multicriteria applications.

Authors

Method Evaluation Alternatives

Ren J. and Liitzen M., 2015 [23]

Fuzzy AHP and VIKOR

Low sulphur fuel, Scrubber and LNG

2 Deniz C. and Zincir B., 2016 [11] AHP Methanol, Ethanol, LNG and Hydrogen.
3 Ren]. and Liang H., 2017 [24] r};gzpzsyléogarlthmlc least squares and fuzzy Methanol, LNG and Hydrogen
4 RenJ. and Liitzen M., 2017 [22] ]f:)empster—Shafer theory and a trapezoidal LNG, Nuclear and Wind power

uzzy AHP

LNG, LBG, Methanol from NG, Renewable

5 Hansson J. et al., 2019 [12] AHP methanol, Hydrogen, HVO and HFO
6 Kim A.R. and Seo Y.-J., 2019 [25] Fuzzy AHP Low sulphur fuels, Scrubbers and LNG
7 Hansson J. et al., 2020 [13] AHP NG-NHS3, Elec-NH3, LNG
8 Luciana (Marcu) T.A. et al., 2021 [26] AHP LNG and oil gas
9 Mandic N. et al., 2021 [14] AHP and SAW Biofuels, LNG, Hydrogen, LPG, Batteries
10  Carvalho F. et al., 2021 [27] Qualitative analysis Alternative fuels’ production pathways
11 Moshiul A.M. et al., 2023 [28] TOPSIS Criteria assessment
12 YangZ.etal, 2023 [15] AHP and ¢ ROLPBM (q-Rung Orthopair ¢ so1ar fuel, Biofuel, E-biofuel

Linguistic Partition Bonferroni mean)
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An overview of the paper’s content is summarized below:

Ren J. and Liitzen M., 2015 [23], combined Fuzzy AHP and VIKOR to validate three
alternative technologies (low-sulphur fuel, scrubber, and LNG), resulting in LNG as the
most viable option for long-term use.

Deniz C. and Zincir B., 2016 [11], qualitatively compared methanol, ethanol, LNG and
hydrogen with eleven criteria using the AHP methodology, based on given points from
five experts. According to their assessment process, LNG was placed in front of the three
examined alternative fuel options, followed by hydrogen and closing with methanol and
ethanol.

Ren J. and Liang H., 2017 [24], applied fuzzy logarithmic least squares for the weights’
calculation and fuzzy TOPSIS for the assessment of three alternative marine fuels, methanol,
LNG and hydrogen, taking into consideration 11 criteria (including environmental, eco-
nomic, technological and social). This resulted in a similar classification to that of Deniz
and Zincir (2016) [11].

Ren J. and Liitzen M., 2017 [22], combined Dempster-Shafer theory and a trapezoidal
fuzzy AHP for the sustainability assessment of nuclear power, LNG and wind energy
as possible energy resources for shipping, prioritizing nuclear power as a sustainable
alternative for shipping.

Hansson J. et al., 2019 [12], assessed seven alternate marine fuels (LBG, fossil and
renewable methanol, fossil and electric hydrogen, HVO and HFO with scrubbers). The
alternative fuels were compared through pairwise comparisons with regard to four main
categories of criteria, economic, technical, environmental and social, and 10 sub-criteria,
based on the preferences of Swedish stakeholders. LNG and HFO were classified at the
highest levels, followed by fossil methanol and biofuels. Meanwhile, the evaluation based
on the Swedish government expressed priority in renewable marine fuels, renewable hy-
drogen and renewable methanol, whereas, in 2020, Hansson J. et al. [13] attempted to
evaluate the prospects of ammonia compared to LNG, MGO, hydrogen, HVO, LBG and
methanol, including 10 criteria and using AHP. The weights of the criteria were retrieved
from shipowners, fuel producers, engine manufacturers and Swedish government authori-
ties. They observed that ammonia has restricted potential for large-scale applications, as
issues remain to be solved.

Kim A.R. and Seo Y.-J., 2019 [25], used fuzzy AHP to evaluate three existing alternatives
for emission reductions, low-sulphur fuels, scrubbers and LNG-powered vessels for Korean
shipping companies.

Luciana (Marcu) T.A. et al., 2021 [26], used 6 criteria and AHP methodology to assess
LNG and oil gas.

Mandic N. et al., 2021 [14], proposed the application of AHP and Simple Additive
Weighting (SAW) for the alternative marine fuel assessment in coastal shipping. Biofuels,
LNG, hydrogen, LPG and batteries were prioritized using 10 criteria covering environmen-
tal, technological and economical aspects, and the selected study area was Croatia. Electric
propulsion stands out from all the alternatives, and the ranking order is differentiated
according to the stakeholder groups.

Carvalho E et al., 2021 [27], developed a qualitative analysis for ranking 14 fuel pro-
duction options for the Brazilian maritime trade. The analysis incorporated 9 criteria,
including technical, economic and environmental. The drop-in fuels dominated in their re-
sults followed by bio-methanol and bio-LNG, whereas green hydrogen and green ammonia
were the least-promising alternatives for Brazil.

Moshiul A.M. et al., 2023 [28], used the multicriteria technique, TOPSIS, to assess the
most important criteria for the selection of fuel alternatives by prioritizing the preferences
of shipowners and shipping companies’ management of Singapore firms. The criteria
assessment process included 15 factors and 77 subfactors, considering technical aspects,
technology status, policies, economic, environmental and socio-political aspects. Their
assessment indicated technological aspects, technology status, expenditure, ecosystem
impact and health and safety as the most crucial criteria.
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Yang Z. et al., 2023 [15], evaluated four alternative low-carbon fuel production path-
ways (e-fuel, solar fuel, biofuel, e-biofuel), using AHP and the q-ROLPBM operator. The
evaluation process was carried out with 13 criteria, including economic, environmental,
technical and social, for the United Kingdom. Their research indicated e-fuel and e-biofuel
as the most promising production pathways.

The above review concludes that the existing literature for comparison and evalu-
ation of multiple alternative fuels is limited. In the majority of papers, the evaluation
includes 2-3 fuel options, and only Hansson J. et al. [12,13] and Mandic N. et al. [14] deal
with 5-7 fuels, incorporating a manageable set of 10 criteria, while Carvalho F. et al. [27]
and Moshiul A.M. et al. [28] assess fuel production pathways and evaluation criteria, re-
spectively. A broader range of fuel options incorporating a broader range of criteria will
provide additional insight in the obtained rankings. In the present study, 16 fuel options
are considered and assessed through 25 criteria, which also constitute the novelty of the
presented methodological framework. In addition, the multicriteria method Promethee II
is applied for the first time to a fuel option evaluation.

3.2. Methods
3.2.1. Multicriteria Evaluation Methodology

Each multicriteria approach has its own advantages and disadvantages, and the choice
of the appropriate one depends on the nature of the problem. As can be seen in the literature
review, the majority of existing studies are based on the AHP method, where all the criteria
and alternatives must be compared by the decision maker/user in a pairwise process,
which might be impossible in cases with many criteria.

Outranking methods have been developed rapidly during the last few decades, as
they incorporate the characteristic of allowing incomparability between a finite number of
alternatives and a conflicting set of criteria [29,30]. Electre (elimination and choice trans-
lating reality) and Promethee (Preference Ranking Organization Method for Enrichment
Evaluation) are the most commonly used outranking multicriteria techniques [31]. TOPSIS
(technique for order preference by similarity to ideal solutions) is another option to Electre
methodology, based on the comparison of Euclidean distances of alternatives.

The multicriteria methodology Promethee II was adopted for the assessment process
in this research, taking advantage of the pairwise comparison of the alternatives and their
final ranking as an output of the process, without the involvement of the decision maker
in the process of extracting the results. A multicriteria preference index is formulated for
each alternative action X (named “Alternative Fuels”). The importance of each criterion is
expressed by a weight. The preference functions, V-type and usual type, for quantitative
and qualitative criteria, respectively, were selected for the calculation of the preference
index. Furthermore, a preference threshold was considered, whereas the indifference
threshold was ignored. The alternative fuels were sorted by a positive or negative flow,
P*(X) and @~ (X), where X is the alternative fuel. The positive flow, “®*(X)”, indicates
how the alternative X outranks all the others, and the negative flow, “®~(X)”, indicates a
preference among all other alternatives compared to alternative X. The net outranking flow,
®(X), determines an overall score for each alternative [30,31].

3.2.2. Weighting Criteria

Elicitation of weights is always a challenging phase in the decision-making process and
it is crucial to reflect all the possible preferences. Simos technique is an indirect weighting
methodology, aiding in the expression of preferences, even for stakeholders unfamiliar
with decision-making methodologies. The initial Simos approach was extended to face
robustness issues, creating the revised Simos approach [32].

In this study, a weight was assigned to each criterion, and the process was carried
out according to the revised Simos approach. The criteria weights were categorized in
seven different strategies obtained through literature review and interviews/workshops
with shipping-related stakeholders. Stakeholders are categorized into six groups associated
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with their expertise: (i) shipowners, (ii) fuel suppliers, (iii) industry-engine manufacturers,
(iv) academics, (v) banks and (vi) public. The seventh category, “combined case” scenario,
reflects the combined viewpoints of all stakeholders for the criteria and is estimated as
the weighted geometric mean for each criterion. All the participants were informed of
the content of the research. A 10-point Likert scale was used to capture each criterion’s
importance. As can be seen in Table 2, there are some similarities among the stakeholder
groups, as the importance given to the following criteria is obvious: “emissions reduction”,
“regulation”, “fuel availability” and the economic criteria, “Capex” and “fuel cost”.

Table 2. Criteria weights (%).

Criteria . Fuel Industry—Engine . . Combined
Weights (%) Shipowners Suppliers Manufacturer Academics  Banks Public Case
Capex C1 13.8 4.6 8.9 4.6 17 6.2 8.1
Opex C2 3.1 1.6 7.1 3.1 7.3 6.2 3.9
Fuel Cost C3 15.3 13.6 10.7 12.1 8.9 6.2 124
Fuel
Availability C4 15.3 16.5 14.4 9.1 13.8 6.2 14.5
Adaptability C5 10.8 12.1 7.1 10.6 5.7 6.2 8.1
Commercial C6 9.2 3.1 35 1.6 41 6.2 3.8
effects
Risk c7 12.3 7.6 5.3 7.6 15.4 15 10.3
assessment
Emissions cs 6.2 10.6 12,6 16.5 122 16.8 145
reduction
Fuel

. 9 4.7 9.1 12.6 13.6 25 6.2 6
properties
Regulation C10 7.7 15.1 16.2 15.1 10.6 13.3 16.7
Job creation C11 1.6 6.1 1.6 6.1 2.5 115 1.7

4. Criteria

The literature review, in Section 3.1, highlighted that the evaluation criteria are usu-
ally grouped into four main aspects: economic, technical, environmental and social. In
this study, 25 sub-criteria were derived as the most frequently used indicators and were
categorized into 11 main criteria and the 4 above-mentioned groups (Figure 1).

4.1. Economic Indicators

Economic indicators (Table 3) can be broken down into (a) capital cost for propulsion
(Capex): this includes the expenditures of propulsion and related system components per
installed engine capacity (such engines’ cost, fuel tanks, pipelines, gas alarm systems, fuel
processors, etc.); (b) operational cost (Opex): this includes crew cost, maintenance and
insurance cost but excludes fuel cost [12,13]; (c) fuel cost: the expense of the fuel price is
divided into two subcriteria, the current fuel cost (based on fuel prices of 2021) and the
potential reduction for future cost, according to the prediction of IMO [9,16,33,34].
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Table 3. The values of the economic indicators [9,12,13,16,33,34].

Opex3 Fuel Cost
I 1 2
Fuels/Criteria Capex ™ (S/kW) ($/MWh) 2 Current Fuel cost Potential Cost
($/GJ Fuel) ® Reduction
HFO 4800-7300 5 5-12 Low
MGO 4500-7040 5 12-14 Low
Commercially available options
LNG 7-10 Low
LNG Bio-LNG 5100-7710 9 8.5-28.5 Medium
e-LNG 23-110 High
In demonstration phase
Fossil 4-31 Low
Bl 21-237 i
Methanol e 47007180 6 3 High (for CCS)
i Medium
Bio 22-35 .
High
e-methanol 58-463
HTL fuel oil 51-98
Biofuel Pyrolysis fuel oil 31-45
lotue’s Yoy 4500-7040 5 Medium
(Drop-in) HVO 24-39
FAME 20-35
Under Development
Grey or Blue 11-26 High (for CCS)
Hydrogen Green 6500-12,040 1 16-33 High
Bio 20-54 High (for
gasification)
Fossil (or blue) 16-27 High (for CCS)
) High (for
Ammonia Green 5200-11,400 9-11 23-27 electrolysers and
renewable energy)
Bio 20-54 High

! Capex: includes the cost for onboard infrastructure per engine capacity, 2 in 2015 dollars (2015 is selected as
a reference year common for all fuel options based on the data retrieved by the literature review process),
3 Opex: fuel cost in not included, 4 The sub-criteria of “Fuel cost” do not include potential carbon taxes,
5 in 2021 dollars (2021 is selected as a reference year common for all fuel options based on the data retrieved by
the literature review process).

4.2. Technical Indicators

This category assesses fuel availability, adaptability of technology, commercial effects
of the adoption of the alternative fuel option and their performance in the case of a hazard.
More specifically, fuel availability includes the following sub-criteria: (i) production tech-
nology readiness, representing the existing level of adequacy of the production technology
and the necessary processes, and (ii) raw material availability, meaning the current avail-
ability of feedstocks and energy sources [16]. The technology feasibility of the alternative
fuels, as regards the onboard procedures of bunkering, storage, processing, conversion and
propulsion, is examined through the criterion of “Adaptability” (it is expressed using the
TRL score, too). It should be noted that TRL score describes the stage of development of a
technology and is measured on a scale from 0 (idea/concept stage) to 9 (full commercial
application of technology). In general, alternative fuel systems are more feasible when new
building ships, from their application to existing ships [11]. The combination of technologi-
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cal maturity with the growing demand for alternative fuels will have a direct impact on
increasing the availability of bunkering infrastructure and operating ships.

The criterion of “Commercial effects” describes the impact of the use of the alternative
fuel in a ship’s operation and is divided in two sub-criteria: (i) bunkering intervals and
(ii) volumetric energy density. Bunkering intervals range from hours to months, depend-
ing on the selection of the alternative fuel, and affect the ship route and its bunkering
plan [35,36]. Furthermore, energy density should be considered for the different types of
fuel, as higher volumetric energy density requires less space for onboard storage of the fuel
and, consequently, a higher cargo loading capacity for the ship. LNG is about one-third of
the volumetric energy density of diesel, and liquid hydrogen, methanol and ammonia are
around 40-50% of LNG, whereas biodiesel is the closest to diesel [16,36-38].

The last indicator for this category is “Risk assessment”. “Together in Safety” [39], a
non-regulatory shipping industry safety coalition, carried out a risk-ranking process for
different hazard scenarios. The examined scenarios included possible events that might
occur in the daily operations of a vessel: navigation (loss of maneuverability, motion at
sea, etc.), external events (ship collision, ignition), ship operations other than bunkering
(crew change, system components etc.), bunkering (misalignment of the bunkering stations,
loss of control etc.), and fuel preparation, use and monitoring (loss of control). The “Risk
assessment” sub-criteria are measured based on the performance of the alternative fuels in
the examined scenarios. The highest score means the best performance. The values for all
technical indicators are shown in Table 4.
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4.3. Environmental Indicators

The main reason to select alternative marine fuels is the emissions’ reductions in order
to comply with the regulation targets. In this study, a lifecycle perspective (WTW-Well
to Wake) was considered for the quantification of GHG emission reduction indicators,
including the stages of fuel production, distribution and transport as well as the final
consumption from the ship [16,17,40,41]. The percentage values of emission reductions are
related to HFO, as a reference case (Table 5).

Table 5. The values of environmental indicators [16,17,40,41].

Emissions Reduction

Fuels/Criteria Relative GHG Relative SOx Relative NOx Relative PM
HFO 0% 0% 0% 0%
MGO 0% 0% 0% 0%
Commercially available options
LNG —15%
LNG Bio-LNG —80% —100% —80% —100%
e-LNG —80%
In demonstration phase
Fossil +29%
Methanol Blue —42% to —60% —99% —60 to —80% ~95%
Bio —85% to —91%

e- methanol

—58% to —94%

HTL fuel oil —80% to —82% . ~0%
- —100% (assuming low Uncertain (depends
Pyrolyms fuel —77% to —80% sulphur in feedstock) on fuel properties) ~0%
. . oil
Biofuels (Drop-in)
HVO —53% to —89% —100% 0% to —20%
Generally reduced
FAME —53% to —89% —99% to —100% 0%
Under Development
—22% (blue) o ano o 0o
Grey or Blue +70% (grey) 0% (ICE)—100% (FC) 0% (ICE)—100% (FC)
Hydrogen Green —87% —100% —100% —100%
Bio Highly Moderate ! Moderate !
Fossil (or blue) ~—14% 0% (ICE)—100% (FC) 0% (ICE)—100% (FC)
Ammonia Green ~=77% —100% —100% —100%
Bio Highly Moderate ! Moderate 12

! It has been considered in line with the respective conventional fuel and depending on the used propulsion
system, as at the time of preparing the manuscript there is not available quantitative data for bio-hydrogen and
bio-ammonia. 2 Ammonia can be used in modified ICEs or FCs. The combustion of NHj produces N,O and in
case of ICE an aftertreatment of removing N, O is necessary [2].

4.4. Social Indicators

In the literature, the social pillar represents safety factors and economic growth at
a local level (Table 6). Safety factors include the fuel properties (such as flammability,
toxicity and corrosiveness) and the regulatory compliance, which is one of the most crucial
criteria, highly rated in almost all the stakeholders’ preferences. The flammability limit is an
indicator of the required amount of a fuel to be burnt in the air volumetrically. Indicatively,
hydrogen burns easily with the widest flammability limits [11]. The criterion “Regulation”
is quantified in a range of 0-5, after studying the existing regulations, standards and guides
from numerous organizations: IMO, ISO, Class Society, SGMF, European Committee for
Standardization (CEN) and Methanol Institute. Additionally, for the social aspect, the
production process of the alternative marine fuels could play a leading role in creating new
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jobs compared to conventional fuels, generating the indicator “Job creation”. Obviously,
existing conventional fuel options are not able to create new job opportunities opposed to
bio-fuels and e-fuels, which have the highest potential [10,16,28,37,38,40].

Table 6. The values of social indicators [10,11,16,28,37,38,40].

Fuel Properties—Safety

Regulation !

Job Creation !

- Flammability .. . Existing
Fuels/Criteria (vol%) 2 Toxicity Corrosiveness Regulation New Jobs
HFO 1-6 Non-toxic Non-corrosive 5 0
MGO 0.7-5 Non-toxic Non-corrosive 5 0
Commercially available options
LNG 1
5-15 . .
LNG Bio-LNG (Methane) Non-toxic Non-corrosive 5
e-LNG 4
In demonstration phase
Fossil Corrosive 1
Blue Corrosive 2
Methanol 6-36 Acutely-toxic Corrosive 4
Bio (upon 5
degradation)
e-methanol Corrosive 4
HTL fuel oil 1
Biofuels Pyrolysm fuel . Corrosive 1
. oil 0.6-7.5 Non-toxic (upon 5
(Drop-in) d dati
HVO egradation) 1
FAME 1
Under Development
Grey or Blue 2
Hydrogen Green 4-75 Non-toxic Non-corrosive 3 4
Bio 5
Fossil (or blue) 2
Ammonia Green 15-25 Very toxic Corrosive 2 4
Bio 5

! The criteria “Existing regulation” and “job creation” are presented in the range of 0-5, where 0 represents the
lowest value and 5 the highest. 2 Flammability limits in air (vol%): show the range of vapour concentrations of a
certain chemical, over which a flammable mixture gas or vapour in air can be ignited at 25 °C and atmospheric
pressure.

5. Results and Discussion

The results generated through the multicriteria evaluation process are displayed in
Figure 2. The evaluation process also included HFO and MGO as the current baseline fuel
options for the purpose of comparison. The examined biofuels, HTL, pyrolysis fuel oil,
HVO and FAME, were grouped together in the evaluation process, called “Drop-in” fuels,
as their values are common in almost all the indicators.
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Figure 2. The obtained results for all stakeholders.

The marine fuel rankings present certain similarities among the stakeholder groups.
LNG, MGO and HFO are classified in the highest positions in almost all the examined
stakeholder categories. The high rating of these fuels is due to their widespread availability,
which resulted in their good performance on several criteria, reflecting the current state of
the shipping sector, unlike other new marine fuels, which are still in the development phase.
When focusing on alternative marine fuels, there are renewable options that also appear in
high-ranking positions in the majority of categories and especially among academics, banks,
the public and the combined case scenario. In these high positions, commercially available
options of drop-in biofuels, bio and e-LNG, and fossil and bio methanol are included. Bio
and green ammonia registered the lowest scores in all stakeholder groups due to their high
costs in the economic indicators, low adaptability and low performance in risk assessment,
as well as the lack of existing regulation. This observation aligns with the conclusions of
Hansson et al., 2020 [13], for the use of ammonia. Gradual decarbonization of the current
fossil-based ammonia plants with the co-production of renewable hydrogen, replacing a
percentage use of natural gas, should be stimulated at an early stage, as well as fostering
the development of new production plants. The hydrogen options remain in intermediary
positions, with a small lead in conventional hydrogen production.

Figure 3 shows the impact of each criterion in the classification process for the five
highest-ranked fuel options for all stakeholder groups, separately. In the shipowners’ graph,
the lines of MGO and HFO almost overlap, and their highest performance occurred mainly
due to their high performance in technical indicators, while Bio-LNG is distinguished for
its values in environmental indicators. A similar influence is observed in the fuel suppliers’
group and industry-engine manufacturers’ group, who prioritized existing regulation, fuel
cost, availability and emissions’ reductions. On the contrary, the environmental indicators
had a key role for the classification of academics and the public. Fossil methanol is the new
entry in the banks group because of the relatively good performance in risk assessment,
fuel availability and emission reductions.
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Figure 3. The impact of each criterion for the five highest-ranked fuel options.

Although the existing literature does not include the same alternatives of marine fuels
in the multicriteria evaluation, the current classification is in line with the findings of Hans-
son et el. 2019 and 2020 [12,13]. The common point with the rest of the manuscripts is the
dominant role of LNG in the classification. Deviations among the findings of the published
studies could also be observed due to the different decision-making methodologies used as
well as due to diverse influences from the stakeholders during the weighting process.

The ranking process is obviously influenced by the selection of the set of criteria.
The number and range of criteria selected are crucial factors in minimizing the risk of
an inaccurate outcome. In this study, the chosen criteria cover a broad range of key
aspects, along with the expression of viewpoints by diverse groups of stakeholders. The
different views of stakeholders regarding the importance of the criteria also serve as a kind
of sensitivity analysis for the obtained results. The importance and performance of the
examined fuels might also be differentiated due to new policies or the further development
of existing technologies.

Some limitations should be considered in the context of the obtained findings in
the current study. The main limitation is that alternative shipping propulsion systems
are not integrated in the examined fuel options. Specialization of the engine’s types (for
instance, ICE or FC), technical parameters of the current and possible future applications
of mainstream marine engines and the possible aftertreatment technology could lead to
distinct values for certain criteria, such as emission reductions for the case of ammonia.
Accordingly, future research might be enriched by specifying the evaluation process for
different types of ships (deep-sea, short-sea shipping, coastal shipping).

6. Conclusions

This study developed a holistic evaluation framework, incorporating four sustain-
ability aspects, economic, technical, environmental and social, as well as six stakeholders’
views. The variations among the stakeholder group priorities resulted in different classifi-
cations of the examined fuel options. The decision-making process through the proposed
methodology has the advantage of flexibility and the ability to examine a variety of criteria
at the same time as considering the preferences of many decision makers or stakehold-
ers. According to shipowners, engine manufacturers and fuel suppliers, MGO, LNG and
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HFO are top ranked, followed by drop-in fuels, while, based on academics, banks and the
public, drop-in fuels, bio-LNG, e-LNG and MGO are ranked first, followed by LNG, HFO
and MGO. The ranking, which came from a combined case scenario, is a mixture of the
above-mentioned outcomes.

The contribution of this research is demonstrated by the multidimensional evaluation
of alternative fuel options, incorporating a plethora of criteria for more accurate results,
from the perspective of six stakeholder group preferences. The proposed framework may
serve as a baseline for decision makers/stakeholders to endorse strategies for existing
ships and newbuilds. It is remarkable that the criteria of fuel cost, fuel availability and
regulation gain a high priority for the majority of stakeholders. Fuel cost is an uncertain
parameter, especially for fuel options that are currently under development, which may
heavily influence the outcome.

Further research could focus on the introduction of the factor of carbon tax in the
formulation of the fuel cost and the willingness of shipping stakeholders to pay their
emissions and up to what amount. For instance, according to the report of IRENA and
AEA [21], the cost gap between conventional ammonia and renewable ammonia could
be bridged by a carbon tax up to USD 150/ton of CO,. Furthermore, a thorough forecast
of the price and availability of renewable fuels would contribute decisively to the results.
Importance should also be given to the social criterion of job creation, as while the creation
of new jobs is usually considered, a possible simultaneous reduction in existing jobs
has not been examined yet. The feasibility of alternative fuel options is still a long way
off, and further research and assessment are required, especially for deep-sea shipping.
Although bio-fuels are primarily of interest, competition from the demand of other sectors
will influence their applicability in the maritime sector. All the renewable fuel options
require support and initiatives for long-term use throughout their supply chain, from the
production phase to the selected propulsion system.
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Nomenclature
HFO Heavy Fuel Oil

MGO Marine Gas Qil
LNG Liquefied Natural Gas

IMO International Maritime Organisation
GHG Greenhouse Gases

PM Particulate Matter

WTW Well To Wake

EC Europoean Commision

ETS Emission Trading System

GT Gross Tonnage

ICE Internal Combustion Engine

FC Fuel Cells

EEC European Economic Community

EUETD European Energy Taxation Directive
SGMF Society for Gas as a Marine Fuel
MCDM  Multicriteria decision making
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ILUC Indirect Land Use Change

HVO Hydrotreated Vegetable Oil

HTL Hydrothermal liquefaction

FAME Fatty Acid Methyl Ester

LBG Liquefied biogas

MeOH Methanol

H; Hydrogen

CCS Carbon Capture and Storage

AHP Analytic hierarchy process

VIKOR Multicriteria Optimization and Compromise Solution

SAW Simple Additive Weighting

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
PROMETHEE  Preference Ranking for Organization Method for Enrichment Evaluation
ELECTRE ELimination and Choice Expressing REality

TRL Technology Readiness Level
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Abstract: Several countries heavily depend on their domestic ferries, the decarbonisation of which
are required following the prevailing and forthcoming international and national carbon reduction
targets. This study aims to conduct an environmental-economic analysis to identify the impact of
three decarbonisation measures, specifically, hybridisation, liquified natural gas (LNG) and methanol
use, for two ferries of different size of a developing country fleet. The study is based on several
methodological steps including the selection of key performance indicators (KPIs), the pre-processing
of acquired data to identify representative operating profiles, the environmental and economic KPIs
calculation, as well as the comparative appraisal of the investigated measures. The required in-
vestments for decarbonising the whole domestic fleet of a case country are subsequently estimated
and discussed. All the three investigated measures have the potential to reduce CO; emissions,
however, not beyond the IMO 2030 carbon emissions reduction target. This study provides in-
sights to the involved stakeholders for supporting their decisions pertinent to the domestic ferries
sector decarbonisation.

Keywords: decarbonisation; methanol; LNG; environmental-economic analysis; marine engines

1. Introduction

Several developing countries strongly depend on maritime transportation for their
inter-island connectivity. Domestic ferries play a crucial role in their economic and social
development by transporting goods and people between mainland and islands as well
as interconnecting islands. However, the operation of these ferries is associated with
significant environmental and economic costs, primarily due to their reliance on fossil
fuels [1].

Decarbonising the domestic ferry sectors is a crucial step towards achieving these
countries’ climate and sustainability goals. The International Maritime Organisation (IMO)
lists 176 countries as member states and 3 associate members, which have committed to
reduce the carbon dioxide (CO;) emissions per transport work by 40% by 2030, and reach
net-zero emissions by 2050, following the Paris Agreement [2]. The domestic ferry sector
significantly contributes to the transport related GHG emissions of several countries, hence
rendering its decarbonisation efforts of high priority [3]. Worldwide, the shipping industry
has been adopting innovative measures to reduce its environmental impact, particularly
through decarbonisation practices [4]. The shipping industry is critical for the global trade
and commerce, responsible for transporting approximately 80% of the world’s goods by
volume [5]. However, this industry’s growth has also led to increased carbon emissions,
thus exhibiting significant environmental impact, including climate change, air pollution,
and ocean acidification. To address these issues, several measures have been proposed to
promote sustainable practices in the shipping industry. One such measure is the adoption
of alternative fuels, such as liquefied natural gas (LNG), methanol, ammonia, or hydrogen,
which result in lower emissions compared to traditional marine fuels including heavy fuel
oil (HFO) and marine gas oil (MGO) [6].

Energies 2023, 16, 7466. https:/ /doi.org/10.3390/en16227466 122

https://www.mdpi.com/journal/energies



Energies 2023, 16, 7466

Hansson et al. [7] studied ammonia as a potential marine fuel demonstrating that
the major challenge for its adoption is the higher price per energy content compared to
MGO and LNG. Jovanovi¢ et al. [8] studied the feasibility of autonomous ships operating
with methanol and LNG along with conventional fuels from an environmental perspec-
tive, whilst considering the possible emissions effects on global warming, concluding
that methanol has significant advantage compared to LNG and MGO. Hovarth et al. [9]
demonstrated that renewable based synthetic fuels, such as methanol, are not economically
feasible for decarbonising the shipping sector, without the application of emission taxation
schemes. The latter is supported by the findings of Trivyza et al. [10] pertinent to the impact
of carbon pricing on cruise ships energy systems. Svanberg et al. [11] argued that renewable
methanol is a technically viable option to reduce emissions from shipping as it does not
introduce major challenges on the fuel supply chains. Korberg et al. [12] studied alternative
propulsion systems along with alternative fuels for ferries operation concluding that large
ferries can be cost effective with fuels produced by using renewable energy.

Several alternative low and zero-carbon fuels have been proposed for the shipping
sector. The use of ammonia, hydrogen, methanol, and biofuels can lead to lower operational
carbon footprint, and may be considered carbon neutral when renewable energy is used for
their production. Karvounis et al. [13] reported that fossil-based production of hydrogen
and ammonia yields significantly higher CO,¢q emissions compared to conventional MGO
and LNG fuels (as detailed in Table A1l). This is attributed to the energy intensive processes
required for these fuels production [14,15]. Bio methanol exhibits around 15% less CO3 eq
associated with lower fuel production cost; however, its wide adoption is limited by
the production location and scalability [16]. Natural gas extraction and processing is
accompanied by methane slip and exhibits 25% higher COyeq emissions compared to
MGO [17]. Methanol can be stored under ambient temperature and pressure, and requires
less energy compared to LNG and hydrogen, which are stored at cryogenic conditions [18].

Electrification using batteries is accepted as a potential technology for shipping decar-
bonisation. Hybrid ship power systems integrating both conventional (mechanical) and
electrical components (batteries, electric machinery, converters/inverters) can increase the
power plant efficiency, reducing the fuel consumption especially in cases with dynamic
operations [19]. Previous studies focusing on hybrid power plants for several ship types
and employing different battery sizes reported fuel savings in the range 8-17% [20,21].
Law et al. [22] examined several alternative strategies to decarbonise the shipping oper-
ations concluding that carbon capture and storage is the most cost-effective pathway,
however, no carbon taxation was considered whilst scaling up to fleet was not presented.
Percic et al. [23] considered the lifetime emissions and cost of hybrid inland waterway
ships, concluding that electrification can reduce both GHG and NOx emissions; however
alternative fuels were not investigated. Jang et al. [24] demonstrated that the use of LNG
and fuel cells power systems exhibits lower environmental footprint compared to dual
fuel gas engines. Kistner et al. [25] argued that the implementation of alternative fuels
and fuel cell technologies require extensive investment cost, which cannot be afforded by
developing nations’ stakeholders. The use of methanol and electrification were identified
as potential solutions for short-term decarbonisation of the shipping sector [26], whilst
LNG is already employed as low carbon fuel [13,26].

The aim of this study is to conduct an environmental-economic analysis of decarbonis-
ing a fleet of domestic ferries, evaluating the costs and benefits of transitioning the sector
to low-emission alternatives. This is achieved by: (i) evaluating the environmental and
economic indicators of three short- to medium-term solutions with the use of alternative
fuels and hybrid power systems for two typical domestic ferries operating in developing
countries, considering their entire lifetime; (ii) assessing the investment costs required for
the wide implementation of these technologies whilst monetising the carbon emissions
considering a reference fleet; (iii) discussing pathways for policymakers and industry
stakeholders to facilitate the decarbonisation of the reference domestic ferry fleet.
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This study novelty stems from the investigated case study that includes two typical
ferries representing the domestic ferries fleet in a developing country as well as the results
extrapolations to the whole fleet. The carbon tax as a policy measure is assessed, comparing
with the required investment cost. This study provides valuable insights for policymakers
and industry stakeholders on the policy and regulatory actions needed to facilitate the
decarbonisation of the domestic ferry sector in the short- to long-term.

2. Materials and Methods

The followed methodology consists of five steps as presented in the flowchart shown
in Figure 1. Step 1 involves the selection of the key performance indicators (KPIs) for three
categories (technical, environmental, and financial). These KPIs focus on representing the
potential technical requirements, such as storage volume or battery weight/volume, as
well as to determine the environmental impact and associated costs. An existing lifetime
economic-environmental model (LTEEM) is customised to facilitate the calculation of the
determined KPIs. Step 2 focuses on the data collection for the selected case ships as well as
their pre-processing to estimate the model input parameters, which include the case ships
particulars, operating profiles, and fuel consumption datasets. Step 3 investigates four
case studies (baseline, hybrid power system, LNG use, methanol use). Step 4 involves the
assessment of the environmental, financial, and technical KPIs. Finally, step 5 entails the
discussion of this study results facilitating the appraisal of the considered cases feasibility.
The presented KPIs did not consider the cost of production and transportation of LNG
and methanol fuels whereas, the transport (by ship) costs amount 0.74-1.29 EUR /(] for
LNG and 1.8 EUR/MWh for methanol. However, it is anticipated that those costs are
embedded in the fuel price. These factors can be considered in future studies that examine
the well-to-wake cost [27,28] as presented in Table A2 of the Appendix A.

Step 1

N
Lifetime economic — environmental

sustainability model
/ R
Selection of key performance i
indicators (KPIs) s Step 3 ‘
\_ Y, : Cases and Baseline Description |
Vs | ~ | Baseline Casel Case2 Case 3 ‘
i Propulsion Conventional Hybrid Conventional Conventional}
Development of the Lifetime i Fuel MGO MGO LNG Methanol |
Economic Environmental Model "\ /
L ), ]
. ‘__,z ‘//‘ Step 4 '
l | KPIs Calculation 1
r 5
Step2 \ , v v v |
Data Collection ; Environmental Financial Technical |
- N { (= < CO,
i Wen, to Taulf €0, = Investment Cost = Volume of Fuel i
- i = Tank to Wake CO, . . H
Vessels Description i ) - = Operational Cost = Fuel Consumption H
| [PECTcE = Marginal Abatement Cost = Mass of Batt |
L | . GWP g ass of Battery
Vessels Operating Profile
J Step 5
| Results and Discussion
7z o
Fuel Consumption Data
N J

Figure 1. Methodology flowchart.
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2.1. Key Performance Indicators

This study employs key performance indicators (KPIs) that are classified in the fol-
lowing groups: environmental, financial, and technical. The environmental KPIs include
the CO, emissions considering the annual and each voyage timelines, as well as the global
warming potential (GWP) that characterises the environmental impact of the considered
cases. The CO, emissions are considered in a well to tank and tank to wake basis. The fi-
nancial KPIs include the investment cost (characterising the required capital), the operating
expenditure (characterising the operational expenses), and the marginal abatement cost
(MAC) that denotes the effectiveness of the emission abatement measures. The technical
KPIs include the annual fuel consumption (FC), and the fuel required volume, as well
as the batteries systems volume and weight, which are required to assess the technical
requirements for the investigated cases. The financial KPIs facilitate the appraisal of the
potential investment that is essential to accommodate the lower environmental impact
power plants.

2.2. Lifetime Economic-Environmental Model

The lifetime economic-environmental model employed in this study is based on
Ref. [13]. The model assesses different environmental and economic parameters based
on operating profile, employing the typical voyage(s) energy analysis. Since the income
streams pertinent to the vessels economic activity are considered the same to the reference
ships (with the conventional power plants), they are not used herein. The vessels under
consideration can accommodate the alternative fuels storage tanks at free spaces onboard
and hence no loss of capital is considered.

The voyage energy analysis is based on the annual fuel consumption, derived from
the vessel operating profile, which are estimated based on data received from the ship
operators. The determination of the energy required for each voyage is derived by the fuel
consumption for each fuel examined by the following equation:

Eyip = Y LHV; FC; ¢y
f

where LHV refers to each fuel lower heating value.

The required storage volume for a single voyage is calculated using a storage safety
factor (c in Equation (2)) of 20% accounting for the non-used part of the tanks, according to
the following equation:

FC;
Ve=—(1+c) 2)
f of
where p refers to each fuel density.
The investment cost (CAPEX) and annual operational expenditure (OPEX) are calcu-

lated according to the following equations:

CAPEX = Py Cg + AT + Cp )

OPEX = ACy, + ACoum + ACo @)

where Pyr is the nominal power of the ship main engine; Cf, is the engine cost factor (in
EUR/kW); AT refers to the NOx after-treatment system cost that is essential equipment for
all the examined fuels; ACyis the annual fuel(s) cost; ACop denotes the maintenance cost
factor (EUR/kWh); ACq refers to any other annual cost considered, for example, carbon
taxation; Cp denotes the cost of batteries and requires systems of the hybrid plant (electric
machinery, power electronics, DC/AC converters).
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The marginal emission abatement cost that characterises the relative investment
needed per abated emissions mass is calculated according to the following equations:

ACAPEX
MACcapex = W ®)
1
AOPEX
MACopex = W (6)
1

where i denotes the case study number, and ACO,; denotes the difference of the CO,
emissions from the baseline case study.
The well to tank and tank to wake carbon emissions are calculated as:

EMco,,i = Mco,,EFco,,i ()

where Mco, refers to the mass of CO; and EFcp, to the CO, emission factor, whilst the
subscript i corresponds to well to tank or tank to wake emissions.
The global warming potential corresponding to 100 years is calculated by the following
equation:
GWPmoy = MCOZ + 36 MCH4 + 298 MNZO 8)

3. Case Studies Description

This study investigates two typical RO-PAX ferries of different sizes, representing the
fleet of a developing country. The key characteristics of these ferries (termed Vessel 1 and
Vessel 2, henceforth) are listed in Table 1. Vessel 1 length is 97.8 m, whilst Vessel 2 has a
length of 50 m. Vessel 1 typical voyage is around 27,000 nm, completing three voyages per
week, whereas Vessel 2 typical return voyage is 110 nm, running two voyages per day. The
investigated ships main particulars for each propulsion engines of Vessels 1 and 2 are listed
in Table 2. The rated power of each generator set installed in Vessels 1 and 2 are 350 kWe
and 160 kWe, respectively.

Table 1. Characteristics of the case vessels.

Parameter Vessel-1 Vessel-2
Type Ro-pax Ro-pax
Length/breadth/draught [m] 97.8 50
Typical voyage distance [nm] 27,025 110
GT [t] 5145 2682

Table 2. Main engine characteristics.

Component Vessel-1 Vessel-2
Type four-stroke four-stroke
Fuel MGO MGO
Rated Power [kW] 2360 1370
Rated Speed [rpm] 750 850
Cylinders 12 12

Four case studies are investigated for both vessels (1 and 2) as follows. The baseline
case study (BL) includes the power plant of the existing ships, which include two main
engines (each one drives a propeller via a gear box) and three auxiliary generator sets.
Both the ship main engines (ME) and auxiliary engines (AE) use marine gas oil (MGO).
Case study.

C1 employs a hybrid propulsion system with installed (retrofitted) batteries to generate
electric power partially covering the vessels auxiliary and propulsion power demand. Case
study C2 considers the BL layout with the LNG use. The MEs and AEs are converted to
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Baseline (BL

CASE -2 (C2

LNG ------ Electricity
Mechanical power = - -

Boll Off Gas. - - .
e **  Auxiliary Engine No.2
W : %

dual fuel engines operating with natural gas (90% energy fraction) and pilot diesel (10%
energy fraction). Case study C3 considers the BL layout with the use of methanol fuel. The
MEs and AEs are converted to dual fuel engines operating with methanol as main fuel
(90% energy fraction) and diesel pilot fuel (10% energy fraction). The simplified layouts of
the investigated case studies are presented in Figure 2, whereas their main characteristics
are reported in Table 3.

Main Engine No.1 Main Engine No.1

CASE —1(C1)
> R Propeller 1 > I
MG Electricity

Main Engine No.2

Induction > E— Propeller 2
Machine

Auxiliary Engine No.1

m Auxiliary Engine No.2

Main Engine No.1

Mechanical power = - -

Main Engine No.2

Propeller 2

DC/AC
Converter

i Auxiliary Engine No.1

-0

Auxiliary Engine No.2

Hotel
Load

Main Engine No.1

"ASE — 3 (C3)
, @ Propeller 1 CASE — 3 (C3 o
» R — . _
T — Electricity
>
% ey Propeller 2

Mechanical power = * * - MGH

Propeller 2

Auxiliary Engine No.1

H

Auxiliary Engine No.1

N
B
&
%
F]

>

m m o

Figure 2. Power plant layouts considered for the four case studies.
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Table 3. Main characteristics of the cases studies for each vessel.

Case Fuels Main Units Subsystems

2 Main diesel engines

Baseline (BL) MGO 2 Auxiliary generator sets B
2 Main diesel engines
2 Auxiliary generator sets NOx
CASE—1(CD) MGO 1 Batteries pack after-treatment unit
1 Electric motor/generator
LNG 2 Main dual fuel engines NOx
CASE—2(C2) Pilot diesel 2 Auxiliary dual fuel generator sets  after-treatment unit
Methanol 2 Main dual fuel engines NOx
CASE=3(C3) Pilot diesel 2 Auxiliary dual fuel generator sets  after-treatment unit

3.1. Input Parameters

For case study C1 (hybrid power system use), the energy storage system consists of
a 420 kWh Li-ion battery for Vessel 1 and a 225 kWh Li-ion battery for Vessel 2. These
ships power plants include an electric shaft generator, which can be powered by either
the battery or by charging the battery through the ship’s main engine. The battery sizes
were selected by considering batteries capacity of 0.23 kWh per kW of installed power as
reported in [26]. According to the same study, hybrid propulsion systems yield an average
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fuel saving of around 11% with a standard deviation of 3%. In addition to the battery and
propulsion system, other components considered in C1 are the DC/AC converter and an
electric machine (motor/generator) coupled with the propulsion system gearbox.

Table 4 lists the model input parameters, which include the fuels prices, the emission
factors, as well as the cost factors of the marine engines and machinery systems. The
emission factor for NG methane slip was adapted from Balcombe et al. [29]. It is worth
mentioning that significant progress has been made in recent years to reduce methane
slip, with reductions of up to 50% achieved in low-pressure two-stroke gas engines [30].
The cost factors for LNG storage refer to C-type tanks, which are typically employed in
maritime applications [31].

Table 4. Model input parameters; adapted from Refs. [8,32-36].

Parameter Value
Marine Methanol engine cost factor EUR/KW 780 1
Marine LNG engine cost factor 1 EUR/KW 554
Marine Diesel engine cost factor EUR/KW 493
Maintenance cost factor EUR/KkWh 0.012
After-treatment unit cost factor EUR/KW 40
Battery cost factor EUR/kWh 800
Methanol fuel supply system M EUR 1.2
MGO CO, EF 2 kg CO, /kg fuel 3.02
NG CO; EF kg CO, /kg fuel 2.75
Methanol CO; EF kg CO,/kg fuel 1.37
MGO CHy EF kg CHy/kg fuel 0.006
NG CHy4 EF kg CHy /kg fuel 0.041
Methanol CHy EF kg CHy/kg fuel 0
MGO N,O EF 3 kg N,O /kg fuel 1.4 x 107*
NG N,O EF kg N,O /kg fuel 0.71 x 10~*
Methanol N,O EF kg N,O /kg fuel 0.71 x 104
MGO Price ° EUR /t 674
LNG Price * EUR /t 1400
Methanol Price 4 EUR /t 1000
Methanol storage cost EUR /m° 3000
LNG storage cost EUR /m3 2000

! Four stroke gas engine is considered, 2 Provided by industrial sources, * Uncertainty regarding the N>O emission
factors is noted, 4 Fuel costs refer to conventional fuel production methods. ° year average as of 2023 is used for
the fuel price of MGO according to [37].

The main properties of the MGO, LNG and methanol fuels are summarised in Table 5.
Due to its lower energy content compared to MGO fuel, methanol requires a larger amount
of fuel storage to meet the same energy demand. Specifically, the energy content of
methanol is less than half of that of MGO fuel [38]. However, LNG would as well require
higher storage volume comparing to MGO due to its lower density [39]. The efficiency of
the case ships engines when operating with LNG and methanol, is assumed same with the
diesel mode, as supported by the data provided in [40].

Table 5. Fuel properties, adapted from [26,41].

Property MGO LNG Methanol
LHV [M]/kg] 42.7 48.6 20.1
Fuel Density [kg/m?] 838 428 791
Volumetric Energy Density [M]/L] 34 22 16
Gross Storage System Size Factor x1 x2.4 x1.7

The considered ferries fleet characteristics are presented in Table 6. The total gross
tonnage of the fleet is 981,500 GT. The examined vessels belong to the category of above
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400 GT. These ships can accommodate the batteries and alternative fuels storage tanks at
free spaces without loss of payload; hence, no loss of capital is considered.

Table 6. Ferries fleet characteristics.

GT Number of Vessels
0-100 67
100-399 135
Above 400 160

3.2. Emissions Taxation

Emissions taxation is identified as a potential measure to incentivise the ferries fleet
decarbonisation. According to the World Energy Outlook [42], the carbon emissions tax
is estimated at 40-50 EUR/t and 100-110 EUR/t for the 2030 and 2040, respectively, for
emerging markets and developing countries with net zero targets. Those values are also
applied for the energy production sector. Hence, it is assumed that similar values are
expected for the shipping industry for the considered developing country.

4. Results

At this section, the derived results are presented and discussed. The following subsec-
tions provide the environmental, the financial, and technical KPIs.

4.1. Environmental KPIs

Figure 3 provides the well to tank, tank to wake and their total, annual CO, emissions
for the four investigated case studies (BL, C1, C2 and C3), for the two vessels. In the
case of methanol, fossil (C3-F) and renewable (C3-R) production methods are considered.
The former (C3-F) includes the methanol production from natural gas by employing the
following processes: steam reforming to produce syngas, methanol synthesis reaction,
and methanol purification. The latter (C3-R) considers the use of biomass feedstock and
gasification process to produce methanol, whereas the electric energy demand is covered
by renewable energy sources. The horizontal lines correspond to 40% Well to Wake CO,
emissions reduction (compared to the baseline), which aligned with the IMO 2030 targets.
For the tank to wake, the presented results demonstrate that the CO, emissions can reduce
by about 11%, 33% and 8% for the case studies C1, C2 and C3 respectively compared to
BL. The methanol use (C3) results in the lowest CO, emissions reduction (8%), which is
attributed to the methanol lower heating value ratio (compared to the LNG and MGO),
leading to higher methanol consumption. However, it is inferred that the three alternative
case studies (C1, C2, and C3) cannot achieve the IMO 2030 targets.

Given the well to tank CO, emissions for the four cases calculated using the values
for the well to tank CO, emissions factors listed in Table A1l. For BL, the well to tank CO,
emissions are 864 t CO, and 452 t CO, for vessels 1 and 2, respectively. Batteries production
even when using 15-20% renewable energy mix exhibits significantly lower emission
factors [43] Hence, case C1 exhibits better environmental performance (considering the
well to tank phase) compared to the other cases. For LNG (case C2), higher well to tank
emissions (compared to BL) were estimated, specifically 1161 t CO, and 608 t CO, for the
selected vessels. This is attributed to the increased CO,¢q emission factor for the methane
slip associated to natural gas extraction. Methanol production using energy from fossil
fuels (C3-F) is associated with lower emission factors compared to LNG, and slightly higher
compared to MGO. However, the increased methanol consumption yields similar well to
tank emissions to the BL case (834 t CO, and 437 t CO; for vessels 1 and 2, respectively).
For methanol produced from biomass feedstock using renewable energy (C3-R), which
exhibits potential in developing countries, the well to tank emissions can considerably
reduce (709 t CO, and 371 t CO, for vessels 1 and 2, respectively). The well to tank and
corresponds to 26%, 27%, 45%, 27% and 23% of the tank to wake emissions for cases BL,
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C1, C2, C3-fossil, and C3-renewables, respectively. Cases C1 and C2 exhibit almost similar
well to wake CO, emissions (lower by 11% and 10% respectively compared to BL), whereas
case 3 exhibits well to wake CO, emissions 7% (for fossil based production) and 9% (for
biomass based production) lower that the BL and 5% higher than C1.
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