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ARTICLE INFO ABSTRACT

Keywords: Decarbonizing road transportation is vital for addressing climate change, given that the sector currently
BEV contributes to 16% of global GHG emissions. This paper presents a comparative analysis of electric and
FCEV hydrogen mobility infrastructures in a remote context, i.e., an off-grid island. The assessment includes resource
PyPSA . assessment and sizing of renewable energy power plants to facilitate on-site self-production. We introduce
Road transportation . . . .
Electric mobility a. comp-rehenswe r.ne.thodology for sizing the overall 1nfrastructt%re and carry out.a set of techn.o—.economm
simulations to optimize both energy performance and cost-effectiveness. The levelized cost of driving at the
hydrogen refueling station is 0.40 €/km, i.e., 20% lower than the electric charging station. However, when
considering the total annualized cost, the battery-electric scenario (110 k€/year) is more favorable compared
to the hydrogen scenario (170 k€/year). To facilitate informed decision-making, we employ a multi-criteria
decision-making analysis to navigate through the techno-economic findings. When considering a combination
of economic and environmental criteria, the hydrogen mobility infrastructure emerges as the preferred solution.
However, when energy efficiency is taken into account, electric mobility proves to be more advantageous.

Several factors have contributed to the surge in the electric car
market, including significant improvements in the driving range and
performance of electric vehicles, as well as the growing availability of

1. Introduction

Decarbonizing road transportation is a pivotal measure in achiev-

ing long-term goals for mitigating climate change. Indeed, the road
transport sector accounts for 16% of global emissions [1]. In 2023, the
European Council embraced a new regulation that establishes more rig-
orous targets for reducing CO, emissions. This regulation also includes
a ban on the sale of new passenger and light commercial vehicles that
emit CO, after 2035.

The electric mobility infrastructure is simpler and more mature
compared to hydrogen-based infrastructure. Battery-electric vehicles
(BEVs) utilize rechargeable batteries in combination with one or multi-
ple motors [2]. The average range of BEVs typically falls between 100
and 350 km, with some models capable of reaching up to 1000 km on
a single charge [3]. The market for BEVs and plug-in hybrid electric
vehicles is experiencing rapid expansion, with a remarkable result of
6.6 million cars sold in 2021. This figure accounts for approximately
9% of the global car market [4].

fast charging stations [5]. In 2021, the number of publicly available
fast-charging stations reached 570,000 globally, with a growth rate
close to 45% [11].

Moreover, there were 700,000 electric buses on the road worldwide
in 2022, with China leading the way at 95% of the total. In Europe,
14,000 buses were electric, comprising 0.9% of the market share. Pro-
jections indicate that this share will rise to 4% in 2025 and 13%-18%
in 2030 [6].

Fuel-cell electric vehicles (FCEVs) are similar to BEVs. However,
they have a fuel cell powered by hydrogen that generates electricity.
The typical hydrogen consumption is 0.76-1 kg,;, /100 km and the tank
stores about 5-6 kg of hydrogen fuel [7].

The market for FCEVs is less developed compared to BEVs. As of
2021, there were 51,600 FCEVs worldwide, with 67% of them located
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in Asia, and only 730 hydrogen refueling stations (HRS) installed glob-
ally [8]. The majority of FCEVs (around 85%) are passenger light-duty
vehicles, while the remaining portion is divided equally between buses
and heavy-duty trucks [9]. Projections from the International Energy
Agency [10] suggest that by 2030, in the Sustainable Development
Scenario, electric vehicles will make up 41% of total car and light truck
sales, with FCEVs accounting for only 1%.

Although the market for FCEVs is less developed compared to BEVs,
hydrogen-powered vehicles have significant potential due to hydrogen’s
higher energy density in terms of both weight and volume [11].

Moreover, the current limitation for FCEVs lies in the infrastructure,
which is still constrained by the shortage of HRS in operation. However,
HRS offers several advantages. One key benefit is the remarkably fast
charging time, ranging from 5 to 15 min [12], compared to BEVs,
which typically require from 4-8 h (slow charging) to 20-30 min (fast
charging) to reach 80% of their state of charge [13].

Finally, the Hydrogen Roadmap Europe [14] compares the CO,
well-to-wheel emissions across different powertrains (excluding man-
ufacturing) showing that both BEVs and FCEVs are less CO, intensive
than internal combustion engines vehicles powered by diesel or gaso-
line. FCEVs powered by green hydrogen generate about 15 g, /km,
while hydrogen produced by steam methane reforming emits around 75
gco,/km. The BEVs’ emissions range from 10 to 55 gco,/km depend-
ing on the electricity source. However, when considering emissions
from manufacturing processes, FCEVs become more advantageous than
BEVs, as fuel cells are less energy-intensive to produce than batteries.

1.1. Literature review

While several optimization studies have been conducted on BEV
charging infrastructure, as reported in the review paper by Shen
et al. [15], fewer studies focus on optimizing the size of HRS.

Shen et al. [15] conducted a comprehensive review of BEV charging
infrastructure, covering key characteristics of the EV industry, strate-
gies for planning and optimizing EV charging infrastructure operations,
and an analysis of the roles and potentials of public policies and
business models.

Verzijlbergh et al. [16] investigated the potential of electric vehicles
to support high penetration of renewable energy generation on a small
island in Portugal. The optimal charge policies of the EV fleet were
defined using a dynamic programming algorithm.

The optimization of a microgrid design with electric vehicle charg-
ing stations powered by photovoltaic panels is proposed by Isik et al.
[17]. The objective of this study is the optimal sizing and scheduling
of the electric vehicle charging stations, PV panels, and battery storage
systems to minimize energy costs and carbon emissions using the
HOMER simulation tool.

Nafeh et al. [18] presented an optimization problem for sizing a
PV-battery grid-connected system for fast charging stations for electric
vehicles, comparing five meta-heuristic optimization algorithms. They
also developed a novel rule-based energy management strategy based
on two pricing strategies, achieving a levelized cost of energy ranging
from 0.051 to 0.071 $/kWh.

Similarly, the optimization of wind power and HRS sizing and
operation to reduce costs and emissions is proposed by Zhao et al. [19],
while Barhoumi et al. [20] developed a model for the optimization of
a grid-connected PV system for hydrogen production used in refueling
FCEVs, estimating the levelized cost of hydrogen production at 4.2
€/kg with an average production of 400 kg/day. Barhoumi et al. [21]



E. Rozzi et al.

Uy

AC/DC converter

International Journal of Hydrogen Energy 80 (2024) 516-527

Wind turbine
| | | Dispenser
DC/DC converter Battery storage

PV plant

Fig. 1. Schematic of the electric mobility infrastructure.

also conducted a techno-economic optimization of hydrogen produc-
tion for refueling FCEVs using wind energy within three scenarios:
The levelized cost of hydrogen ranges from 6.24 €/kg for the grid-
connected scenario to 14.2 €/kg for the configuration with a fuel cell
backup unit due to the high investment cost of fuel cells and batteries
that are not competitive with electricity costs from the grid.

Moreover, Ibafiez-Rioja et al. [22] analyzed the optimization of sys-
tem control and component capacities for a green hydrogen production
system powered by an off-grid PV-wind plant integrated with a battery
energy storage system (BESS) over 30 years in Finland. The model was
optimized using a particle swarm optimization algorithm to minimize
the levelized cost of hydrogen. The results indicate that the battery was
introduced in the optimal scenario only after 2035, and the PV plant
after 2040. The levelized cost of hydrogen ranged from 1.72 €/kg in
2040 to 2.34 €/kg in 2020, but it is worth noting that this analysis did
not include the HRS.

Schroder et al. [23] explored the simultaneous optimization of
distributed energy resources, component sizes, and energy management
strategies to minimize the costs of BEVs charging and FCEVs refueling
using a genetic algorithm. Their results indicate that using battery
energy storage for peak shaving can minimize the overall costs of
distributed energy resources and reduce their dependence on the utility
grid.

Additionally, an assessment of a HRS powered by surplus energy
from a 10 MW wind farm, as detailed by Kavadias et al. [24], indicated
that it could indeed be a viable solution when designed appropriately.
The economic viability of such a station was found to improve with a
higher penetration of FCEVs.

Furthermore, Wu et al. [25] presented a multi-stage stochastic
programming model designed to determine the optimal approach for
providing HRS services within energy and reserve markets. They con-
sidered various scenarios representing uncertainties related to day-
ahead prices, reserve prices, system imbalance prices, and hydrogen
demand, all aimed at maximizing expected profits.

Finally, the comprehensive assessment of the economic viability
of a HRS [26] took into account the capacities of 100 kg/day and
1000 kg/day and estimated the levelized cost of hydrogen to be be-
tween 7.7 and 6.8 $/kg, respectively. However, the real cost of hy-
drogen depends on the production system performance and utilization
factor [27]. While the economic model of hydrogen infrastructure
developed by Brown et al. [28] showed that the LCOD of fuel cell
vehicles can be lower than equivalent gasoline internal combustion
engine vehicles in the near and long term.

Our research identifies a significant gap in the literature concerning
the optimization of HRS sizing and operation. This gap involves the
integration of resource assessment, renewable power plant sizing, and
HRS infrastructure optimization. It is worth noting that many existing
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studies tend to focus on a single evaluation criterion, such as the min-
imization of investment cost or the levelized cost of energy, whereas
the comprehensive assessment of infrastructure performance should
encompass both techno-economic and environmental parameters.

1.2. Novelty and contribution

To address the identified gap, we aim to provide a comprehensive
methodology for the techno-economic assessment and optimization of
HRS. We apply this methodology to a case study aimed at compar-
ing two public transport infrastructures, electric and hydrogen, on
Pantelleria Island, in Italy.

This study encompasses the resource assessment and sizing of two
renewable energy power plants — a building integrated PV system, and
a small wind turbine - located near the new National Park headquarters
to enable on-site production of electricity or hydrogen. The techno-
economic simulations and optimization of the overall infrastructure
sizing are performed using PyPSA [29] to find the optimal compromise
between performance and costs, while meeting energy demand.

Moreover, as previously mentioned, the decarbonization of the
public transport sector appears crucial in achieving the long-term de-
carbonization target, as envisaged by Danielis et al. [30]. To navigate
the techno-economic results, a Multicriteria Decision Making Analysis
(MDMA), supported by a hybrid multicriteria analysis based on the
TOPSIS method [31] and CRITIC one [32], has been performed con-
sidering techno-economic and environmental parameters. To the extent
of our knowledge, no previous work has adopted a similar approach to
optimize the size of HRS.

Section 2 describes the methodology for the resource assessment,
the optimization model, and techno-economic evaluations. Section 3 in-
troduces the case study of Pantelleria Island, whereas Section 4 presents
the results and discussion. Finally, Section 5 draws conclusions.

2. Methods

The plant configurations analyzed encompass electricity generation
from renewable sources, hydrogen production for FCEVs, as well as
electricity or hydrogen storage, and energy dispensing for vehicle
refueling.

The BEVs infrastructure (Fig. 1) is straightforward and well-
established: electricity is generated by photovoltaic and wind power
plants, stored in lithium-ion batteries, and dispensed through fast
charging stations.

On the other hand, the HRS involves a more complex setup (Fig. 2).
The electricity generated by photovoltaic and wind power plants un-
dergoes electrolysis to produce hydrogen, which is then stored in a
low-pressure buffer tank. Hydrogen is then compressed and stored in
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Fig. 2. Schematic of the hydrogen mobility infrastructure.

high-pressure cascade tanks. Finally, hydrogen is dispensed to refuel
the vehicles [33,34]. The low-pressure storage serves as a buffer be-
tween the electrolyzer’s output and the hydrogen compression unit.
The cascade storage system is introduced as it could reduce energy
consumption, increase the filling speed, and reduce operating cost [35].

2.1. Renewable energy production

An assessment of the solar and wind resources availability was
carried out to evaluate the feasibility and optimal size of photovoltaic
and wind power plants.

To determine the potential solar resource on the selected site, the
Solar Energy on Buildings Envelopes (SEBE) [36] plugin for QGIS [37]
was used [38]. This plugin operates alongside the Urban Multi-scale
Environmental Predictor tool [39], which provides essential input data,
including the Digital Surface Model for buildings and ground, meteo-
rological data, albedo, wall height, and wall aspect (angle) raster. The
SEBE plugin calculates the solar irradiance at a pixel resolution of 2 m,
and the average of pixel values provides the solar irradiance on the
chosen surface. The maximum number of photovoltaic modules that
can be installed on a pitch was evaluated using AutoCAD software [40],
with the single module size sourced from the manufacturer’s datasheet.

With this information, the maximum annual energy producibility of
the photovoltaic system is computed (Eq. (1)):

E, =Py-H,/Ggrc- PR (€))

Where Py is the peak power of the installed photovoltaic plant, H,
is the average global irradiance, Ggr is the irradiance in standard
test condition, and PR is the performance ratio which accounts for
the efficiency losses of the PV plant. To determine the hourly and
daily production profile for a case-study PV plant, we scaled the annual
producibility with hourly and daily production data from PVGIS [41].

The WAsP (Wind Atlas Analysis and Application Program) [42] soft-
ware was utilized for the wind resource assessment, site selection, and
energy yield calculations concerning wind turbines. By importing data
from the Global Wind Atlas, WAsP integrates flow models that account
for orography, surface roughness, roughness change effects, and obsta-
cle influences. The output provides precise information regarding wind
turbine locations, including elevation, mean wind speed, mean power
density, ruggedness index, and Weibull values, and assesses annual
energy production and potential energy yield for wind power projects.
Furthermore, by incorporating the power curve of the selected turbines
into WAsP, the annual energy production is calculated. Subsequently,
the annual production is scaled based on hourly and daily production
data from Renewables.ninja [43].
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2.2. Modeling and optimization in PyPSA

The two plant configurations — hydrogen and electric mobility
infrastructure — are modeled in the PyPSA framework [29]. The model
is solved using the CPLEX solver V20.1.1 [44] on a machine equipped
with an AMD Ryzen 9 3900X processor and 64 GB of RAM. The
simulations are performed for an entire year, with hourly time-step and
a maximum gap tolerance equals to 10~4%. The goal of this optimiza-
tion is to minimize the total annualized cost of the modeled systems,
including capital (CAPEX,,) and operational expenses (OPEX,,), as
described in Eq. (2). The optimal sizes of the key components and the
power management strategy (PMS) are determined. The PMS outlines
the temporal sequence of production, storage, and refueling activities,
thereby defining the power consumption for each time step.

min £ = min {CAPEX,,, + OPEX,, } (2)
2.2.1. Hydrogen mobility infrastructure

Energy generated by the photovoltaic and wind plants is converted
into hydrogen through water electrolysis. The electrolyzer and com-
pressor nominal power, the buffer, and the cascade storage volumes are
optimized through PyPSA. The model features a central node to which
the plant components are connected (Fig. 3): two generators (PV and
wind power plants), two storage nodes (buffer and cascade), and a load
representing the demand of buses. The electrolyzer and the compressor
establish the link between the storage unit and the central node. The
electrolyzer and compressor efficiencies are assumed to be constant at
their nominal values and are 65% and 75%, respectively.

The power consumption for compression is evaluated according to
equation (Eq. (3)):

3

Where Q is the flow rate, Z is the hydrogen compressibility factor, T
is the inlet temperature of the compressor, R is the ideal gas constant,
My, is the molecular mass of hydrogen, # the compression efficiency,
N the number of compressor stages, and y the diatomic constant factor.

In addition to the scenario described above, we conducted another
simulation where the load profile was not pre-defined; rather, the hours
during which buses were recharged were also optimized. Specifically,
two constraints were introduced: firstly, to maintain the daily load
demand unchanged compared to the static case, and secondly, to ensure
a consistent 2-h total charging period. These aspects were implemented
by introducing Egs. (4) and (5). Here, DL;"”"“ represents the daily load
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on the gth day of the year, l""’(h) represents the charging load at the

hth hour of the gth day of the year, and s”” (h) represents the status
of the load (a binary variable, equal to 1 durlng bus charging). These
latter two variables are now being optimized, in contrast to the previous
simulation where they were given as input.

24
DL;tanc - Z lgp’(h,) 4
h=1
24
sy <2 ®)
h=1

2.2.2. Electric mobility infrastructure

The nominal power and capacity of the electrochemical storage are
optimized in PyPSA. The model structure closely resembles the model
described for the hydrogen infrastructure. In this configuration, the
battery charge and discharge mechanisms work as a link connecting
the storage to the central node. The round-trip efficiency of the battery
has been considered equal to 90%, equally divided between charge and
discharge, and the state of charge has been assumed to be balanced.

2.3. Techno-economic evaluation

The economic viability of the two mobility infrastructures is as-
sessed by evaluating the total annualized costs (TAC) and the levelized
cost of driving (LCOD). The levelized cost of driving (LCOD) is evalu-
ated by multiplying the levelized cost of hydrogen or battery mobility
infrastructure (LCOM) with the specific fuel consumption by the vehi-
cle. The levelized cost of mobility (Eq. (6)) is estimated as a function
of the total overnight cost (TOC) of the components, which encompass
capital cost (CAPEX) and overnight costs [45] including the expenses
for both production and refueling infrastructures, fixed (OPEXy;,) and
variable(OPEX,,.) operational and maintenance costs, annual revenues
obtained by selling the electricity excess from the RES power plant, and
the net energy output (hydrogen or electricity) supplied for vehicles
refueling (Energy) [46].

LF-TOC+OPEXy;, + OPEX,,, — Revenues
Energy

LCOM = 6)

LF denotes the levelization factor, which takes into account the
plant lifetime (n) and the nominal interest rate (i):
i (L+i)"

LF=—""_
A+iy -1

)
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2.4. Multicriteria decision-making analysis

Developing a sustainable mobility project involves technical, eco-
nomic, and social aspects imposing a broader perspective from the
decision-makers in the planning, analysis, and decision phase, as
pointed out by Broniewwicz and Ogrodnik [47].

In such a complex environment, encompassing each aspect as much
as possible appears crucial. The multi-criteria decision-making anal-
ysis supports the development of a sustainable transport strategy by
enclosing the different performance indices and analyzing the mutual
relationship between them.

Broniewicz et al. [48] analyze the relatively young multicriteria
decision analysis panorama, comparing several methods evaluating the
strengths and weakness of each approach in sustainable transport appli-
cations; moreover, the authors found an evident trend concerning the
transparency, integration, and versatility of the algorithms investigated,
that depicts a broad application of the TOPSIS family in the analysis of
sustainable transport problems.

In light of this, the scenarios’ outcomes are assessed by proposing
a hybrid multicriteria analysis mainly based on the TOPSIS method,
where the objective weights have been derived by integrating the
CRITIC method.

The proposed hybrid technique encompasses the CRITIC method, a
well-established weighting technique that provides the weights of the
evaluation criteria in a multicriteria problem, measuring the contrast
and the conflict between each performance index applying a correlation
analysis, as presented, for instance, by Hassan et al. [49].

Within this work, the TOPSIS method introduces the decision as-
pect, implementing a decision criterion based on the closeness, i.e. the
Euclidean distance, of the investigated solution, weighted through the
CRITIC results, with respect to the identified best ideal solution.

2.4.1. CRITIC

The objective weights calculation, according to the CRITIC method,
foresees the definition of the multicriteria problem as a set of A alterna-
tives evaluated through m evaluation criteria. The relative score matrix
x; measures the performance of each alternative concerning each eval-
uation criterion, has been built performing a mapping function x,; that
expresses the normalized Euclidean distance from the ideal solution.

The introduction of the parameter C; depicts the contrast and
the conflict of each decision criterion that, according to Mukhamet-
zyanov [50] and Diakoulaki [32], represents the quantity of informa-
tion conveyed by the MCDM problem concerning a single evaluation
criterion.

m
Ci=0; 2 =ry)
k=1

Where o; is a divergence index of the scores, and r; is the correlation
term. By normalization of the Eq. (8), the objective weights w; are
obtained.

< ©)
w; = —————
Yo

2.4.2. TOPSIS

The decision analysis has been performed by means of the TOPSIS
method, developed by Hwang [31], which states that the best solution
is the nearest to the positive ideal solution. The alternatives have been
ranked according to the previous criterion.

The relative score matrix x; has been normalized by means of its
norm in order to perform a comparison of dimensionless attributes;
moreover, each normalized performance score has been weighted using
the CRITIC’s weights obtained by means to the Eq. (9), as follows:

X;j
v;; = X Ww;

ij = = — J
\/Z.’X X2
i=1"ij

€))

(10)
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Obtained the weighted normalized performance matrix, pointed out
as v;;, A* and A~ denote respectively the best performance value
and the worst one for each evaluation criterion, as highlighted by
Chakraborty [51], and reported as follows:

A+=[UT,U;,...,U7, (1D

AT =[v],0),..., U}, ] 12)

In which, for each evaluation criterion, v;.“ corresponds to the max(v;;)
if it is related to a positive performance; otherwise, it corresponds to
the min(v;;). Likewise, vy corresponds to the min(v;;) if it is related to a
positive performance; elseways, it corresponds to the max(v;;)

The separation measure S7* is the Euclidean distance of each relative
performance score from, respectively, the best and the worst ideal
solution. Adopting a closeness index V; as an overall preference score,
the ranking of the alternatives is obtained based on a higher value of V;.
v S

=35 as)

3. Case study: Pantelleria Island

Pantelleria is a Mediterranean island that spans over 80 km?, lo-
cated 100 km southwest of Sicily, Italy. The Pantelleria National Park
encompasses 80% of the entire land area. The island’s redevelopment
project aims to repurpose part of the military area in Bukkuram into
the new National Park headquarters and generate electricity through re-
newable energy sources while implementing modern public transporta-
tion infrastructure. An energy model for Pantelleria Island, combining
the adoption trends of distributed photovoltaic systems and electric
vehicles, was developed by Novo et al. [52].

3.1. Public transport

The public transportation system comprises five bus routes that
interconnect key points of interest with the central area of the Pan-
telleria municipality [53]. The public transportation system operates
with a fleet of seven mini-buses. The distance covered by these mini-
busses each day varies based on the season and holidays. On summer
weekdays, the traveled distance amounts to 610 km per day, which
decreases to 450 km per day during summer holidays. Throughout the
winter period (from September to June), the mini-buses cover a daily
distance of 600 km and the urban transport service does not operate
on Sundays. As the longest route traveled by mini-buses is 240 km, the
refueling process occurs once per day.

The hydrogen consumption of fuel cell mini-buses is 6.6 kg/100 km.
Hydrogen is stored within a 16.5 kg storage tank pressurized at 350 bar,
providing an autonomy of 250 km [54,55]. This results in an average
daily hydrogen consumption of 40 kg (1330 kWh based on hydrogen
lower heating value).

Similarly, battery-electric mini-buses exhibit a 250-kilometer range
and an approximate energy consumption of 1.1 kWh/km [56]. The
average daily electric consumption reaches 605 kWh, with a maximum
of 610 kWh observed during summer days.

Overall, the annual hydrogen consumption amounts to 12545 kg
(420 MWh), while the annual electric consumption stands at 220 MWh.

The assumptions related to the public transportation system and the
buses’ consumption are summarized in Table 1.

3.2. Renewable energy production and sizing

The photovoltaic plant is placed on the rooftop of the National
Park headquarters, comprising 18 pitches. The average solar irradiation
on each pitch is evaluated according to the methodology outlined in
Section 2.1. Employing monocrystalline PV modules with a peak power
of 480 W, boasting an efficiency of 21%, and occupying an area of
2.25 m? each [58], the number of modules that can be installed on
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Table 1
Public transport features.
Feature Values Refs
Public transport
Number of routes 5 [53]
Number of buses 7 [53]
km traveled per day Winter: 600 km/d [53]
Summer weekdays: 610 km/d
Summer holidays: 450 km/d
Longest travel per day 240 km/d [53]
Hydrogen-powered buses
H, consumption 6.6 kg/100 km [54,55]
2.2 kWh/km (LHV)
H, capacity 16.5 kg @350 bar [57]
Autonomy 250 km [57]
Battery-powered buses
Electric consumption 1.1 kWh/km [56]
Battery capacity 250 kWh [56]
Autonomy 250 km [56]
Table 2
Techno-economic parameters of a PEM electrolyzer.
Values Refs
Energy efficiency 65% [65,66]
Operational temperature 50-80 °C [65,66]
Operational pressure (inlet-outlet) 1 bar-30 bar [65,66]
Operational range 5%-100% [65,66]
Deionized water consumption 9 I/kgy, [66,671
CAPEX 1750 €/kW [65,68]
OPEX fix 6%CAPEX* [65,68]
OPEX variable (DW) 0.01 €/kg,,,Z [67,69]
Lifetime 10-15 years [65,70]

2 Encompasses the electrolyzer replacement cost (30%-40% of CAPEX) spread over the
lifetime.

a single pitch is 12, resulting in a maximum installable capacity of
104 kWp. Therefore, the maximum annual producibility of the plant
(Eq. (1)) approximates 160 MWh. The size of the PV plant is optimized
in PyPSA. The total overnight costs for the photovoltaic plant are
1750 €/kW [59,60], the lifetime reaches 30 years [60,61], and the
operational and maintenance costs are 1.3% of CAPEX [60,62].

Regarding wind energy, just a small turbine can be installed in this
area, due to the regulatory limitation on large wind turbines in force
in Pantelleria [38]. The nominal power of the reference wind turbine
is 100 kW, and the effective size is selected by the optimization model.
The turbine is placed following criteria of space and producibility in
the northernmost and highest position on the National Park hill, as
suggested by the WAsP software. The annual energy production of
the reference wind turbine stands at around 1200 MWh. The total
overnight cost for the wind turbine installation is 3000 €/kW [60],
the plant lifetime is 30 years [60,63], and the OPEX costs are 1% of
CAPEX [59,60].

3.3. Hydrogen mobility infrastructure

In the hydrogen infrastructure, the electricity generated by pho-
tovoltaic and wind power plants is converted into hydrogen through
water electrolysis. A proton exchange membrane (PEM) electrolyzer is
supplied with deionized water (DW), which is split into oxygen and
hydrogen. The outlet pressure of the resulting hydrogen is 30 bar.

Techno-economic parameters of the PEM electrolyzer are summa-
rized in Table 2. The total investment cost for the electrolyzer is
approximately 2450 €/kW [64].

The low-pressure storage operates at a maximum pressure of 30 bar,
avoiding the need for an additional compressor [33]. The compression
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Table 3
Techno-economic parameters of auxiliary components in the hydrogen infrastructure.
TOC OPEX? Lifetime Operating range  Refs
LP storage 100 €/m’ 2.5% 20-30 yr  0-173 bar [72,73]
HP storage 130 €/m? 2.5% 20-30 yr 300-510 bar [72,73]
Compressor 2300 €/kW 5% 10-20 yr 30-500 bar [72,74]
H, dispenser 45,000 € 2% 10-20 yr 50 kg/day [72,74]
2 Fixed operational and maintenance costs expressed as %CAPEX.
Table 4
Techno-economic parameters of Lithium-ion storage battery.
Values Refs
Energy efficiency 85% [78,79]
Operational temperature 25 °C [79]
Operational range 10%-90% [79]
Self-discharge rate 0.1%-0.3% [78]
CAPEX 300 €/kWh + 180 €/kW [80]
OPEX fix 6 €/kWh + 18 €/kW [80]
OPEX variable 0 €/MWh [60]
Lifetime 5-15 years [78]

Encompasses the battery replacement cost (30%—40% of CAPEX) spread over the
lifetime.

unit raises the pressure from 30 to 500 bar, which corresponds to
the maximum pressure of the high-pressure storage [71]. The overall
compression efficiency is assumed to be 75%, and the number of stages
is set to 2 [66]. With these assumptions, the energy losses due to
compression, calculated as a percentage of the lower heating value
(LHV), are approximately 8%.

Hydrogen is dispensed using a dedicated dispenser at a pressure of
350 bar, which matches the storage pressure of the buses. The initial
hydrogen level in the storage tank is assumed to be 50% of its total
capacity.

Techno-economic characteristics of auxiliary components within the
hydrogen infrastructure are outlined in Table 3.

The refueling process for each bus takes around 10-15 min [75] and
can only occur once per day, to maximize the availability of the buses
for the public transport service.

Finally, the remuneration of the electricity injected into the electric
grid is established at 0.14 €/kWh [76,77], and the nominal interest
rate is set equal to 4%.

3.4. Battery-electric mobility infrastructure

In the context of electric mobility infrastructure, the central element
is the lithium-ion storage battery. Table 4 outlines the techno-economic
parameters of the storage battery.

The initial state of charge of the BESS is assumed to be 50% of its
total capacity.

With a fleet of seven buses and a 150-kW dispenser, an individual
full charge duration lasts 1.4 h, and the complete fleet can be recharged
within a ten-hour time frame.

The CAPEX of the dispenser is set at 95,000 €, with fixed OPEX ac-
counting for 2% of the CAPEX [81]. The expected operational lifetime
typically ranges from 10 to 20 years.

4. Results and discussion

In this study, we investigate three distinct scenarios related to the
infrastructure for refueling stations catering to electric and hydrogen
vehicles:

1. hydrogen mobility with a pre-defined load profile denoted as
H,LoadSet;

2. hydrogen mobility with optimized bus recharge time slots, de-
noted as H,LoadOpt;
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Table 5
Energy balance summary for the three scenarios: EVLoadSet, H,LoadSet, and
H,LoadOpt.

Bus energy  Delivered RES prod. RES to load RES to grid
energy
EVLoadSet 190 220 387 293 94
H,LoadSet 190 420 1398 704 694
H,LoadOpt 190 420 1398 704 694
Table 6

Efficiencies, self-consumption, and self-sufficiency metrics for the three scenarios:
EVLoadSet, H,LoadSet, and H,LoadOpt.

Well-to- Well-to- Self-cons. Self-suff.

Vehicle Wheels

efficiency efficiency
EVLoadSet 75% 65% 76% 100%
H,LoadSet 60% 27% 50% 100%
H,LoadOpt 60% 27% 50% 100%

3. electric mobility with a pre-defined load profile denoted as
EVLoadSet.

As summarized in Tables 5 and 6, the total energy generation
required to meet the load (RES to load) is 704 MWh for the H,LoadSet
and H,LoadOpt scenarios, compared to 293 MWh for the EVLoadSet
case. The bus electricity consumption (Bus energy) represents the en-
ergy used by the vehicle, where fuel is processed to provide power,
amounting to 190 MWh in all scenarios. The energy delivered to the
bus (Delivered energy), which depends on the conversion efficiency of
the bus engine, is 220 MWh for the EVLoadSet case (battery round-trip
efficiency of 85%) and 420 MWh for the H,LoadSet and H,LoadOpt
scenarios, where the fuel cell operates at 50% efficiency.

The total energy generation (RES prod.) is sized to meet the load
demand at every timestep of the year, thus exceeding the electricity
delivered to the load and including the electricity injected into the grid
(RES to grid). In the H,Load scenarios, the total electricity generated is
almost double the electricity delivered to the load, due to the oversizing
of the wind plant to always meet the demand.

In the hydrogen scenarios, the conversion efficiency from RES to
hydrogen delivery (Well-to-Vehicle efficiency) is 60%, accounting for
losses from water electrolysis (65% efficiency) and hydrogen compres-
sion. Including the fuel cell conversion in FCEV buses, the overall
efficiency (Well-to-Wheels efficiency) drops to 27%. In contrast, for the
BEV mobility case, the well-to-wheels efficiency is 65%, encompassing
losses related to BESS efficiency and self-discharge (75% efficiency), as
well as the round-trip efficiency of the vehicle’s battery.

Finally, the self-consumption (Self-cons.) and self-sufficiency (Self-
suff.) metrics have been computed. Self-consumption represents the
percentage of energy generated from RES used to meet the load, while
self-sufficiency describes the share of the load satisfied by RES. In these
scenarios, self-sufficiency is 100% as the model is designed to meet the
entire load with RES power.

The optimal sizing of the key components for these three scenarios
is showcased in Fig. 4.

One of the most notable distinctions between the hydrogen and
electric infrastructure lies in the scale of the RES generation plant. In
both H,LoadSet and H,LoadOpt hydrogen scenarios, the total RES (PV
and wind) installed capacity is 3 times the size of the EVLoadSet case.
This substantial difference arises from the need to ensure a continuous
hydrogen supply throughout the year. The hydrogen generation plant
is intentionally oversized to meet this requirement, resulting in the
minimum hydrogen storage level occurring on the 2nd of September
(week 35), when hydrogen reserves dip to 65 kWh and 70 kWh in
the H,LoadOpt and H,LoadSet scenarios, respectively. In the H,Load
scenarios, the PV plant is designed to operate at its maximum instal-
lable capacity of 104 kW, while the wind plant exceeds the size of
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Fig. 4. Optimal size of the hydrogen and electric mobility infrastructure.

the EVLoadSet case by 5.2 times. The maximum capacity of the PV
plant is constrained by the available rooftop space of the reference
building. This limitation necessitates a larger increase in the installed
capacity of the wind power plant to ensure adequate energy production,
particularly during summer months when wind generation is lower
than in winter months and load requirements are higher. Additionally,
prioritizing a higher PV capacity would be preferable due to its lower
investment cost per kKW and the ability to meet summer load demands
without significant curtailment during winter. As depicted in Fig. 5, the
energy generated during the summer period (weeks 20-40) is almost
entirely consumed, leaving only minimal surplus energy production.

While there is potential to enhance hydrogen generation during
the winter months when the energy surplus is greater, this would
entail the installation of larger units for hydrogen generation, including
electrolyzers, compression, and storage components, incurring elevated
capital and operational costs. Consequently, the optimization strategy
favors oversizing the generation plants over the hydrogen generation
unit.

The high-pressure storage unit for the H,LoadOpt scenario is ap-
proximately 35% smaller compared to the H,LoadSet scenario. This
volume reduction is due to a more evenly distributed bus refueling
schedule throughout the day.

We also consider an alternative scenario for hydrogen mobility,
which involves integrating a battery energy storage system to poten-
tially reduce the size of the generation plant. However, our optimiza-
tion efforts reveal that the inclusion of the battery does not yield
significant cost savings, resulting in an optimal size of 0 kW.
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Fig. 5. Electricity generated and curtailed from RES (primary axis) and energy storage
level at the end of the week (secondary axis).

Conversely, the EVLoadSet scenario demonstrates better adaptabil-
ity to energy production fluctuations, requiring less energy generation
to meet energy demand and subsequently reducing surplus energy or
curtailment throughout the year.

The total annualized cost (TAC) refers to the annualized capi-
tal and operational costs. As depicted in Fig. 6 (right) the TAC is
177 k€/year for the H,LoadSet scenario and 172 k€/year for the
H,LoadOpt scenario. In contrast, the annualized cost for the EVLoadSet
case is 110 k€/year, approximately 40% lower. Despite the capital cost
of hydrogen production components is comparable to that of BESS, the
investment cost for RES generation is indeed nearly 3.5 times higher.

However, the electricity overgeneration of the H,LoadSett and
H,LoadOpt scenarios Fig. 6 (left) leads to higher revenues because of
the higher amount of electricity injected into the grid, resulting in the
LCOD of the H, scenarios being 20% lower than in the EVLoadSet
scenario, at 0.38-0.40 €/km compared to 0.5 €/km. These values align
with the driving cost of diesel-powered buses. Indeed, the average price
of diesel in Pantelleria in 2023 was 2.2 €/1 and the bus consumption
is assumed to be 24 1/100 km, resulting in a driving cost of 0.52
€/km [82] .

These results indicate that while electric mobility is economically
more advantageous compared to hydrogen mobility in terms of in-
vestment costs, the oversizing of the generation plant, required in the
hydrogen case to meet the demand throughout the year, ensures that
the LCOD for hydrogen vehicles is lower than that for electric vehicles
due to the revenues from the electricity fed into the grid.

Kavadias et al. [24] reported a LCOD of 0.24 €/km for an HRS
designed for 25 FCEVs chargings per day. This value is lower than our
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Table 7 Table 8
MCDM performance indices. MCDM scoring based on economic and environmental criteria.
Strategies GHG emitted LCOD Strategies v Position
H,LoadOpt 1.302 11 CO,,,* 0.38 €/km H,LoadOpt 1 1
H,LoadSet 1.302 tn CO,,,* 0.40 €/km H,LoadSet 0.914 2
EVLoadSet 1.919 1nCO,,,* 0.50 €/km EVLoadSet 0 3
2 Values calculated for the average daily energy consumption according to Bionaz
et al. [85]. Table 9
MCDM scoring based on economic, energetic and environmental criteria.
Strategies |4 Position
ST . . . H,LoadOpt 0.216 2
findings even if we exclude the costs associated with components for H, LoadSet 0.208 3
RES generation and the revenues generated from injecting electricity EVLoadSet 0.784 1

into the grid. Xu et al. [26] and Brown et al. [28] documented an HRS
cost of 7.7-19 €/kg for a daily capacity of 100-180 kg. These figures
align with our results, which are approximately 6 €/kg. Notably, in
these two previous studies, hydrogen was produced through steam
methane reforming.

Meanwhile, the cost of BEVs charging stations is assessed by Lanz
et al. [83], who estimated the levelized cost of charging in Italy to
range between 0.34 and 0.37 €/kWh. It is important to note that their
analysis included the installation costs of photovoltaic (PV) systems but
assumed the absence of battery storage at the charging site. Conversely,
Horesh et al. [84] evaluated the levelized cost of charging for BEVs
in the USA, demonstrating that the cost of a 50 kW direct current fast
charging station ranged from 0.42 to 0.68 $/kWh for utility ownership.
These results closely align with our findings of 0.4 €/kWh (excluding
RES generation and electricity revenues).

From the perspective of a decision-maker, for instance, the local
administration of Pantelleria, previously discussed scenarios have both
advantages and disadvantages as well. The MCDM approach exposed
previously can provide an overview of the scenarios investigated.

The evaluation criteria adopted reflect economic and environmental
issues. The LCOD has been considered as the economic effort that the
policymaker must assume. On the other hand, the GHG emitted repre-
sents an environmental criterion that quantifies the carbon footprint
of the production side of each technology. According to Fig. 1 and
the Fig. 2, the equivalent CO, emitted has been evaluated considering
the respective storage systems (see Table 7).

By applying the methods detailed in Section 2.4, the objectives
weights, calculated according to Eq. (9), indicate a balanced scenario
where equivalent CO, and LCOD scores are 52% and 48%, respectively.
Obtained the objective weights, according to the TOPSIS method, it is
possible to calculate the closeness index V; and establish the overall
ranking, as reported in Table 8.

H,LoadOpt demonstrates superior performance when considering
economic and emission parameters. However, including energy param-
eters, such as well-to-wheels efficiency, can shift the MCDM perfor-
mance indices in favor of the EV scenarios. In this context, the objective
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weights are 25% for GHG emissions, 24% for LCOD, and 51% for the
well-to-wheels parameter, as shown in Table 9.

Therefore, while the MCDM method is a valuable tool for support-
ing policymakers’ decisions, these decisions should not rely solely on
the indices provided. It is crucial to also consider additional factors,
such as the intended pathways and long-term strategies for sustainable
development in road transport.

Given the limited number of vehicles considered in this study (seven
mini-buses), a hybrid solution incorporating both electric and hydrogen
vehicles was not analyzed. The investment costs associated with estab-
lishing separate infrastructures would significantly impact the project’s
economic viability. However, if a larger number of users would be
considered, exploring this solution becomes intriguing, as economies of
scale could potentially mitigate the cost burden. Moreover, exploring
sector coupling and microgrid integration among electricity, heating,
and transportation could play a pivotal role in reducing storage require-
ments, maximizing the utilization of renewable resources, and reducing
energy costs, especially in island contexts [86-88].

5. Conclusion

This study has examined the feasibility of implementing hydrogen
and electric mobility infrastructures for public transportation on an oft-
grid Mediterranean Italian island. We assessed resource availability for
renewable energy plants, optimized infrastructure configurations using
PyPSA, and evaluated techno-economic parameters for three distinct
scenarios for hydrogen and BEVs mobility. Our results underscore a
trade-off between hydrogen and BEV infrastructure. Hydrogen mobil-
ity boasts advantages with a lower LCOD of 0.4 €/km and reduced
carbon emissions of 1.3 1 CO,,,. However, BEVs infrastructure proves
to be more energy-efficient solution, with a well-to-wheels efficiency of
65%, despite having a higher LCOD at 0.50 €/km and greater carbon
emissions of 1.9 11 CO,,,.

It is worth noting that the LCOD is favorably influenced by the
surplus energy injected into the grid, which is significantly higher in the
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hydrogen scenarios due to the oversized renewable energy generation
plant. This design avoids the need for larger hydrogen generation and
storage units.

The decision-making process for selecting the most suitable mobility
infrastructure should strike a balance between economic, energetic, and
environmental considerations.
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