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ARTICLE INFO ABSTRACT

Handling editor: X Ou The road transportation significantly contributes to emissions. Battery electric vehicles (BEVs) and fuel cell

electric vehicles (FCEVs) are potential zero tailpipe-emission solutions. This study presents a numerical model to

Keywords: minimize the annual cost of refueling infrastructure for a fleet of electric and hydrogen vehicles. The case study
Battery electric vehicle involves a fleet of 60 vehicles in Valle Camonica, Italy, covering 500,000 km annually and consuming 270,000 L
BEV . . of diesel. The model evaluates the interaction between solar photovoltaic and the grid to understand the eco-
Fuel cell electric vehicle . Lo . - . . .

FCEV nomics of carbon dioxide avoidance. It optimizes the design and operation of infrastructure components,
Refueling station considering variables such as vehicle tank energy content, energy sources, electricity prices, and the potential to
Hydrogen sell electricity to the grid. Key findings indicate that, without logistical constraints, BEVs outperform FCEVs.

However, FCEVs become necessary for longer missions. Grid-connected plants show superior economics,
achieving 65 %-90 % emissions mitigation. The study also reveals that optimal economics are achieved by
oversizing renewable energy sources and consistently selling electricity to the grid, resulting in a minimum cost
of avoided CO2 of 35 €/ton. The optimal strategy for significant but not total decarbonization involves grid-
connected plants, proving economically viable through electricity sales, requiring a shift in traditional logis-

tics business model.

1. Introduction

The urgency to decarbonize our world has been widely recognized,
as highlighted by global initiatives such as the European Union (EU)
Green Deal [1]. The road transportation sector, is a major contributor to
greenhouse gas emissions [2]. Decarbonization of this sector can be
achieved with various technologies, the most promising of which are
now the electric mobility, for short-haul light duty vehicles, and the
hydrogen mobility, for long-haul heavy-duty vehicles. For the purpose of
this study other alternatives such as hydrogen internal combustion en-
gines, liquid hydrogen or biofuels are not considered due to immaturity
of the technology. The provision of electric energy and hydrogen for
vehicle refueling must employ renewable energy sources to drive
decarbonization efforts. Even within the scope of renewable power
plants and grid connectivity, there exists a range of well-to-wheel
infrastructure configurations, where well-to-wheel refers to the whole
value chain of operating a vehicle, beginning with obtaining the fuel at
the primary source, the ‘well,” through the entire delivery chain and in
the drivetrain of the vehicle, all the way to the wheels. Evaluating these
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configurations is crucial to determine the most economically advanta-
geous solution for carbon dioxide avoidance and emission reduction,
thereby optimizing decarbonization outcomes.

The optimization of well-to-wheel infrastructure to achieve an
optimal refueling strategy, while also evaluating carbon dioxide emis-
sions, is a relatively new area of interest. However, numerous studies in
the literature have tackled related problems, ranging from vehicle
optimization to infrastructure and power-to-gas systems designed to
supply refueling stations. Given the multi-disciplinary nature of this
study, the literature review is divided into three distinct areas of interest.
The first section covers works on vehicle optimization. The second
section focuses on plant optimization. The third section addresses the
optimization of vehicles and plants together.

The exploration of vehicles refueling optimization dates to 1985 with
the work by Mehrez et al., who analyzed the optimization of refueling
for two different vehicle types with distinct constraints, successfully
identifying the most optimal refueling strategy, that in their specific
application to military aviation, is to refuel exactly one vehicles with a
tanker that gives fuel to the rest of the advancing fleet after which it
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immediately returns to the origin [3]. After that, other studies have
considered the aspect of vehicles refueling optimization. In 2012,
Liangefi et al. conducted a study on optimal vehicle charge and
discharge using dynamic programming, resulting in a 9.5 % cost
reduction compared to a standard refuel strategy with all vehicles
refueled at the end of their shifts. [4]. Gruger et al. in 2018 developed a
model to size hydrogen refueling stations, considering car-sharing with
fuel cell vehicles [5]. Their findings indicated that larger fleets could
decrease hydrogen demand costs for private vehicles, although costs
remained high compared to the market price in Germany. Golla et al. in
2020 noticed that with an optimized refueling schedule the size of the
electrolyzer could be reduced by 40 % with related savings on the capital
expenditures, even if in the presented work hydrogen storage is not
considered [6]. In a recent work Wang et al. proposed a new algorithm
to optimize the problem of vehicles refueling scheduling. [7]. The
findings reveal that the proposed approach reduces the fleet size by 35
vehicles and concurrently achieves a significant 13.61 % reduction in
electricity consumption. All these works on refueling optimization have
been inspiring, highlighting the considerable impact of refueling
optimization.

Several studies have focused on optimizing the design and operation
of power plants composed of renewable energy sources and hydrogen
production. Carr et al. optimized a wind power plants utilization via
hydrogen production with excess electricity, revealing the benefits of
using hydrogen to store excess electricity and allowing for the installa-
tion of maximum-size wind power plants. For their case study the best
Electrolyzer utilization, 80 % was found when 20 cars were refueled at
the refueling station [8]. Jentsch et al. explored the optimal use of
power-to-gas in an 85 % renewable energy share, determining that
installing capacity in the range of 6-12 GW in the German scenario
yielded the economic optimum for renewable energy plants operation
[9]. Gotz et al. conducted an extensive economic review, making com-
parisons based on a capital expenditure perspective, showing that all
forms of incentives such as CO, certificates and statal aids must be
employed to make hydrogen competitive [10]. McDonagh et al.
modelled a power-to-gas system to predict the levelized cost of energy
for an advanced renewable gaseous transport fuel, revealing the neces-
sity for significant incentive plans to make clean technology competitive
[11]. Crespi et al. designed a hybrid power-to-power system for
continuous clean photovoltaic-based energy supply, emphasizing the
importance of excess electricity sales in supporting plant economics
[12]. Moreover, hydrogen storage became more competitive in sce-
narios requiring medium and long-term energy shift. In a recent anal-
ysis, Martinez et al. focused on maximizing PV energy use and
performance analysis of a stand-alone PV-hydrogen system [13]. Their
findings suggested that the size of the PV plant should be 2.63 times that
of the electrolyzer to achieve optimal hydrogen production. Regarding
plant use optimization, Basnet et al. conducted a literature review to
highlight the most effective energy management strategies for hybrid
renewable energy systems [14].

The optimization of vehicle strategies, considering the energy plants
supporting vehicle operations, has gained momentum. Hemmati et al.
developed a scheduling of energy storage systems for congestion man-
agement in the electric power system, incorporating renewable energy
resources [15]. Their findings revealed that installing energy storage
systems in operating bus lines considering wind and solar uncertainty is
beneficial in reducing yearly costs. Mehrjerdi conducted a study on an
off-grid solar-powered charging station for electric and hydrogen vehi-
cles. The study uncovered that the final cost of the charging station is
primarily covered by the installation of solar panels, with solar energy
production being the main parameter influencing results. [16]. Minu-
tillo et al. analyzed the levelized cost of hydrogen for hydrogen refueling
stations with on-site hydrogen production via a solar photovoltaic field,
obtaining values ranging from 9.29 €/kg to 12.48 €/kg [17]. Perna et al.
expanded on this work by considering more hydrogen sources and plant
configurations [18]. In recent studies He et al. conducted a two-stage
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configuration optimization of a novel standalone renewable integrated
energy system coupled with hydrogen refueling. Notably, the study
found that the current carbon trade policy does not significantly influ-
ence the system decision to install potential hydrogen production [19].
Al Buraiki et al. focused on hydrogen production using excess electric
energy from an off-grid hybrid solar-wind system. Results indicated that
hydrogen production and storage tanks are based on the hybrid system
excess energy, leading to a minimum possible hydrogen cost of
$36.32/kg in a daily refueling scenario, with a CO, emission reduction
of 9.66 tons per year [20]. Tang et al. conducted a study on the levelized
cost of hydrogen for refueling stations with solar PV and wind in Sweden
[21]. The study emphasized the importance of integrating the electricity
grid in green hydrogen production. The combination of solar and wind
showed better performance in an off-grid scenario, with a competitive
cost of 35-72 SEK/kg. In a recent study, Liu et al. conducted a sustain-
ability assessment and multi-objective optimization of a multi-energy
supply system, emphasizing that the optimum in terms of emissions
mitigation does not coincide with the minimum levelized cost of energy
[22]. Another study by Engstam et al. analyzed the emissions of
grid-supported hydrogen production via electrolysis in various config-
urations, revealing that the lowest cost of carbon dioxide cancellation is
227 €/ton of equivalent CO5 [23]. These papers all focus on the plant
aspects of zero-tailpipe vehicle refueling and were instrumental in
producing this work, as they provided valuable insights into the
modeling and economic analysis of plants connected to refueling station.
However, there appears to be a gap in the literature when it comes to a
comprehensive study considering all aspects from the economic evalu-
ation of the plant with respect to economic efficiency of avoided emis-
sions, which are the emissions of pollutants, in this study carbon dioxide,
avoided if mitigation strategies are employed. The foundation of this
study is based on some previous works where the topic of vehicle
refueling is exploited [24,25].

This study presents a numerical model that minimizes the total
annual cost of the well-to-wheel infrastructure for refueling a fleet of
battery electric vehicles (BEV) and fuel cell electric vehicles (FCEV). The
study evaluates various plant configurations that power the fleet and
identifies the most cost-effective approaches for reducing carbon dioxide
emissions. This assessment takes as case study a real fleet of 60 waste
management vehicles that are operated in Valle Camonica, Italy, by
Valle Camonica Servizi and that cover 500,000 km annually with a
diesel consumption of 270,000 L per year. The interaction with stake-
holders involved employees from the company, the local fire marshals,
and mountain community groups. Through several roundtable meet-
ings, ideas, data, and strategies were discussed to align expectations and
outcomes. The study models the interaction between renewable power
sources and the grid to understand the economics of carbon dioxide
avoidance, also considering the grid carbon intensity, via a robust
mixed-integer linear programming in MATLAB and using as a solver
GUROBI with the YALMIP toolbox. The numerical model minimizes the
total annual cost of the well-to-wheel infrastructure optimizing both
design and operation of all pieces of equipment within the infrastruc-
ture. Key variables include vehicle tank energy content, energy source to
the infrastructure, namely the “well”, imported electricity price, and the
potential to sell excess renewable electricity to the grid, all investigated
parametrically. Each variable set generates a scenario, in which the
model produces an optimal solution for infrastructure design and
operation. The comparison of these solutions indicates the configuration
that minimizes the well-to-wheel carbon dioxide emission cost. This
work focuses on carbon dioxide emissions but acknowledges that
alternative mobility solutions, like battery and fuel cell electric vehicles,
rely on critical materials with costly and impactful extraction processes.
While beyond the scope of this work, these factors impact the overall
sustainability of the systems.

The novelty of this work lies in its modeling approach, which con-
siders multiple often-overlooked variables, such as refueling strategy
optimization. It is highly relevant to real-world applications, as it is



F. Vincenti and G. Valenti

based on actual company data, missions, and needs, making it valuable
for companies transitioning from fossil fuel vehicles to zero tailpipe
emission vehicles. Moreover, the study provides clear insights into the
economic efficiency of carbon mitigation policies when applied to the
vehicle scenario.

The following article sections describe in detail the implemented
model and its results. Section “Well-to-wheel infrastructure and
modelling” deals with the equipment present and with the theoretical
model explanation. Section “Results and discussion” deals with the re-
sults of the analysis. Finally, section “Conclusions” discusses the results
obtained and draws the final conclusions.

2. Well-to-wheel infrastructure and modelling

This section deals with the description of the components of the well-
to-wheel infrastructure as well as the mathematical models that are
applied to describe their behavior. The equations presented in the MILP
section are a selection among all the equations. The complete mathe-
matical modelling is reported into the supplementary material.

2.1. Plant description

The plant considered in this study, as illustrated in Fig. 1, comprises
the energy provisioning elements, the energy conversion and manage-
ment elements and the refueling stations. The energy provisioning part
is composed by the grid and by a renewable energy source, a solar
photovoltaic (PV) field. The solar PV is the only renewable energy
source considered in the study because in the considered region, Valle
Camonica in the Northern Italy, there is insufficient wind to justify a
wind farm installation.

The last part of the plant focuses on energy utilization, with two
refueling stations, one for hydrogen and the other for electricity,
servicing the hybrid vehicle fleet with their respective energy vectors.
The hydrogen refueling station has an embedded energy storage. For
hydrogen processing at the station, hydrogen is assumed to be delivered
from the storage 24 h prior to use. The model delineates the interactions
between components and their inlet and outlet flows, as well as deter-
mining the best refueling strategy for the vehicles in use. The picture
shows the complete configuration with all the components, but it is
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possible to deactivate some of them in specific simulations; for instance,
in the case of a full electric fleet, hydrogen equipment is removed.

2.2. Vehicles consumption

This work tailors literature data to the real use of vehicles, given the
limited availability of real drive test data for specific vehicles with
alternative powertrains, which makes literature data insufficiently
representative of actual vehicle use. Hydrogen and electric vehicle
consumptions are computed based on a Joint European Centre report on
heavy-duty vehicles [26], which evaluates different types of engines on
the same trucks, with the same routes and payloads. The diesel con-
sumption data of the vehicles on duty in Valle Camonica, expressed as
tank-to-wheel consumption in kWh/km, are compared with consump-
tion data of the report diesel trucks. The relative difference between the
literature consumption and the effective consumption in Valle Camon-
ica, ATTWy, (-), is computed as:

TTchx.diesel — TTWJEC,diesel

ATTWy, = 1
. TTW kc diesel

where TTW, gieser 1S the tank-to-wheel energy consumption of the diesel
vehicles of Valle Camonica Servizi and TTW gc gieser i the tank-to-wheel
energy consumption used in the report used as a reference. The tank-to-
wheel energy consumption of the new vehicles, TTWycs ngw (KkWh/km),
is then computed as:

TTWvyesnew = TTWee + TTWge x ATTW,, (2

where TTW,gc (kWh/km) is the literature consumption of hydrogen or
electric vehicles and ATTWy, the incremental on consumption computed
before. This approach is directly applied to all electric vehicles, as
literature provides comprehensive references for every vehicle type.
However, for some FCEV, consumption estimates are derived from
similar vehicles due to the absence of direct equivalents.

2.3. State of energy

Fossil fuel vehicles can be refueled mid-shift at any station if needed,
while for FCEV and BEV, it cannot be assumed this is possible. In this

Electricity
= Electriciy from battery
= Hydrogen
- Water

HYDROGEN
VEHICLES HYDROGEN
STORAGE REFUELLING FLEET
STATION
ELECTRIC
VEHICLES ELECTRIC
REFUELLING FLEET
STATION

Fig. 1. Energy and hydrogen flows for the well-to-wheel infrastructure considered in this work. The infrastructure comprises the energy generation part, with the
grid and the solar photovoltaic field, a battery storage system, the hydrogen island with electrolyzer compressor, and the storage and the refueling stations. The
produced hydrogen and electricity power the refueling station and then the vehicles.
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situation, the amount of energy left in the tank at the end of missions,
referred to as the State of Energy (SOE), is a critical parameter. The
decision to convert a vehicle to electric or hydrogen also depends on the
new vehicle ability to perform the same mission with a certain safety
margin. The state of energy, SOE [—], is calculated as:

Eveh,es

SOE=
T;

3

where E,ep s is the energy stored in the vehicles at the end of each
operational shift, and T the tank size. The possibility of a vehicle to be
adapted to hydrogen or electricity can be made using different SOE.

At a high state of energy some vehicles cannot switch to electric
because they would not be able to complete their shift with the required
energy level left. Given this parameter significance, a sensitivity analysis
on SOE is conducted to examine how the fleet composition changes as
the SOE increases. It is chosen to perform the sensitivity analysis on this
parameter varying from 0 to 25 %.

2.4. Mixed integer linear programming modelling

The model is developed via mixed-integer linear programming using
a cost objective algorithm. The simulation is performed over a year,
while the economics of the plant, such as the total annual cost, are
computed over the lifespan of the plant and actualized. It is imagined
that at the end of a cycle of one year it is possible to make the same cycle
again for the lifetime of the plant. The constraints equations and the
objective function rely on a series of input values that are derived from
literature or assumed. The inputs can be divided into general input and
specific input. The general inputs are technical and economic data of the
plant and vehicles retrieved from literature and are not dependent on
the case study and location. The specific inputs are tied to the case study
and are determined from the geographical location or from Valle
Camonica Servizi specific needs. Some of the company input are not
taken directly by the company but are calculated starting from company
data and then fed to the model. Based on these inputs, the model outputs
the design and operation of the plant, the vehicle refueling strategy and
all economic aspects. The detailed description of all the equations and
variables used to generate these results is provided in supplementary
material. The model is based on the minimization of the total annual cost
(TAC). The annual cost of the plant, TAC (€/y), is computed as:

n
TAC = Expenses (;) — Revenues <§> = Cra X Px +Ciixy+Cery 4)
k=1

where Cy, is the cost of the k-th design components, discounted with
reference to the discount rate, P their capacity, Cy, the fixed yearly
costs, and C,,, is the cost of the electricity, positive if purchased and
negative if sold. For each component k, the specific costs are computed
as:

Ck,a = Ck.inv.a + Ck,rep,a + C'k,O&M (5)

where Cy iy is the investment cost of all the components of the plant,
and Cprepq the cost for component substitution, determined with the
component life span in respect to the lifespan of the plant. The actual-
ization of these costs is performed as:

rir+1)"%
G inva:C.invxi 6
kama =Coam % (1 L in ©
and:
) 1)
Ck,rep.a = Ck, = X r(r + ) (7)

A+ Q+n -1

where r is the interest factor, and Cyy, the fixed cost for fixed capacity
components such as the refueling stations. C,;, are the yearly costs from
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the electricity bought and sold.
The objective function minimizes the annual cost, as:

min f(i) =min (TAC) (8)

The function is coupled with a series of other equations that describe
the behavior of the components. The components size is determined by
the amount of energy that flows at the inlet or outlet of each of them, in
the form of electricity or hydrogen. The behavior of the components is
also modelled.

3. Selected general input

Many of the model inputs are derived from literature. Inputs not
found in literature or company records are calculated from other inputs
or assumed. This section highlights a selection of model inputs that do
not rely on the Valle Camonica case study. For a comprehensive list of all
general inputs, readers may refer to supplementary material.

3.1. Plant components technical and economic data

Table 1 shows technical data of the plant. It is chosen to use a typical
polymer electrolyte membrane electrolyzer, the data about the opera-
tion are taken by a datasheet of a real component. The compressor data
are also derived by a data sheet of an ionic compressor, while the choice
of the number of compression stages, cooling temperature and
compressor outlet pressure are assumptions. The assumed inputs used in
this work are based on discussions with stakeholders and, most
commonly, manufacturers. While it was not possible to obtain a rigorous
source for citations, the data are considered reliable and of high quality.
The model takes into consideration the real gas behavior of the hydrogen
while compressing it to 400 bar. The solar panel efficiency is chosen
based on the average market value.

Table 2 shows the selected economic input to the model. The cost of
components, as identified in literature reports, reflects the average
technological value, without accounting for future scale-up effects. Data
for electric refueling stations are sourced from literature, whereas in-
formation for the hydrogen station is assumed.

4. Selected Valle Camonica-specific input

This section outlines selected inputs that are specific to the Valle
Camonica case study, with many dependent on its geographic location.
These include market prices, renewable energy generation profiles, and
details from the real vehicle fleet. For all the input related to the Valle
Camonica case study the reader can refer to supplementary material.

Table 1

Components selected input data. Each component of the plant is associated with
power consumption or power generation, efficiency of energy conversion and
operative data such as temperature, pressures, and minimum loads.

Name Value U.0.M. Reference
Electrolyzer specific consumption 55 kWh/kg [27]

Electrolyzer operative pressure 30 bar [27]

Electrolyzer operative temperature 70 °C [27]

Electrolyzer minimum load 10 % [-] Own Assumption
Electrolyzer outlet temperature 30 °C Own Assumption
Compressor isentropic efficiency 0.8 [-] [28]

Compressor electric efficiency 0.96 [-] [28]

Compressor mechanical efficiency 0.98 [-] [28]

Compressor outlet pressure 400 bar Own Assumption
Number of compression stages 2 [-] Own Assumption
Cooling temperature 30 °C Own Assumption
Solar photovoltaic efficiency 20 % [-] [29]

BEV refueling station efficiency 0.955 [-] [30]




F. Vincenti and G. Valenti

Table 2
Economic input for the economic analysis. Each component in the plant is
associated with a cost of capital expenditure and a cost of operation expenditure.

Name Value U.0.M. Reference
Electrolyzer capex 1200 €/kW [31]

Electrolyzer opex 2 Capex %  [32]

Electrolyzer lifetime 10 years Own Assumption
Electrolyzer subst. capex 40 Capex %  [33]

Compressor capex 36079.54*Pc(0-6038) €/kW [18]

Compressor opex 8 Capex % [18]
H, Storage capex 405 €/kg [34]
H,, Storage opex 2 Capex % [35]
H, refueling station capex 500000 € Own Assumption
H, refueling station const. 1000000 € Own Assumption

H, refueling station opex 5 Capex %  Own Assumption
BEV refueling station capex 200000 € Own Assumption
BEV refueling station opex 5 Capex %  Own Assumption
Solar photovoltaic capex 750 €/kW [36]

Solar photovoltaic opex 2.3 Capex % [37]

4.1. Vehicles data

The vehicles and their missions are crucial for determining the plant
design, operation, and the total annual cost. The fleet analyzed in this
study consists of 60 vehicles, with their characteristics outlined in
Table 3. For the analysis, each vehicle in the fleet is assumed to have an
electric or compressed hydrogen equivalent to serve as a replacement.
The essential pieces of information about the vehicles needed to initiate
the model include:

e vehicle hour distances, i.e., the mission of the vehicles,

e time in the year that vehicles spend at the depot, i.e., when it is
possible to refuel the vehicles,

e vehicle consumption,

e vehicle tank size or battery pack size,

e amount of fuel left inside the vehicles at the end of each turn.

Valle Camonica Servizi provided 2022 consumption data for their
fossil fuel fleet. Consumptions are provided in two different ways. For 43
out of 60 vehicles GPS data are available. The GPS data are used to
derive the daily missions of the vehicles and the distances covered
hourly. For the remaining vehicles the hourly distance covered is
inferred from the average year consumption and distance recorded by
the company. The equivalent BEV or FCEV are considered to have the
same missions. The consumption of all the vehicles of this study is
computed according to the methodology explained in section 2.2 and it
is presented at the beginning of the results section. The tank size is based
on literature, vehicle manufacturer datasheets, or reasonable assump-
tions from similar vehicles, starting with manufacturers data for vehicles

Table 3

Vehicle type, missions, work shifts and number. Each vehicle class is associated
with a daily distance, specified for individual vehicles based on GPS data or
applicable to the entire class. Additionally, each vehicle class adheres to a
designated work shift.

Type Daily Distances Work Shift N°
Passenger car GPS Data 6 a.m.-12 p.m. Mon. to Fry. 7
Road truck GPS Data or 350 km/ 6 a.m.-12 p.m. Mon. to Sat. 4
day
Demountable truck  GPS data or 210 km/ 6AM-12 a.m.; 13PM-19PM M. 10
day to F.
Commercial GPS Data 6 a.m.-12 p.m. Mon. to Fry. 14
vehicles
Auxiliary truck GPS Data or 60 km/ 6 a.m.-12 p.m. Mon. to Fry. 6
day
Commercial GPS Data 6 a.m.-12 p.m. Mon. to Fry. 13
vehicle
Auxiliary truck GPS Data 6 am.-12 p.m. Mon. to Fry. 6
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in the same class as the real fleet [38,39]. The last parameter to define
the vehicles characteristics to run the model is the amount of fuel pre-
sent in the vehicles at the end of the shift, indicated in this study as the
state of energy (SOE). The state of energy is computed according to the
methodology presented in section 2.3 and results on the fleet composi-
tion are presented in section 4.1.

4.2. Renewable generation and prices profile data

The final components needed are electricity generation profiles and
pricing data, analyzed hourly over a year. The data regarding energy
generation comes from the European Union tool PVGis [29]. Fig. 2
shows the chart of the annual energy production. Hourly data are
optimized using SARAH-2 database for azimuth and slope angle, with a
15 % system loss.

The operation of the plant is tied to the dynamics of the energy
market and electricity pricing. However, the energy and economic
landscape has been subject to exogenous shocks in recent years. These
shocks have led to substantial fluctuations in electricity prices, both
when comparing different years and examining distinct periods within
the same year. To evaluate the plants performance, a parametric analysis
of the cost of electricity is necessary. The base value used in this analysis
is the parameter named PUN, from the Italian “Prezzo Unico Nazionale”
which means “National electricity price”. The chosen reference price is
104.70 €/MWh, and the sensitivity analysis is executed by varying this
value by + 50 %. The selection of 104.70 €/MWh is derived from the
consideration of the 2019 average PUN multiplied by a factor of 2 [40].
For the plant operation the actual cost of electricity procurement is
determined by adding the grid fee, which amounts to 60 €/MWh, to the
base electricity price [41]. Fig. 3 shows the simplified flowchart of the
implemented model, for the detailed mathematical modelling please
refer to supplementary material.

5. Results

This chapter presents the results of the study. The chapter is divided
into different sections. The first section is related to the explanation of
the simulated cases inside the paper. The second section is related to the
vehicles consumptions and fleet compositions. The third section is
related to the technical results and to the design of the plant. The fourth
section is related to the economic parameters and the last part to the
cost-effectiveness of emissions mitigations.

5.1. Analyzed scenarios

The model can simulate various conditions related to plant compo-
sition, market interaction (ability to sell electricity to the grid), and
different states of energy at the end of shifts. The possible configurations
for each aspect are as follows.

e Plant configuration: Grid only, PV only, or Grid and PV (three
possibilities).

e State of energy varying from 0 to 20 % in steps of 5 (four
possibilities).

e Market interaction: Ability to sell excess electricity to the grid or not
(two possibilities).

The scenario matrix, shown in Table 4, outlines the combinations of
these possibilities. Each scenario is then analyzed with a variable price
of electricity, ranging from + 50 % of the PUN. An optimized solution is
obtained for each scenario and PUN combination.

5.2. Vehicles consumption and fleet composition

Some of the MILP input have been calculated starting from other
input and then plugged into the model. These inputs are the energy
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Fig. 2. Renewable generation profile in Valle Camonica, in Northern Italy. The solar production is derived from the PVGis tool selecting as a location Costa Vol-
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Fig. 3. Flowchart of the implemented model to obtain system performance, total annual costs and costs of avoided carbon dioxide.

consumptions of the vehicles, computed according to methodology
presented in section 2.2 and the SOE, computed according to method-
ology presented in section 2.3, Table 5 shows the fuel cell electric ve-
hicles and battery electric vehicles consumptions.

The consumption of BEV vehicles is lower compared to FCEV vehi-
cles due to fewer conversion steps in the process. The values of the
consumptions are tied to the weight of the vehicles they refer to, with a
minimum for passenger cars and a maximum for auxiliary trucks. These
consumption values are used as inputs for the MILP model.

Table 5 outlines the fleet compositions under varying SOE condi-
tions. Electric vehicles, favored for their energy efficiency, are the pri-
mary choice for replacing fossil fuel vehicles, offering significant energy
savings. Their direct energy conversion process makes electrification the
preferred replacement technology. Hydrogen is considered only when
electric vehicles cannot complete shifts, ensuring the use of the most
efficient vehicle option available. The study focuses on the SOE up to 20
% because it is impossible for some of the heavy-duty vehicles to com-
plete the missions with a state of energy over 20 % using compressed
hydrogen or electric of vehicles. To perform those kinds of missions with

zero tailpipe-emissions vehicles alternatives must be employed such
liquid hydrogen or e-fuels that are out of the scope of this work. The fleet
composition is used as an input for the MILP with the corresponding SOE
as described by Table 6.

5.3. Plant design

The scenarios presented in Table 4 are subject to optimization
varying the price of electricity. The model gives as outputs plant design,
operation, and the associated economic metric. Tables 7 and 8 provides
a summary of the main design parameters for infrastructures with
renewable energy sources only and grid-only plant configurations, with
different states of energy and selling possibilities. Table 7 shows the
results when is not possible to sell the electricity to the grid, while
Table 8 reports the results in case of PV installation and possibility to sell
electricity. The tables exclude values for varying electricity prices since
in these scenarios plant design parameters depend solely on vehicle load
conditions and not on electricity prices. Additionally, Fig. 4 presents a
summary of results for scenarios with both grid and renewable energy
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Table 4

Analyzed scenarios in the work. There are three possibilities for plant configu-
ration, four possibilities for the state of energy and two possibilities for market
interaction.

Scenario Plant SOE [%] Possibility to sell
1 Grid only 0-5 No
2 Grid only 5-10 No
3 Grid only 10-15 No
4 Grid only 15-20 No
5 PV only 0-5 No
6 PV only 5-10 No
7 PV only 10-15 No
8 PV only 15-20 No
9 PV only 0-5 Yes
10 PV only 5-10 Yes
11 PV only 10-15 Yes
12 PV only 15-20 Yes
13 PV and grid 0-5 No
14 PV and grid 5-10 No
15 PV and grid 10-15 No
16 PV and grid 15-20 No
17 PV and grid 0-5 Yes
18 PV and grid 5-10 Yes
19 PV and grid 10-15 Yes
20 PV and grid 15-20 Yes
Table 5

Vehicles average consumption. For each FCEV and BEV is defined an energy
consumption over the distance travelled. These consumptions are specific for
each vehicle. In this tables are represented only the average for vehicle class.

Type FCEV consumption [kWh/ BEV consumption [kWh/
km] km]
Passenger car 0.38 0.23
Road truck 3.35 2
Demountable truck 3.57 2.14
Commercial 1.4 0.66
vehicles
Auxiliary truck 3.89 2.33
Commercial vehicle 0.87 0.15
Auxiliary truck 3.98 2.4
Table 6

Fleet composition with different state of energy. The state of energy varies from
0% to 25 % by a factor of 5 %. The SOE dictates the composition of the fleets that
goes from all BEV to 21 FCEV and 33 BEV. For SOE over 20 % some vehicles are
not adaptable to FCEV or BEV.

State of energy Number of Number of Non adaptable
[%] FCEV BEV vehicles

0-5 0 60 0

5-10 6 54 0

10-15 11 49 0

15-20 16 44 0

20-25 21 33 6

sources, showcasing the impact of varying electricity prices on the
choice of the energy mix required. The values of the battery storage
capacity are presented only in the PV only configuration since in the grid
connected case is not present.

In the case of SOE 0-5 % the fleet is composed only of electric ve-
hicles, the electrolyzer and hydrogen storage capacity is 0, while the size
of the renewable energy source and the BESS is the maximum. Rising the
SOE, it is possible to notice that the capacity of the PV and the battery
progressively goes down from almost 5 MW-3 MW. The capacity of the
battery follows the size of the PV to allow for an infra-day storage. In
scenarios with numerous FCEV such as SOE 10-20 % the size of the
renewable energy source and the battery diminish since there is
hydrogen as a new way of storage, thus it is possible to allow for smaller
sizes of PV and BESS. Regarding hydrogen storage, when only the grid is
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Table 7

Design parameters of the plant considering grid only and PV only in-
frastructures, when is not possible to sell electricity to the grid. Electrolyzer and
hydrogen storage capacity are reported for both grid and renewable energy
configurations while PV and battery capacity are present only in PV only sce-
narios. With SOE 0-5 % there are only electric vehicles thus Electrolyzer and
Hydrogen storage are not present.

SOE Sell PV Electrolyzer H, Storage Battery

[%] Capacity capacity [kW] capacity [kg] capacity
[kW] [kWh]
PV only Grid PV Grid PV PV only

only only only only

0-5 no 5297 0 0 0 0 4954

5-10 no 4783 115.2 130.0 0 151.2 4761

10-15 no 3185 347.9 461.6  54.28 1500 3749

15-20 no 3155 360.6 489.7  58.28 1500 3629

Table 8

Plant design parameters when is possible to sell electricity with a renewable
energy source. The PV field consistently saturates at 10 MW, maximizing elec-
tricity production cost-effectively. The electrolyzer size remains comparable, as
the model minimizes capacity due to high associated costs.

SOE Sell PV Electrolyzer H, Storage Battery
[%] Capacity capacity [kW] capacity [kg] capacity
[kwW] [kWh]
0-5 yes 10000 0 0 3488
5-10 yes 10000 175.2 152.7 3438
10-15 yes 10000 453.0 784.9 1683
15-20 yes 10000 474.0 818.6 1683

used, storage is minimal as hydrogen is produced on demand. However,
in configurations with PV, the model reaches the hydrogen storage limit
set at 1500 kg.

Table 8 outlines the plant design parameters when electricity sales
are feasible, corresponding to scenarios with PV only. The model
consistently saturates the PV size at 10 MW, a strategic choice driven by
the advantageous relationship between the levelized cost of electricity
production and selling prices. The electrolyzer capacity is similar to
previous cases, as the model aims to minimize capacity due to the high
capital and operational costs associated with the electrolyzer.

Fig. 4 displays the technical outcomes of the plant with both the solar
PV and the grid. The electricity price notably influences component
design. Subfigure “a” illustrates the PV plant trend with SOE, showing a
linear rise in renewable energy and a reduction in grid electricity as
prices increase. For SOE 0-5, the trend is linear, while other SOE cases
peak around 140 €/MWh, with minimal subsequent variation. The
electrolyzer capacity, depicted in subfigure “b” follows the trend of the
PV capacity. When unable to sell electricity to the grid, the electrolyzer
size is approximately 33 % of the renewable energy source, contrasting
with cases allowing grid sales, where the electrolyzer size is about 50 %
of the renewable energy source. In these scenarios the model never in-
stalls the battery, because there is the possibility to use the grid and
avoid a costly component; these results are closely consistent with those
by Crespi et al. [12] and Martinez et al. [13]. The hydrogen storage is
small, since there is less needed to use hydrogen as an energy storage
medium. In this configuration, the hydrogen for the vehicles is stored
directly in the hydrogen refueling station, which has independent stor-
age from the plant.

5.4. Total annual cost

Fig. 5 shows three charts with the total annual cost for different well-
to-wheel infrastructures. There is one chart for the PV only, one for PV
and grid, and one for the grid only. For the PV cases, both scenarios,
selling and not selling electricity to the grid, are considered. Each chart
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Fig. 4. Design parameters of the plant when both grid and renewable energy source are present. (a), capacity of the solar PV field in different SOE scenarios, only
presented when is not possible to sell to the grid. When is possible to sell the PV capacity is always 10 MW. (b), capacity of the electrolyzer in different SOE scenarios.

Similar Color shades represent cases with same state of energy.

presents a different line for each energy state studied.

Initiating the discussion with the “grid only” scenarios, a linear
correlation emerges between the TAC and prices. The gradient of these
lines becomes more pronounced with increasing state of energy, evident
in configurations housing a greater proportion of FCEV. This heightened
steepness is attributed to the augmented energy demands for compo-
nents such as electrolyzer and compressor in scenarios relying solely on
the grid. The increased energy consumption at high state of energy
highlights the fact that employment of FCEV is more demanding in terms
of total annual cost and thus of energy when only the grid is available,
this is reasonable considering the conversion steps of the process of
using hydrogen.

Conversely, the configuration solely reliant on PV exhibits a trend
independent from the fluctuations in the electricity prices, resulting in
horizontal lines. In scenarios where electricity cannot be sold to the grid,
fleets with state of energy factors of 5-10 % and 10-15 % demonstrate
similar total annual costs, approximating 970 k€/y. The SOE 0-5 %
scenario emerges as the most cost-effective, while SOE 5-10 % incurs the
highest TAC, hovering around 1100 k€/y. The fleet with a SOE of 5-10
% comprises a smaller number of FCEV and a larger number of electric
vehicles, necessitating the installation of all hydrogen components,
contributing to the escalated costs.

When it is possible to sell electricity to the grid, there is an 80 %
reduction in total annual costs compared to scenarios without this op-
tion. The decision to sell electricity to the grid becomes exceedingly
advantageous, to the extent that the model consistently approaches the
constraint on the maximum size of the PV. Well-to-wheel infrastructure
with both grid and PV emerge as compelling, revealing a discernible
shift in chart steepness as electricity prices approach a certain value
justifying the installation of a renewable energy source capable of sus-
taining the plant with minimal reliance on the grid. Importantly,
infrastructure that comprise both the grid and the PV not only un-
derscores superior economic viability but also manifests profitability in
scenarios where electricity can be sold, yielding a negative total annual
cost. This means that the plant not only repays itself but generates
revenues.

Electric fleets consistently exhibit superior economic performance
compared to their hydrogen counterparts in all simulation scenarios
where electric vehicles are employed. This observation remains consis-
tent across various well-to-wheel infrastructure. Given current pricing
dynamics and the goal of transitioning from a fossil fuel fleet to zero-
emission vehicles, the economic viability of electric vehicles is
evident. When feasible to convert a vehicle to electric, the economic
benefits surpass those of hydrogen alternatives. However, must be
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Fig. 5. Total annual cost (TAC) for all the well-to-wheel infrastructures varying price of electricity. (a), TAC in grid only scenario for all the SOE, cases when is
possible to sell are not presented. (b) TAC in PV only scenario for all the SOE. Cases when is possible to sell are presented in shades of blue, when is not possible in

shades of red. (c) TAC in grid and PV scenarios for all the SOE.

recognized that in scenarios where conversion is not viable due to range
and payload constraints, hydrogen emerges as the sole option, necessi-
tating careful decision-making aligned with operational needs and
limitations.

The remainder of this discussion focuses solely on fleets with an SOE
of 15-20 %, as variations in SOE do not influence the analysis in the
latter part of the chapter.

5.5. Cost effectiveness of different technologies

Fig. 6 shows three distinct charts delineating the TAC, the quantity of
avoided CO, emissions, and the cost-effectiveness of CO, mitigation for
each scenario, with SOE 15-20 %. The infrastructure relying solely on
the grid is highly sensitive to electricity prices, with costs exceeding
those of other configurations in scenarios with elevated electricity pri-
ces. Contrarily, configurations utilizing both renewable energy sources
and the grid demonstrate the most favorable economic outcomes.
Consistent with previous observations, configurations enabling the sale
of electricity demonstrate superior economic performance. Notably, the
configuration utilizing both grid and renewable energy sources exhibits
a negative total annual cost, translating to profits over the plant lifetime.

The second chart provides insights into the amount of CO, emissions
avoided. Although vehicle emissions are zero, the carbon intensity of the
grid, set at 0.27 kgCO2/kWh for the Northern Italy, adds emissions for

infrastructures using grid electricity [42]. Configurations using only
renewable energy sources cut emissions by 100 %, in contrast to the
diesel fleet emissions of 1130 tonCO,/y. Grid-only setups see a 35 %
reduction, while combining grid and renewables exceeds 90 % in CO,
reduction.

Chart (c) in Fig. 5 depicts the cost of avoided CO,, derived by
dividing the total annual cost by the amount of CO5 avoided. Substantial
variations are observed across configurations, ranging from 1200 to
2220 €/ton in the grid-only scenario, to values fluctuating between —20
€/ton and 37 €/ton when grid and PV are employed, coupled with the
ability to sell electricity. The negative cost of CO; avoided indicates that
for each ton of carbon dioxide prevented, the plant generates revenue
from electricity sales, making it an attractive alternative.

5.6. Feasibility of emission mitigation in current economic scenario

Fig. 7 presents a comparison between the carbon tax and PV plus grid
infrastructure, that proved to have the best economics in the previous
section. The carbon tax in the EU is set at 100 €/ton. In scenarios where
selling electricity is not feasible, the cost of avoided CO; is 6-8 times
higher than the carbon tax. This underscores the economic challenges
associated with plant installations under the current conditions, espe-
cially when contemplating the transition of vehicles from fossil fuels to
zero tailpipe emission vehicles. This finding aligns with the studies by
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Gotz et al. [10] and He et al. [19], both of which highlighted the

10

necessity of increasing the carbon tax under the current framework. It is
also consistent with the investigation by Engstman et al. [23], who
estimated a minimum cost of avoided carbon dioxide at 237 €/ton for a
grid-connected hydrogen production plant. The lower value can be
attributed to the exclusion of contributions from the photovoltaic pro-
duction plant and the infrastructure required for vehicle refueling in
their analysis. On the contrary, the infrastructure enabling the sale of
electricity, coupled with an oversized PV with respect to the demand of
the vehicles fleet, demonstrates robust economic viability. Notably, the
total annual cost in this scenario is consistently below the carbon tax
across all considered electricity prices.

The scenario with possibility to sell electricity to the grid is blue
while the scenario with no possibility to sell the electricity to the grid is
red. The value of the carbon tax, constant and equal to 100 €/ton, is in
black.

5.7. Sensitivity analysis of key parameters
The analysis of the cost of avoided carbon dioxide is expanded to

include the impact of electrolyzer efficiency and capital expenditure,
key parameters alongside electricity costs. Fig. 8 illustrates how the cost
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varies for the optimal grid and RES configuration, where electricity can
be sold back to the grid, compared to the base case. Results indicate that
a decrease in electrolyzer capital expenditure has a similar effect as
lower electricity costs, but a higher capital expenditure is more detri-
mental than a higher electricity price. Electrolyzer efficiency has the
steepest and most linear impact, making it the most influential param-
eter in the selected scenario, which includes a 15-20 % state of energy,
grid connection, and renewables. While variations in electrolyzer capital
expenditure and efficiency are less likely over short periods, electricity
prices exhibit more significant fluctuations, even within a single year.

The economic viability of facilities aimed at transitioning vehicles to
zero tailpipe-emissions hinges on the consistent sale of electricity
generated from renewable sources. This principle relates well to the
energy hub concept, envisioned for locations like future airports, where
vehicle fleets require electricity or hydrogen for refueling and there is a
concurrent need for electricity. The model becomes economically sus-
tainable with the dual demand for vehicle refueling and electricity
usage. This synergy significantly boosts the economic prospects of such
facilities, aligning them with the current energy and economic policies
of the European Union. Logistics operators are thus prompted to
reconsider their business models: from solely consuming energy for
vehicle refueling to also serving as energy providers.

6. Limitations and possible developments

The limitations of this study primarily lie in its assumptions and
scope. First, the efficiency of the machines was assumed to be constant, a
simplification commonly employed in mixed-integer linear program-
ming models to mitigate excessive computational time. Second, the
geographical constraints of the study area likely impacted the results;
metrics may improve significantly if the plant were situated in a location
with higher solar radiation levels. Lastly, the findings are limited to a
numerical study, as real-world validation with an operational plant has
not yet been conducted. Future work will address these limitations and
expand the scope of the study. For instance, future models could
incorporate the load demands of external users, such as buildings or
power plants, to further enhance the economic benefits of installing
additional photovoltaic capacity. Exploring alternative fuels, such as
liquid hydrogen or biofuels, could diversify the system potential appli-
cations. Additionally, more complex plant designs integrating batteries
for electrical energy storage could be analyzed to improve the system
flexibility and reliability.

7. Recommendations

Stakeholders in the transportation sector should focus on enhancing
incentive schemes to accelerate the adoption and competitiveness of
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renewable energy and hydrogen solutions. While operational incentives
are crucial, combining them with support for capital expenditures on
key equipment like electrolyzers is also necessary. The current pace of
progress remains insufficient to achieve critical sustainability goals.
Simplifying permitting procedures is equally vital to enable the rapid
deployment of renewable energy and hydrogen infrastructure, essential
for the clean energy transition. Energy sector operators can further
advance sustainability by adopting green solutions and offering pre-
miums or incentives, which improve both corporate reputation and
public health. The “H2 Mobility Switzerland” project, though not
directly involved in energy production, demonstrates how innovative
strategies can drive sustainability in transportation.

8. Conclusions

This study presents a numerical model that minimizes the total
annual cost of the well-to-wheel infrastructure for refueling a fleet of
battery electric vehicles and hydrogen powered fuel cell electric vehi-
cles. The study evaluates various plant configurations that sustain the
fleet and identifies the most cost-effective approaches for reducing
carbon dioxide emissions. This assessment consider a real fleet of 60
waste management vehicles operated by Valle Camonica Servizi in Valle
Camonica, Italy. These vehicles cover 500,000 km annually and
consume 270,000 L of diesel per year. The study models the interaction
between solar PV and the grid to understand the economics of carbon
dioxide avoidance, also considering the grid carbon intensity. The nu-
merical model minimizes the total annual cost of the well-to-wheel
infrastructure optimizing both design and operation of all pieces of
equipment within the infrastructure. Key variables include vehicle tank
energy content, energy source to the infrastructure, imported electricity
price, and the potential to sell excess renewable electricity to the grid, all
investigated parametrically. Each variable set generates a scenario, in
which the model determines optimal solutions for the infrastructure
design and operation. By comparing these solutions, it becomes possible
to identify the configuration that minimizes the well-to-wheel carbon
dioxide emission cost. The conclusions of the study are as follows.

e The optimal design and operation of the plant results in a range of
component sizes across different scenarios, enabling revenue maxi-
mization through effective interaction with the energy market and
efficient storage utilization. However, common trends can still be
analyzed across all scenarios. The photovoltaic plant size to support a
60 vehicles zero tailpipe-emission fleet ranges from 3 MW to 10 MW,
with the electrolyzer capacity at 33 % of the renewable source when
grid sales are not possible and 50 % when they are. Battery storage
varies from 3.5 MW to 1.6 MW based on grid interaction.

The most favorable economics emerge from selling electricity to the
grid, particularly for fleets comprised entirely of electric vehicles,
illustrating the significant role of market interactions and fleet
configuration in financial outcomes. Annual cost goes from the
negative value of —250 k€/y, that stands for a yearly revenue, to
1100 k€/y, affected by electricity prices, fleet composition, grid sales
feasibility, and infrastructure.

e When the state of energy, which is the amount of energy left inside
the tank at the end of the shift, exceeds 5 %, fleets with a higher
proportion of hydrogen vehicles become necessary, despite initial
cost disadvantages compared to electric vehicles. However, when
raising such state to values over 20 %, the conversion to hydrogen is
not feasible for all vehicles, necessitating the exploration of alter-
native sustainable fuels. The state of energy dictates the optimal mix
of vehicle technologies to balance cost-effectiveness with sustain-
ability goals.

Plants integrating both grid and renewable energy sources exhibit
better economic outcomes than other configurations. This approach
achieves a substantial reduction in carbon dioxide emissions, ranging
from 60 to 95 %. Moreover, the cost of avoiding the carbon dioxide in
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these plants is lower by one order of magnitude compared to
renewable-only setups as well as two orders of magnitude compared
to grid-only systems.

For configurations combining the grid with renewable energy sour-
ces and if selling electricity back to the grid is not an option, the cost
of avoiding carbon dioxide is 7-8 times higher than a carbon tax of
100 €/ton. Conversely, when selling is feasible, this cost drops to less
than half.

In short, logistics operators cannot transition to sustainable mobility
by merely switching vehicle types. Achieving economic and envi-
ronmental goals requires significantly increasing renewable energy
production for sale, not just use. This necessitates a fundamental shift
in their current business model, from traditional logistics to active
participants in the energy market.
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Nomenclature
Symbol Definition Unit of measurement
TAC Total annual cost €/y
Crix Fixed costs €
Cel,y Cost of electricity per year €/y
Ry Revenues per year €/y
Py Generic component capacity -
Cinva Actualized investment cost €
Crepa Actualized replacement cost €
Cosm Operation and maintenance cost €
LT, Plant lifetime y
LT, Component lifetime y
r Interest rate -
TTW Thank-to-wheel efficiency kWh/km
E, Refueled energy in truck tanks kWh
E; Stored energy in truck tanks kWh
Eq4 Energy demand kWh
ar Refueling event binary variable -
idxref Refueling index -
Csu Start-up cost €/su
i Hours per year -
j Number of vehicles -
n Total number of components to optimize in the plant -
Egr Energy stored in hydrogen tank kWh
Eq Energy supplied to the electrolyzer kWh
E, Energy content at the electrolyzer output kWh
B On/off binary variable -
y Start-up binary variable -
S Delay due to refueling station operation -
P, Electrolyzer capacity kW
Py Storage capacity kWh
Pres Renewable energy source rated power kw
VCs Valle Camonica Servizi -
JEC Joint European Center -
Riax Maximum number or refueling per our -
&q Minimum refueled quantity coefficient -
& Minimum fuel in vehicles tank coefficient -
CMP Compressor -
HRS Hydrogen refueling station -
BEV Battery electric vehicle -
RES Renewable energy source -
FCEV Fuel cell electric vehicles
Ts Tank size -
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Data availability

Data will be made available on request.
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