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Keywords: At the present time, the critical climate situation has raised awareness about the importance of developing
Hydrogen carbon-free technologies. In this context, fuel cell systems (FCS) have become one of the key technologies in
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the pathway to decarbonization. Given that road transport is a major contributor to greenhouse gas (GHG)
emissions, this paper focuses on a specific segment of this sector: light commercial vehicles (LCVs). The current
market situation shows that LCV manufacturers have not yet decided what is the appropriate powertrain
architecture for this kind of vehicle. Thus, the current paper studies a wide range of possible FCS-based
propulsive system designs, changing the size of the FCS, electric battery and H, tank. These propulsive system
architectures are analyzed concerning the performance of the vehicle, in terms of consumption and range, and
the durability of its FCS. The evaluation of these different designs will be highly valuable for the LCV industry
and manufacturers, as it allows to understand the optimal powertrain solution. The study demonstrates that a
significant increase in range can be achieved with only a minor penalty in hydrogen consumption. Additionally,
the research indicates that it is feasible to employ one of the most durable FCS designs while meeting LCV
mission requirements with minimal consumption penalty. In conclusion, this paper provides valuable data to
the ongoing research in this field, offering a detailed analysis of the impact of H, consumption, autonomy,
and durability of the FCS across various vehicle architectures under typical LCV driving conditions.

1. Introduction used as a range-extender or as the main power source coupled with a
small battery for brake recovery.
Focusing on the road transportation sector, manufacturers seem to

have reached a consensus about the use of FCS in heavy-duty (HD)

At present times, the world is facing an environmental crisis caused
by the increasing amount of greenhouse gases (GHG) and the rapid de-

pletion of natural resources. This critical situation has raised awareness
about the need to develop clean energies to ease the decarbonization of
the industry and global institutions are working together to elaborate
different strategies that aim to solve this issue [1]. In this context, the
transportation sector stands out as a significant contributor to global
GHG emissions, accounting for approximately one quarter of the total
emissions [2].

One of the energy carriers that has acquired importance during
the past few years is hydrogen, which can be used for very different
applications and could have a low carbon footprint [3] depending on its
production pathway, as studied in [4]. The energy production process
using H, can be done by using FCS [5] or by H, combustion in an
ICE [6]. At the present time, both FCS and H, ICE have presented
themselves as a good solution in the decarbonization of road trans-
portation. In this context, the use of FCS usually comes together with
an electric battery, integrated in a hybrid vehicle, but it can also be
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vehicles and some prototypes are starting to reach the market as the
Hyundai XCIENT Fuel Cell. There currently exists a modular trend in
which different FCS are integrated into the powertrain of the truck
and are its main power source, which works together with a smaller
electric battery [7]. The mentioned architecture tendency has led to
the use of a set of small or medium power FCS. In previous works, the
current research group has analyzed one of this HD-designed FCS [8].
In the HD sector, the need to maximize range as well as refuel time is
decreased, is crucial and it is the main reason behind the use of FCS
for this application. Despite the great potential of these technologies,
its inclusion into the HD market sector is still a matter of research
that some authors are currently studying, as Yan et al. in [9]. Thus, as
with other FCS-based technologies, its related emissions are an essential
issue that also needs to be considered so that its use is as clean as
possible. Thus, several researchers are also looking into this topic, as
in [10,11].
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In the HDV sector the propulsive system for FCVs seems to fol-
low the same trend, modular FCS as the main power source couple
with a small electric battery. Thus, in this field, authors are now
focusing on the control strategy between the different FCS and the
battery [12], rather than studying the sizes of each component of
the powertrain. Researches are following different approaches regard-
ing the energy management strategies (EMS). Some authors as Chen
et al. have tested the use of dynamic programming (DP) as in [13].
Other researchers are starting to study predictive strategies that would
allow to obtain results which would be more similar to a real driv-
ing situation, as in [14,15]. In [16], Agyekum et al. analyze the
research tendencies regarding FC technologies along the past decades.
In this piece of work, the authors agree that the current trends usu-
ally focus on the optimization of the control of the FCS vehicle by
the improvement of the EMS [17] using machine learning. The ex-
isting optimization strategies of FCVs also cover architecture-related
subjects, mainly focused on the thermal management of the power-
train [18]. Additionally, H, clean production [19], distribution and
refueling stations [20] represent a topic of interest regarding these
vehicles.

The HD field has been deeply studied during the last few years,
besides there are other vehicle sectors in which FCS would be appro-
priate and have not been analyzed in detail. Focusing on the road
transportation sector, the use of FC technologies in passenger cars has
also been widely studied during the past years [21]. However, the
study of FCS in light commercial vehicles (LCVs) is a quite unexplored
field. The little existing bibliography seems to follow the common
trends regarding FCVs. In [22], Skarlis et al. analyze different refuel-
ing strategies. In [23], Apostolou et al. compare the refueling of the
LCV H, tank by using different storage systems. Thus, the H, well-
to-tank pathway has been the main topic of interest regarding these
vehicles.

LCVs or vans are designed for intensive use in the commercial
sector, which makes clear that the use of FCS would be extremely ben-
efitial. However, their power demand is significantly lower compared
to that of trucks. Thus, it is still not clear which kind of powertrain
would be more appropriate for them. The currently existing prototypes
are quite different between each other. Some companies propose a
range-extender configuration as the Renault Kangoo Z.E. Hydrogen,
which includes a 5 kW FCS to increase autonomy. This company has
also developed the Renault Master Z.E. Hydrogen [24], with a range-
extender configuration that allows a higher range by including a 33
kWh electric battery coupled with a 30 kW FCS and a 4.2 kg H,
tank. Nevertheless, other vehicle manufacurers as Opel (Opel Vivaro
Hydrogen van) have chosen a mid-power architecture composed of a
bigger FCS (45 kW) and a smaller battery (10.5 kWh) with a 4.4 kg
tank [25]. Even some companies are trying different approaches by
retrofitting an existing vehicle (Toyota HiAce [26]) or using solid oxide
FC (existing prototype by Nissan [27]). However, in this context FCS
have proven to be one of the most popular options among vehicle
manufacturers. Nevertheless, there exist different kind of FC which
can be classified depending on the electrolyte they use. Alkaline fuel
cells (AFCs) use potasium hydroxide (KOH), they were the first FC
technology to be developed and gave good results in the production
of energy for the space programme. However, AFCs can be easily poi-
soned by CO, concentrations, which represents an important problem
when using ambient air. Phosporic Acid Fuel Cells (PAFCs) were one
of the first technologies to be commercialized, but their low power
production implies that they need to be large, heavy and expensive
to be efficient enough in its use [28]. Additionally, other kind of FC
as Molten Carbonate Fuel Cells (MCFCs) and Solid Oxide Fuel Cells
(SOFCs) work under high temperatures. These kind of high temperature
cells have shown promising results, but its low startup process makes
them unappropriate for road transportation application. In this context,
Polymer Electrolyte Membrane Fuel Cells (PEMFCs) present themselves
as a good choice for road vehicle applications. As opposed to other fuel

Energy Conversion and Management 323 (2025) 119191

cells, PEMFCS have low weight and volume and provide high power
density using a noble-metal catalyst (such as Pt) [29]. Thus, the authors
have chosen to model the FCS as a PEMFCs. The use of PEMFCs for
road applications is very popular at the present times and there exist a
high research interest in the study of the used materials in this kind of
FCs [30].

After an initial review of the market sector, it is important to study
in detail the existing research literature about the use of FCS in the
LCV industry. There currently exists little research papers about this
kind of vehicles. Concerning road transportation, most studies focus
on the analysis of HDVs [31] rather than LCVs. The existing papers
related to this market sector focus on economic [32] or emission [33]
studies, rather than performing a detailed study of the performance of
the vehicle.

Furthermore, the extisting pieces of research that study the ar-
chitecture of the LCV are mainly focused on the H, storage [34] or
the refueling system [35]. Additionally, the limited number of papers
that examine various powertrain architectures [36] or focus on vehicle
performance [37] utilize FCS models with a low level of detail. This is
because such studies aim to provide a broad overview or focus on other
aspects, such as energy management strategies, as explained for HDVs,
rather than conducting a detailed sizing study of the powertrain.

Therefore, the understanding of the influence of each powertrain
component in a LDFCV (Light-duty Fuel Cell Vehicle) would be signifi-
cant for the existing bibliography. The analysis of the powertrain would
require the study of the factors that define the mission of the vehicle.
As in any vehicle, the fuel consumption is a key matter to define its
performance. The minimization of H, consumption has been studied by
different researchers for other vehicle sectors and by applying different
methodologies, as in Hu et al. in [38]. As previously stated, LCVs are
used in an intensive way, thus, its mission is defined by the range the
are able to cover with a fixed amount of fuel. Additionally, a key issue
in the use of FCS is its lifetime. As with any other technology that is
still in development, there are still problems to be resolved and the
degradation of the cells is an essential matter that is being looked into.
The research community has approached this issue in different ways
by modeling degradation as in [39] and measuring experimental data
as in [40]. The evaluation of the 3 stated parameters: H, consump-
tion, range of the vehicle and durability of the FCS would allow to
understand the vehicle suitability for a specific mission. Nevertheless,
there exist no available studies that analyze these parameters for a
LDFCV.

1.1. Knowledge gaps

Considering the available data and studies in the literature seen in
Section 1, the following knowledge gaps have been identified in this
research line.

1. There is a significant gap in the detailed data regarding the
actual fuel consumption rates of FCS when integrated into the
propulsion systems of LCVs. This information is critical for opti-
mizing fuel efficiency and overall vehicle performance.

2. Detailed knowledge about the range of hybrid LCVs that are
composed of both FCS and electric batteries is sparse. Knowing
the distance each component can provide independently, as well
as their combined range, is crucial for designing efficient and
practical vehicles

3. Comprehensive data on the durability and lifespan of complete
FCS is limited. Furthermore, there is even less information avail-
able regarding the durability of these systems when they are part
of a hybrid powertrain (combining FCS and an electric battery)
tailored for the specific operational requirements of LCVs.

4. There is a lack of clarity and consensus on which powertrain
configuration offers the optimal performance for the specific
mission of an LCV.



R. Novella et al.

Based on the preceding analysis, it is evident that there exists a notable
scarcity of research concerning the integration of FCS into LCVs, indi-
cating significant knowledge gaps in this area. In Section 1, the authors
have provided a summary of the existing research regarding the use
of FCs in LCVs, which shows the literature gap about the powertrain
architecture. Addressing this limitation would offer valuable insights
for researchers and LCV manufacturers, thereby playing a crucial role
in the decarbonization of this sector.

1.2. Contribution and objectives

This paper aims to understand the influence of different designs for
an FCS powertrain in an LCV. The specific contributions to achieve such
an objective are:

+ Analysis of the H, consumption by each of the different proposed
architectures. The amount of used H, allows to select an efficient
powertrain design, considering the efficiency in fuel utilization.
Furthermore, this value is essential in future cost or emission
studies.

Evaluate the range of FC-powered LCVs. Since the proposed vehi-
cle architectures are FC hybrid vehicles, the autonomy provided
by each energy source will be computed to determine the value
provided by the final vehicle architecture. This analysis aims to
assess whether the chosen vehicle architecture meets the mission
requirements rather than achieving the maximum possible range.

Study the durability of the FCS for each of the different proposed
designs in an LCV. This is possible by the use of a degradation
model integrated into the simulation platform used to recreate
the desired driving conditions. As with H, consumption, this is a
critical parameter for future FCV studies.

Overall comparison of the different propulsive system architec-
tures. The final goal behind this analysis is to set a basis for what
would be the most appropriate design for an LCV considering its
usual mission.

The accomplishment of the previously stated tasks would lead to the
achievement of the final goal of this study and filling the current
knowledge gaps in the field (Section 1.1). The accomplishment of the
set objectives already represents a novelty in comparison to the existing
literature. However, the methodology employed (Section 2) is based on
models developed by the authors, which form a virtual LCV vehicle that
is representative of a real FCS vehicle and stands out from the models
found in the literature.

In summary, the present paper will provide a representative set of
data about different LCV architectures, which will have both a high
research and industrial value. Furthermore, it will give an insight about
which could be the best powertrain architecture for an LCV mission.

2. Methodology

The present study evaluates the effect of varying the FC stack
power, H, tank and battery size on performance and durability while
maintaining range and load capacity at acceptable levels for an LCV.
The platform used to achieve this objective comes from the combina-
tion of different models that have already been developed and tested
during previous studies. The final model integrates all the necessary
components to simulate the behavior of a real FCV. On the one hand, a
light-duty vehicle is modeled in GT-Suite v2020 and is coupled with a
Simulink empirically checked FCS model based on a real FC powertrain
(Section 2.1.1). On the other hand, to simulate in realistic conditions
the chosen driving cycles, the simulation platform also integrates EMS
algorithms and a semi-empirical degradation model [41]. The present
section explains each part of the used simulation tool. The methodology
followed throughout the paper is summarized in Fig. 1.
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Fuel cell vehicle model development

Toyota Mirai FCS model FCV
experimental || implementation — integration
campaign and validation

'

FC stack degradation model development

Integration in FC model

i

Energy management strategy optimization
with dynamic and operational limitations

“

Adaptation of the platform for an LCV

“

Simulation of relevant driving conditions
(WLTC3b and WLTC2)

“

Performance and durability evaluation

MATLAB GT-Suite

Fig. 1. H, consumed in the WLTC3b driving conditions with a 4 kg H, tank.

For a higher level of detail, the specific studies that were used
to generate each model are referred in this piece of work. The inte-
gration between the components and the FCS is explained in further
detail because it represents an important novelty in the simulation
architecture.

2.1. Fuel cell vehicle

The main parts in the modeling of the vehicle are the powertrain,
the vehicle architecture, and the driver. The present study focuses on
the change of the propulsive system. However, the weight of this system
should not be neglected when considering the vehicle architecture.
Thus, the simulation platform relates all the involved elements of the
vehicle to resemble a real LCV.

The electric battery and vehicle architecture are implemented in
GT-Suite. This software represents a powerful tool that is widely used
nowadays in the automotive industry. It solves the continuity, momen-
tum, energy, and species equation numerically and applies common
physically-based correlations to model OD-1D thermal fluid-dynamics.
One of its advantages is its linkability to other softwares. This property
allows the creation of the already mentioned simulation platform,
which integrates different MATLAB R2022a models.

In addition, the driver is also integrated into the GT-Suite model.
This is an easy way to include the desired driving conditions because
this software includes standardized driving cycles for a wide variety of
road transportation sectors.

Finally, the FCS model used requires a deeper explanation. The
developed simulation tool is presented in Section 2.1.1, but for a
detailed review of each part of the model can be found in [42].

2.1.1. Fuel cell model

The FCS model used in the performed analyses consists of a
MATLAB-Simulink tool [42] that has been calibrated with a pub-
lic experimental dataset obtained from Argonne National Laboratory
(ANL). The present model has been calibrated in dynamic conditions
for standarized driving profiles (WLTC3b and US06), which allows to
have highly precise results in the simulation of a FCS integrated in a
vehicle. This model will be explained in further detail in the present
section. However, it is important to remark that for the present paper
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Fig. 2. Fuel cell system model outline: main components in the anode,

the FCS was scaled to be adaptative for different number of cells in the
stack. Furthermore, additional elements were also added to the air path
to ensure its correct operation.

The used dataset has enabled a precise calibration of an FCS realistic
model, but these results have not allowed a full acknowledgment of all
the parameters that should be taken into account in an FCS. Some of the
unknown variables or mechanisms that take place in the system have
been calculated or estimated. The present article focuses on making a
sum up of the main characteristics of the FCS for a better understanding
of the performed study.

The FCS is based on the one included in the Toyota Mirai. Thus, it is
divided into 4 main parts which are designed to match the performance
of this specific system: anode circuit, cathode circuit, cooling system,
and FC stack. The whole system is represented in detail in Fig. 2.

The FC stack is mainly divided in two parts: the bipolar plates and
the MEA or membrane electrode assembly. The present model uses
the conditions at the anode and cathode bipolar plates to compute
a polarization curve by using the quasi-steady-state electrochemical
model given by the MEA. The model used to calculate the voltage in
the polarization curve considers both the voltage from Nerst equation
(electrochemical reaction in the MEA) and the voltage losses in the FC
stack (Eq. (1)).

Vv,

act —

Vv,

ohm

-V,

conc

(€Y

The anode circuit is the part of the system in which the H, flow occurs.
It is composed of different elements that go from the supply tank until
the H, reaches the stack. This circuit has an active recirculation system,
it uses a purge valve to remove the accumulated gas in the anode,
which gets contaminated by species coming from the cathode from time
to time, but it also uses a plenum to keep the H, flowing and avoid
pressure oscillations.

The cathode or air circuit is more complex. The air mass flow
goes into the cathode from the environment and passes through a
compressor which regulates the amount of air going into the system
(cathode stoichiometry), but it also adjusts its pressure to the appropri-
ate conditions in the bipolar plates. After that, the air circuit passes
through a heat exchanger to ensure the temperature in the stack is
inside the operating limits, usually between 50 and 80 °C. The air that
flows out of the cathode is controlled by the opening of a pressure
valve. This system does not include a humidifier, as other FCS, because
this specific model is based on the functioning of the BoP included in
the Toyota Mirai FCS.

Vie =Vierss = Voc —

, and cooling systems [42].
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Fig. 3. Error between the experimental and simulation values in the validation of the
FCS model [42].

Finally, the cooling system is used to control the temperature of the
system. This includes a pump to make the coolant flow along the pipes
and two heat exchangers. One heat exchanger is in contact with the
environment to control the temperature of the coolant and the other
controls the temperature in the cathode. This system is also directly
in contact with the stack because its temperature is critical in the
functioning of the system.

After the stack and the BoP have been designed and integrated into
a model, the simulation tool has to be calibrated. The first step in the
calibration of an FCS is to get an approximation of the polarization
curve. Some steady-state tests under different conditions allow to cali-
brate the performance of the main parts of the system: anode, cathode,
and cooling circuits. After that, the use of dynamic tests allows the
improvement of the results in what is called, recalibration process.

Finally, the simulation tool is validated by comparing the model
with experimental data from driving conditions characteristics of the
real operation of this kind of vehicle, WLTC3b and US06 driving cycles.
The results from these tests show an error between the simulation and
the experimental data which is lower than a 2%. Fig. 3 shows the total
errors achieved in the tested driving conditions. This small error in
different driving conditions allows the use of this model to simulate
the performance of an FCS in a vehicle.

2.1.2. Vehicle architecture

The vehicle used as a reference to model the studied LCV is the
Renault Master Z.E. Hydrogen. This vehicle has been chosen because it
is one of the few currently commercialized hydrogen vans. Therefore, it
can be said that it is a good representation of the existing market trend
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Table 1
Reference data for the light-duty FCV based on the Renault Master Z.E. Hydrogen
[24,43].

Dimensions
Wheel base 4.332 m
Length 6.225 m
Width 2.470 m
Height 2.850 m
Weight
Min. kerb weight 2854 kg
Max. weight 3940 kg
Payload 1086 kg
H, tank
Service pressure 700 bar
Max. tank pressure 850 bar
Capacity 6.4 kg
Battery
Technology Z.E. 33 Li-ion
Capacity 1 pack of 33 kWh
Electric motor
Technology R75
Capacity 57 kW (76 HP)

for hydrogen vehicles. Renault has also commercialized the Kangoo
Z.E. Hydrogen, but for the purposes of this study, in which the goal
is to maximize load capacity as well as range, the vehicle with a higher
autonomy (Master Z.E) is chosen.

The Renault Master Z.E. Hydrogen is composed of an FC stack of
30 kW, an electrical battery of 33 kWh, its balance of plant (BoP), and
vehicle architecture. It can be considered a range-extender way to use
FC due to the maximum power of its FCS. However, the architecture
of the vehicle will be used with different FC-battery arrangements. The
detailed data used to model the architecture can be found in Table 1.

The mentioned architecture is used to model the main aspects of
the vehicle. However, the powertrain design is modified to perform
the desired study. Currently, there exist different market trends in the
LCV sector which explore a wide variety of FC-battery arrangements,
as explained in Section 1. This study aims to compare a wide set of
distributions and analyze which would be the optimum type for an
LCV. The proposed designs can be found in Fig. 4. The different sizes of
the FCS, battery and H, conform a study matrix of 72 different vehicle
architectures. This figure shows in red dots the different combinations
of FCS and electric battery that will be tested. These combinations are
simulated both for a 4 and 6 kg H, tank, as presented in the image.
During previous simulation activities, smaller FCS (20 kW) were tested,
but these architectures did not fulfill the charge-sustaining mode for
the present vehicle and driving conditions. Thus, these smaller FCS
configurations were discarded. Additionally, the maximum FCS power
of 114 kW is considered enough to provide an appropriate vehicle range
and an optimal efficiency. Increasing further the size of the FCS would
lead to a weight increase without a clear benefit in FCS efficiency,
which would be negative for the typical cargo mission of LCVs. These
considerations allowed to establish the upper and lower limits in the
powertrain architectures.

The FCS used is the model that has already been explained. How-
ever, the size of the FCS is also included in the GT-Suite model to
consider its weight on the vehicle architecture. In addition, the battery
is modeled in GT-Suite as a Li-ion battery pack. This element of the
propulsive system is composed of a variable amount of cells depending
on its size, but always with an efficiency of an 80%. The mentioned
cells have a nominal voltage of 3.6 V and a capacity of 3.35 A h.
Furthermore, depending on the propulsive system, the e-motor of the
vehicle has a maximum power of either 60 or 120 kW. In each case, the
gear ratio is optimized for the vehicle and specific driving conditions.

Energy Conversion and Management 323 (2025) 119191

60
Powertrain architectures
50 L] L] L] L] L] L]
3 . o e e ° FCS (kW)
e 30 45 60 75 95 114
& ° ° ° ° ° °
&30 Battery (kW-h)
3
Sn| e o h . N 5 16 105 20 33 45 52
i s = Al " = A H, tank (kg)
4 6
0 L] L] L] L] L] L]
20 40 60 80 100 120
FCS (kW)

Fig. 4. Possible powertrain architectures to include in the LCV.

2.2. Energy management strategy

The EMS is the main algorithm that controls the power distribution
in the simulated vehicle. The studied powertrain has two power sources
in which the power is split: FCS and electric battery. The designed
management strategy uses the Pontryagin Minimum Principle (PMP)
to optimize the distribution in terms of a specific cost function [44],
H, consumed by the FCS. This strategy allows to compare each of
the different vehicle architectures in fair conditions because each of
them is studied under its optimal performance by minimizing H,
consumption [45].

The power demand made by the system can be shown in Eq. (2).
The required value can come either from the FCS (Ppg) or the battery
(P,,;), but considering that the SOC of the second is charge sustained
and should be 0.25. The control parameter u that should be minimum
to control the H, consumption is the current density (Prcg(u)).

Pdem:Pbat+PFCS (2)

Thus, the variable to be minimized is J (Eq. (3)), which represents the
sum of the power consumed coming from H, during the whole time
period.

5

J = / Pr(u(n),t)dt 3)
fo

In addition, the condition in Eq. (4) also needs to be met due to the

charge sustained condition of the simulation. In this equation, P, stands

for the power consumed by the battery and E, for its energy content.

t
/ ! Py(u(t), Ej(t),1)dt =0 (©)]
fo

According to PMP, a global optimization problem can be solved by local
optimization. Thus, minimizing consumption for each time-step, would
mean the obtention of the minimal consumption. The function to be
minimized, is the Hamiltonian (Eq. (5)). In this expression, both P,
and E, have the same units, so A is dimensionless.

H = P;—A-E,=Pyu®), )+ 4- Py(ut), Ey(1), 1) 5)

In addition, a control parameter L is added to the equation to apply
some dynamic restrictions to the operation. This restriction is shown
in Eq. (6).

L:{O
oo

Considering all these conditions, a value of A is established. This value
allows to obtain the u that provides the minimum consumption for each
time step and meets the SOC. Afterward, the process is repeated to
optimize A and obtain the optimal power distribution in Eq. (7).

du/de] (¢ + df) < |di /dt],

|du/de| (¢t + dr) > |di/dt] ©

H=P,—i-E,+L %)
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Table 2
Reference degradation rates (1st layer) to be scaled.

Condition & [fraction V loss]
Low power [/h] ( % IW/) 1.26-1073
Load change [/cycle] < d% mf) 4.94.1077
High power [/h] ( - hw) 1.03-10°
Start-stop [/cycle] ( % ref) 1.95.10°°

2.3. Degradation model

The overall performance of an FC vehicle is significantly linked
to the degradation of its FCS. Thus, it is important to study how the
specific driving conditions of an LCV would influence the degradation
process of the simulated FC stack. For this purpose, a degradation
model is integrated into the developed simulation tool. For a deeper
explanation of the modeling framework, the research paper in which
the used model is explained in detail can be found in [41]. The
designed model computes in real time the voltage drop produced by
the degradation of the stack, which is influenced by the operating
conditions and the dynamics. To do this, the platform feeds it with the
current density chosen by the EMS and the conditions of the system.
In this way, the electrochemical mechanisms that are triggered both by
the load of the system and the stack conditions can be considered.

The present degradation model is semi-empirical and it uses the
experimental data (Table 2) from [46] about the degradation coeffi-
cients in specific conditions (i, T, and RH). In the present paper, the
computation of the degradation mechanisms is explained briefly, for
more detailed information, the authors describe this model in [41].

As stated by the DoE in [47], the voltage drop represents an ap-
propriate way to measure the degradation of a stack. The lifetime
of an FC stack is considered ended when there exists a voltage drop
of 10% or more from its nominal value. This can be measured with
the degraded ratio, which is shown in Eq. (8). As a starting point to
understand the way in which degradation has been computed, it is
essential to know that the developed degradation model estimates the
FC degradation rate based on the evolution of the current density, the
stack temperature and the average relative humidity in the FC stack.

(8

5o Ldes
Vrc
The data obtained from [46] is adjusted to obtain some reference
degradation ratios (Table 2). These values can be used to model the
degradation ratio that allows the calculation of the degradation of
the stack. The degradation ratio depends on the operating conditions
and electrochemical phenomena taking place on the stack and this is
calculated by using expression (9).

5o /’ ds| | ds| , ds ds

al @

The previous equation (Eq. (9)) shows how the operation of the FC
influences degradation. The degradation sources included in the equa-
tion can be divided into: low-power (Ip), load-change (Ic), high-power
(hp), medium-power or natural (nt), and start-stop (ss). However, the
values in Eq. (9) are not the ones listed in Table 2, they are scaled to
consider the electrochemical phenomena and operating conditions of
the stack. This scaling process is done by using the list of expressions
presented below (Egs. (10)-(14)).
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The scaling function ¢ is used to model the effect of electrochemical
phenomena in the degradation process. This value depends on the
current density. In addition, the known experimental information [46]
allows establishing some current degradation limits of 1 and 0.33
AJcm?, ip, and i;, respectively. This electrochemical degradation can
be explained in further detail by using the expressions that model it
.

At low power, the electrochemical degradation is controlled by ¢,
which is shown in Eq. (15). Considering the known data from [46], this
parameter has a value of 1 at 0.01 A/cm?. In these conditions, the decay
in the FC performance comes from a change in the fluoride release rate
(FRR) [48] and a carbon corrosion of the catalyst surface.

&, =—0.176 - Ini + 0.169 s

The case of high power degradation is more intuitive, degradation
comes from the high temperatures produced in the stack. As the tem-
perature of the stack is related to its current, this expression can be
modeled as shown in Eq. (16).

Epp = — (16)

lhp

Furthermore, not only do low and high currents act upon the degrada-
tion mechanisms, but the load-change level also represents a significant
factor in this process. The driving cycle conditions and EMS lead to the
choice of the dynamic performance of the vehicle (di/dr), how this load-
change influences degradation (¢,.) can be computed by considering the
reference &, that comes from a reference current step. The value of &,
can be modeled considering the change in the current step as shown
in Eq. (17).

di |4il g
4y = 17
Cle (dt) 2| 4il,ef a7

When working to produce a medium power level, degradation comes
from the continuity of low and high power degradation mechanisms.
Thus, a special parameter to compute this degradation is not needed, as
shown in (13). In these conditions, degradation is mainly caused by the
voltage decay of the stack, which is why it is called natural degradation.
Furthermore, the current produced by the stack is not the only factor
influencing degradation. The operating conditions of the stack are also
an important factor. It has been proven [46] that there is a relation be-
tween fluoride release rate change and temperature. Also, platinum dis-
solution mechanisms, which cause electrochemical surface area (ECSA)
decrease, are related to the temperature increase [49]. These temper-
ature relations with degradation allow to design the expression shown
in Eq. (18) to model this degradation effect.
7(T) =—5.390 - 107472 +0.399 - T — 71.576

VT € [310,373.15]

18

Beside temperature, relative humidity (RH) also has an impact
in the degradation process. Humid conditions favor the growth of
Pt grains and this is related to ECSA decrease rate. In [50] voltage
cycling degradation tests allowed to obtain experimental data about
this phenomena, which leads to the equation shown in (19).

7 (RH) = 0.10646 exp®-028-RH %] 19)

The present model has been validated by using data from the opera-
tion of a real FC bus [46] and simulating real driving cycle conditions of
its daily routes [41,51]. The later comparison of the simulation results
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Model validation by degradation source
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Fig. 5. Error between the experimental and simulation values in the validation of the
degradation model [41].

and the experimental data shows an error lower than 0.1%, which is
significantly low. The computed degradation sorted by its generation
source for each case can be seen in Fig. 5.

These results lead to an accurate model which can be considered
appropriate for its integration into the current simulating tool. The
integration of the present model in the developed simulation tool can
be done due to the dynamic nature of the degradation model. As this
model includes the current, dynamics and conditions of the FCS at
each time step, matlab-Simulink is used to feed this data into the
degradation model and compute the final voltage decay. The values
of the parameters introduced in the model equations come directly
from the performance of the FCS. The assumptions about high and low
current are based on standard values for a vehicle FCS. Additionally,
the start-stop degradation parameter has been defined to simulate that
the vehicle has a stop every two cycles, which is considered appropriate
for the interurban use of the LCV.

2.4. Driving conditions

The present study aims to understand the particularities of the
performance of an LDFCV. For this purpose, the correct modeling of the
vehicle performance is important. However, being able to reproduce
realistic driving conditions which are representative of a typical LCV
mission, is a key factor in the simulation process. For this kind of
road vehicle any analysis, such as emission or consumption, follows
the WLTP protocols. These procedures are divided into different WLTC
cycles depending on the power-to-mass ratio (PMR) of the vehicle. As
the PMR varies depending on the propulsive system, different driving
conditions should be tested. In this case, the 120 kW e-motor provides
a high PMR which is capable of working under the power demanded
by the WTLC3b cycle. However, for the small e-motor, the conditions
proposed by the WLTC2 cycle are more suitable.

In addition, when choosing the driving conditions that are appro-
priate for any vehicle, it is important to think about its usual mission.
LCVs are quite versatile and used by the consumer for many different
purposes. A frequent purpose for an LCV is the delivery sector. This
application, in terms of driving conditions, is compatible with the
WLTC2 cycle, because this represents an urban mission. However, this
specific use may also require long journeys to the delivery center,
which means an interurban use of the van. In addition, the use of
camperized vans for leisure purposes has increased in the last few years.
This interurban use of the LCV is more similar to the WLTC3b driving
conditions.

In conclusion, both the WLTC3b and the WLTC2 represent condi-
tions that are appropriate for an LCV and they are both simulated in the
present paper due to the importance of understanding the performance
of the vehicle under its different possible missions.

2.5. Development of the simulating tool

The designed simulation platform includes all the previously ex-
plained models. However, its integration to generate a virtual vehicle
is not trivial. Since the EMS chooses the best possible current den-
sity for the desired optimal performance, some information about the
performance of the present FCS is needed. For this purpose, the FCS
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model is operated under a wide range of operating conditions that are
appropriate for the working vehicle. The current demand to the system
in this case is a standard polarization curve. Before the polarization
curve, a small warm-up procedure is performed so that the temperature
of the stack is stable. In this way, the system is characterized for a wide
set of stack operating conditions (T and P).

These simulations provide a set of data outputs that are fed to the
EMS. In this way, considering the conditions of the system and the
specifications of the powertrain, the EMS selects the optimal value in
terms of the cost (as explained in Section 2.2). Simulink is a powerful
platform for this kind of simulations because it allows to compute
the value of current density in real time and considering the outputs
calculated by the FCS.

3. Results and discussion

The present section aims to analyze in detail the data obtained from
the performed simulations and compare the studied LCV architectures
to understand the advantages and disadvantages of each configuration.
To achieve this primary objective, the results can be divided into the
study of the performance, the durability of the FCS and the suitability
for the typical LCV mission.

3.1. Analysis on FC-powered LCV performance

The performance of a vehicle comes from the analysis of the pa-
rameters that are considered critical for its driving. The performance
of a passenger car is established by its fuel consumption and range.
Additionally, these two values would allow to compute the energy
consumption of the vehicle, which provides relevant information as
the present vehicle is a hybrid van which uses both H, and electricity.
Nevertheless, the case of a commercial vehicle is different because its
load capacity also needs to be considered. The cargo capacity of the
LCV depends on the chosen powertrain architecture which is related to
its driving conditions. However, this will be studied in detail in Sec-
tion 3.3, which analyses the different kind of missions for this vehicle.
Therefore, the present section can be divided into three different topics:
H, consumption, range and energy consumption.

3.1.1. H, consumption

The consumption of a vehicle is usually related to the range it is
able to achieve. However, since the proposed architectures are hybrid
vehicles, the relation between these values is not simple. As explained
in Section 2.2, the power demanded by the driving conditions is split
between the electric battery and the FCS. This EMS selects the power
distribution that allows the FCS to consume the optimal amount of H,.

The simulations that have been carried out can be divided into 4
different sets, two depending on the driving conditions and another
two depending on the H, tank of the vehicle. Firstly, the WLTC3b cycle
represents an interurban mission, thus, more aggressive driving condi-
tions in terms of load and dynamics. The results of these simulations
are shown in Figs. 6 and 7 and are representative of a charge-sustained
operation.

Fig. 6 shows an area of the surface that has no available results. The
reason behind this is that it is not possible to drive the specified vehicle
under the proposed conditions for that architecture. This powertrain
design consists of the 30 kW FCS coupled with a small battery of 1.6
kWh, thus, the provided power is not enough to meet the demand of
the cycle.

It is important to remark that consumption represents the amount
of H, used from the tank. Since the architecture of the vehicle has
a maximum amount of this gas that can be consumed, this value is
expressed by kg used by the vehicle per 100 km (kg/100 km).

Figs. 6 and 7 show how the amount of H, consumed is lower as
the size of the FCS increases. A bigger FCS provides the desired power
by working under lower current densities, which allows a performance
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Fig. 7. H, consumed in the WLTC3b driving conditions with a 6 kg H, tank.

that is closer to idle conditions. The work under lower currents leads
to a higher efficiency in the polarization curve and, thus, a smaller H,
consumption.

In these figures, the influence of the battery size can also be noted.
The increment in the size of the battery produces an increase in the
weight of the vehicle, which leads to a higher power demanded and a
larger amount of H, consumed required by the LCV. When looking at
the size of the battery axis it is significant to note that its influence
is not linear. The brake-recovery power battery (1.6 kWh) leads to
an important increase in the H, consumption because in that design
the FCS is the only source of power. From the 10.5 kWh battery, the
influence of its size is smaller. In Figs. 6 and 7, the minimum H,
consumption design is marked in red.

When calculating the difference between the obtained consumptions
in each architecture and the optimal one, the results are significant.
The architectures with a 4 kg tank (Fig. 6) show a maximum difference
of 30% and the ones with a 6 kg tank have a variation up to 50%.
In the plotted results, it is also interesting to see that the variation is
not linear and there is a quite large area in which the difference stays
below 8%. The powertrain designs that are close to this optimal point
have FCS with higher power than 60 kW and a battery larger than the
one providing 20 kWh, around 25 kWh.

This can be explained by considering not only the weight added by
the battery but also taking a close look at the power distribution made
by the EMS (Fig. 8). When comparing the current production of a set of
powertrains with the same battery and different FCS, it can be seen that
the current is very different. The steady current level is much larger for
the smaller FCS than for the bigger ones. Thus, the larger FCS works
under more efficient conditions and can consume less H, to fulfill the
needs of the system.

In this plot (Fig. 8A), it can also be noted that the current difference
becomes smaller when the FCS has a maximum power higher than
75 kW. Therefore, in Figs. 6 and 7, there is a small variation area in
those architectures. The second part of this (Fig. 8B) shows the power
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distributions, which is also an interesting matter. The power provided
by each FCS is different depending on its maximum. The FCS with
higher maximum power have more dynamic performances and adapt
to the power peaks demanded by the cycle. When the FCS is small, it
works more steadily while the battery absorbs the power peaks. This
steady performance also means a higher steady power to charge the
battery that is being constantly used.

The second kind of mission, represented with the WLTC2 cycle, can
also be studied (Figs. 9 and 10). Firstly, in this case, it is important to
note that some values are not represented in the figures. The reason
behind this is that the power demanded by the cycle is too low and
those designs were not able to meet the SOC of the battery and ended
up overcharging it.

In the presented (Figs. 9 and 10) the observed trends are the same
as in Figs. 6 and 7 that represent the WLTC3b driving conditions. The
presented figures show that the consumption is higher in the WLTC3b
driving conditions as expected because these imply a higher power
demand. However, the difference between the minimal consumption
of the WLTC3b to the WLTC2 conditions is only 10%.

Additionally, from Fig. 10 is important to remark there is a con-
sumption peak which comes from the use of a high FCS and a low-
power battery. The WLTC2 consumption results show that, in this case,
the optimal design is composed of a 12 kWh battery and a high-power
FCS. As in the WLTC3b obtained data, the presented plots show that
there is a region in the design space for which the variability is low.
The present driving cycles are optimized for a large FCS (>65 kW) and
a small battery (10-20 kWh).

Finally, the different tank sizes can also be compared from the set of
obtained results. They show that the difference in the H, consumption
does not change significantly with the size of the fuel tank. A larger H,
tank implies around a 1% more of H, consumed. This difference comes
from the weight increase of the vehicle.

Finally, it is important to remark that understanding the minimum
consumption point is essential when establishing the architecture of
the vehicle. However, from this results section, it is more important
to have a global understanding of the consumption distribution, which
is given by the study of several different designs than to select a
specific optimal architecture. The final architecture could depend on
more design aspects such as cost or environmental impact and cannot
be chosen considering only one of them.

3.1.2. Range of the vehicle

In the studied cases, the range of the proposed vehicles is highly
dependent on the performance of the FCS. The chosen energy strategy
is charge depleting at first, and then, charge sustained for the electric
battery around 0.25 of the SOC. Thus, this energy source is used until its
state of charge reaches a value of 0.25, after that, the FCS is combined
with it to maintain its SOC by using the existing EMS.

The range provided by the electric battery to the vehicle is easy to
calculate considering the explained energy management. The driving
conditions are simulated until the SOC reaches the desired value.
Afterward, the implemented simulating tool (Section 2) is used to
compute the range of the vehicle the FCS provides. As expected, the
range provided by the electric battery is proportional to its energy
content.

The addition of the battery and H, autonomies provides the value
of the total range of the vehicle, which is shown in Fig. 11C and D
for the 4 kg and 6 kg H, tank respectively and the WLTC3b driving
conditions. From these two figures, it is important to note the high
autonomy of the vehicle at the maximum point. This maximum is very
different depending on the H, tank, in contrast with the consumption
results. The difference between the autonomies provided by each tank
is constant and around 110 km which represents a 20% deviation from
the maximum possible value (obtained with the 6 kg tank architecture).

Fig. 11C and D show the total range of the vehicle. However, it
is also interesting to study in an isolated way the H, range, in other
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words, the range achievable in charge-sustaining mode with the FCS
producing most of the power required by the e-motor, presented in
Fig. 11A and B. As expected, the size of the FCS increases the possible
autonomy.

Additionally, it can be noted that increasing the size of the battery
also has an impact on the H, range. This influence is higher at small
battery sizes. This is related to the results seen in Section 3.1.1 about
a higher H, consumption motivated by the increased weight as the
battery capacity increases. The quantification of the difference from
the maximum H, range, shows the same phenomena as in the H,
consumption. There exists a wide area of the plotted surface in which
there is a small variation around 5% from the maximum H, range
design. This similar results zone is marked by FCS of more than 75 kW
and batteries bigger than 12 kWh. Out of this region, smaller FCS
decrease the range gradually and can make a difference up to 35%
when using a H, tank of 6 kg and 25% with the 4 kg tank. In both cases,
the range distribution with the different powertrain designs follows the
same trend.

The WLTC2 driving conditions are presented in 12 and show the
same tendencies in the results. The lower power demand of this cycle
allows a lower H, consumption (Section 3.1.1) and a higher range of
the vehicle. In this cycle, as H, consumption is lower, the difference
in performance produced by the size of the H, tank becomes more
important. A difference in 2 kg of fuel from the tank represents a
variation of 32% to the maximum possible range using only H,.

Additionally, Fig. 12C and D show the total range of the vehicle. As
expected, the vehicle range increases in the WLTC2 compared to the
WLTC3b. In this driving condition, the 2 kg fuel difference between
architectures produces a 132 km change, which is around a 24%. The
main reason behind this is that the lower dynamics and loads allow a
better utilization of the H, fuel.

Finally, Fig. 13 shows the amount of range that is produced from
H, respect to the total range of the vehicle. Each of the 4 different
graphs show the same trend, the influence of H, in the total range
grows as the battery is smaller, as expected. When the H, tank is bigger,
the relative impact on the total range also increases. The size of the
FCS also has an influence on the H, range with respect to the total.
However, the increase of the FCS can produce around a maximum 10%
of change in the range with respect to the total, and the battery size can
produce a difference higher than 80%. This allows to understand the
high importance of the battery choice on the range of the vehicle.

From Fig. 13 it is also interesting to note that the minimum values
are around 55%. This shows that the main energy source of the studied
vehicles is the FCS. The electric battery is used to support the FCS to
accomplish the LCV mission in the most efficient way.

In the analysis of the battery influence on the range of the vehicle,
it is also important to comment the weight of the battery. The change
from a small to a large battery can add up to 400 kg in the presented
architectures. This represents around a 16% increment in the total
weight of the LCV. The weight increase has a negative impact on the
lifecycle emissions and cost of the vehicle, but, in the case of an LCV,
it also influences its load transportation capability.

3.1.3. Energy consumption
Once the range of the vehicle and its fuel consumption have been
studied, it is also interesting to study its energy consumption. The
proposed architectures are hybrid electric vehicles, thus, the electricity
consumed is also an important matter in its performance. The energy
consumed by the vehicle can be computed as shown in (20).
Batt + LHV -mg,

cons —

capacity

(20)

range;yql

The obtained results about the energy consumption of the vehicle
architectures in each conditions are shown in Fig. 14. This figures show
that the minimum consumption is obtained for the highest battery and
FCS sizes. The reason behind this is that this allows both systems to
work under low current densities and be more efficient. It can be noted
that when the battery size increases, the energy consumption decreases
faster than when the FCS maximum power increases. Therefore, the
performance of the battery is more efficient than the FCS.
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However, from these figures, the essential conclusion is that there To sum up, from the present section it is important to remark that
exist a set of architectures, from higher than 60 kW FCS and higher the size of the H, tank has an insignificant influence on the H, con-
than 30 kWh in which the change energy consumption is very sumption of the vehicle (~1%) in exchange for an important increase
small. in H, range (up to a 32%). Additionally, it has been proved that the
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WLTC2 cycle for the architectures with a 6 kg H, tank.

range of the vehicle is highly dependent on its driving conditions and

fuel tank. In the WLTC3b case, the powertrain architecture can increase
the range of the vehicle up to a 116% with the 6 kg H, tank and a
112% with the 4 kg tank. However, in the WLTC2 driving conditions,
the 6 kg tank can produce a 96% increase in range while the 4 kg
tank can only achieve a 86% increment. Thus, the definition of the
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typical LCV mission is crucial in the choice of the powertrain of the
vehicle.

3.2. FC durability evaluation for LCV architectures

In the evaluation of an FCS-based powertrain, performance, and
range are significant factors that must be considered. However, this
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kind of technology has a particular parameter that needs to be studied
in detail: its durability. As it has already been commented in Sections 1
and 2.3, different phenomena trigger degradation mechanisms affecting
the MEA of the FC stack and may cause a decay in the cell voltage.
Therefore, the durability of the FCS is a key aspect to study, particularly
in automotive applications in which the FCS may be subjected to high-
dynamics conditions. A fast degradation of the system may result in the
requirement of a high amount of replacements during the usual lifetime
of a given vehicle, particularly when the expected vehicle lifetime is
high. This would result in an important increment in the cost and
emissions along its life cycle. Fig. 15 shows the durability of the FCS
in each of the different architectures for the considered driving cycles.
The durability value was calculated considering the end of life when the
stack voltage decreases by 10% in the reference condition of 1 A/cm?.
From the presented plots, it is interesting to note that the evolution of
this parameter does not show a clear trend with the size of the FCS or
the electric battery since it depends on how the EMS manages them in
terms of dynamics. Nonetheless, the four cases that are being discussed
exhibit trends that are rather comparable in terms of the durability of
the FCS. The 4 graphs displayed in Fig. 15 show that the maximum
lifetime of this power generation system is reached for a medium-size
FCS. Nevertheless, the FCS size of the optimal case is different in each
scenario.

The understanding of the durability of the system passes through
a detailed analysis of each degradation source. As explained in Sec-
tion 2.3, the voltage drop comes from a membrane and catalyst decay
that is produced by different phenomena. The most important sources
of degradation that are studied to understand the tendencies in Fig. 15
are high-power, load-change, natural, idle, and start-stop degradation.
The voltage drop produced by each of these sources has a different
influence on the energy production capability of the FC, being the
highest effect attributed to load-change degradation. A deeper analysis
of the dynamics of each different powertrain design shows that to
obtain the least consumption performance, the power split of each
design are different and this influences the current supplied to the FCS
and, thus its durability. As expected, a high level of dynamics increases
the load-change degradation level, which has an important impact on
the shape of the durability curve. Nevertheless, the influence of other
degradation mechanisms is also important and should not be neglected.

From the results obtained with different driving cycles, it is inter-
esting to note that the maximum durability of the FCS is obtained
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for the WLTC2 cycle, as expected due to its lower dynamics and
maximum load. Additionally, it is interesting to note that the 6 kg tank
provides higher durability than the 4 kg tank design. The same effect
is observed in the WLTC3b cases. However, the difference does not
go over a 3% and it can be considered a minor impact. Additionally,
the difference in durability of the suboptimal designs compared to
the design offering maximum FC lifetime is significantly higher in the
WLTC2 cycle, compared to the WLTC3b cycle. The results show that
in the lower dynamics cycle, the influence of load-change degradation
is higher. An increment of 2 kg in the tank changes the voltage drop
produced by load-change degradation from 60% to 77% of maximum
difference between architectures. Besides, in a higher dynamics case as
the WLTC3b, this H, increment only produces a change from 65% to
67% from the optimal case. The stability in the results may be a benefit
of the smaller H, tank in the decision of a vehicle architecture.

Fig. 15A and B show that the maximum durability for the WLTC3b
conditions is obtained for a 45 kW FCS and a 45 kWh battery. Never-
theless, Fig. 15C and D show a maximum in the 60 kW and 33 kWh
design for the WLTC2 cycle.

The variability of the results depends on the studied case. The
possible change in the durability of the system when working under
WLTC2 conditions has a maximum of 25% for the 4 kg tank and 36%
for the 6 kg tank. In contrast, when driving under WLTC3b conditions,
the maximum variation in durability is around a 33%, independent of
the size of the fuel tank. The understanding of the variability of the
results in each case will allow the decision of the optimal powertrain
design for the chosen vehicle mission. The analysis of the durability and
its evolution depending on each architecture is a significant matter that
will allow to understand how to reduce the cost of the vehicle or the
lifecycle related emissions in future research activities.

3.3. Influence on the LCV mission

The main objective of the present paper is to analyze the influence
of the different proposed powertrain architectures for its use in an LCV.
For this purpose, the mission or typical use of this kind of vehicle needs
to be defined. As vans are currently used for several applications, it
is important to remark that this paper focuses on their commercial
use (delivery, transport of goods or equipment...) [52]. The typical
mileage of use in a year of this kind of vehicle can reach up to 50,000
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miles, which means that its typical use during a day can be around
320 km [53]. Considering that delivery can also take place in rural
areas which are further away from each other and other factors such
as traffic may influence this value, the maximum mileage per day
established is around 250 miles or 400 km.

This information and the previously analyzed results allow the op-
timal propulsion system architecture selection for the desired vehicle.
This LCV should provide the highest FCS durability, as well as the
lowest H, consumption and maximum range of around 400 km [54].
The first decision that can be made is about the fuel tank. The H,
tank of 6 kg shows a consumption insignificant increase of 1% with
respect to the 4 kg tank, as well as a 1.5% durability decrease. However,
the exchange for these two minimal disadvantages is an increment of
almost 50% of the H, range, which translates into 30% more vehicle
autonomy. Therefore, an amount of 6 kg of H, is selected for the
recommended powertrain.

This known, the most important factor to maximize is the durability
of the FCS. This value will establish the number of replacements of the
FCS that will be needed during its lifetime, which is a maximum of
240,000 km for an LCV [55]. The versatility of these vehicles, which
can both operate under WLTC2 and 3b driving conditions, leads to a
compromise in the choice of durability. The comparison between the
two maximums allows to narrow the choice of the architectures for a
propulsive system using a 33 kWh electric battery and an FCS between
45 kW and 60 kW. The 60 kW FCS provides the best durability for
urban driving conditions, whereas the 45 kW FCS would be better for
rural delivery or interurban use of the van.

It is also interesting to note that reducing the size of the battery up
to 20 kWh does not have a high impact on durability and it reduces
consumption, which may influence costs and lifecycle emissions. Thus,
in future studies that consider Total Cost of Ownership (TCO) and Life
Cycle Assessment (LCA), the presented optimal points could be revised.

Finally, the study of consumption allows to make the final decision.
This parameter shows that the 60 kW FCS would increase consumption
by 8% from the optimal case in WLTC3b conditions. Nevertheless, the
45 kW would imply a 14% increment. The influence in the WLTC2 cycle
is lower but following the same increasing trend. This information is
particularly important for a scenario in which H, production entails
high costs or lifecycle emissions, as in this case, the best solution would
imply a higher power FCS.

Since LCVs are mainly used in urban environments, the design
that optimizes durability for this kind of conditions (WLTC2) and
allows a compromise in H, consumption is chosen as the final recom-
mended powertrain design, provided that other aspects such as cost or
environmental impact may influence this selection.

To sum up, the performed study allows to understand how different
sizes of the powertrain components influence the performance and
durability of the system. Additionally, this analysis shows that for a
typical LCV, a powertrain architecture composed of a 60 kW FCS, a
33 kWh electric battery, and a 6 kg H, tank provides performance and
durability benefits while meeting the requirements of use for its typical
driving conditions.

4. Potential for industrial applications

Given that FCS technology is currently in advanced stages of de-
velopment with high TRLs, the findings of this study hold substantial
relevance within the current industrial framework. The key finding of
this study lies in the comprehension of how different sizing combina-
tions in the propulsive system impact LCVs. This information would be
of high interest for the LCV manufacturers that are currently working
on the development of their vehicle prototypes.

The relevance of the performed analysis comes from the novelty of
the used methodology (Section 2), which has been calibrated with real
experimental data and, therefore, provides realistic information about
the operation of a FCV.
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As detailed in Section 1, there exists a knowledge gap in the LCV
sector regarding the optimal FCS-based powertrain architecture for
achieving decarbonization in this industry. The present manufacturers
in this market sectors have proposed very different powertrain solu-
tions, but it seems to be unclear which would be the optimal one.
The current paper presents a proposed powertrain suitable for this
vehicle category. This finding sheds some light into the current state
of the art knowledge gaps. The meticulous level of detail employed in
the simulation campaign enables any company to tailor the design to
meet the specific requirements of its vehicles, provided they share the
architecture of a van and have a mission of use similar to the ones
simulated in the paper.

Moreover, the diverse range of architectures simulated in this study
enables LCV manufacturers to analyze various LCV missions beyond
the scope of this paper, such as recreational or leisure vans, pri-
vate or domestic non-business use, and transportation of goods or
equipment [52]. For example, if the van manufacturer focuses on the
commercialization of camperized vans used for leisure purposes, it
would make sense to maximize the range of the vehicle mainly in
WLTC3b driving conditions, which would be more appropriate for
this vehicle mission. However, delivery van users would rather focus
on maximizing durability of the FCS rather than range. The reason
for this is that vehicles used for these types of applications typically
cover shorter distances, so the owners want to maximize the van’s
cost-effectiveness.

The dataset obtained regarding performance and durability stands
as highly valuable in its own. However, companies specializing in
LCV manufacturing possess a significant level of expertise regarding
the implications of producing LCVs. Consequently, a vehicle manufac-
turer could utilize this data to accurately assess the cost and lifecycle
emissions of the vehicle and evaluate the tested architectures from a
commercial point of view, thus accelerating the vehicle development
process since the preliminary powertrain design could be selected
directly.

The companies involved in the design of LCVs could use the ob-
tained datasets that have been plotted into result maps to understand
the way in which the architecture of the powertrain influences the
final characteristics of the vehicle, as it has been done in the present
research paper, but using the specific architecture of a real vehicle.
Additionally, they could use these data maps to generate cost maps,
as they know their vehicle assembling, manufacture or fuel costs. The
obtained data would be extremely helpful in the preliminary design
phase of a vehicle, as it would allow to evaluate virtual vehicles and
accelerate the design process.

In conclusion, this study has an important potential for the in-
dustrial application of FCS technology applied to LCVs. The insights
gained are relevant for manufacturers engaged in prototyping activities
of this kind of vehicle. The methodology, calibrated with real data,
addresses critical knowledge gaps and offers flexibility for testing dif-
ferent powertrain designs. Moreover, the diverse range of simulated
architectures extends applicability, providing insights into various LCV
mission requirements. The dataset obtained will be even more valuable,
complemented by the expertise of manufacturers in assessing cost and
commercial viability, highlighting the potential of FC-powered LCVs for
decarbonization in the automotive sector.

5. Conclusion

The present study has successfully generated results about the per-
formance and durability of the studied FC-based powertrain architec-
tures for LCV applications. The obtained set of data is highly valuable
in the current research framework, as it allows to have a better un-
derstanding about how the different sizes in the components of the
powertrain influence the specific performance of an LCV in terms of
H, and energy consumption, range and durability.

The analysis of the results leads to the obtention of the following
conclusions:
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» The H, consumption of an LCV exhibits an inverse relationship
with the size of the FCS. Optimal consumption levels are achieved
with the largest FCS configuration, coupled with a medium-sized
electric battery. Thus, the optimal propulsion system architecture
in terms of H, consumption would have a maximum FCS power of
114 kW and a battery capacity of 20 kWh for WLTC3b conditions
and 10.5 kWh for the WLTC2 cycle. This configuration enables
the FCS to operate at a efficiency level during its typical mission.
Consumption remains relatively stable for medium or large FCS
sizes. However, employing a small FCS would necessitate higher
current density, thus, reduced efficiency in the polarization curve,
and a notable increase in fuel consumption, up to 50% in the most
adverse scenario (WLTC3b with a 6 kg tank).

Like any other commercial vehicle, LCVs are subjected to inten-
sive usage, making vehicle range a critical design parameter to
fulfill the vehicle application requirements. Unsurprisingly, the
range of the van directly correlates with the dimensions of both
the FCS and the electric battery. However, having insight into
the range provided by each specific architecture facilitates the
selection of acceptable autonomies tailored to the desired vehicle
mission. Furthermore, the findings reveal that enlarging both the
battery and FCS significantly impacts vehicle autonomy, with
the range increasing potentially reaching up to 116% for the
6 kg H, tank in WLTC3b conditions. This change in range is
also influenced by the driving conditions and H, available in the
vehicle, as this value changes to a 112% for the smaller tank and
to 96% (6 kg tank) and 86% (4 kg tank) for WLTC2 conditions.
The durability of the FCS stands as a crucial parameter in the
design process of a FCV. The obtained results suggest that the
durability of the FCS depends on both the propulsion system ar-
chitecture and the operational conditions of the vehicle. Optimal
designs for LCVs typically feature an FCS ranging between 45
and 60 kW, coupled with an electric battery from 20 to 33 kWh.
Moreover, the results demonstrate a variability of up to 36% in
durability when changing the powertrain design, which can be
considered a first order effect. Besides, the change in the H,
tank produces a variation up to a 3% in the results, which is a
second order effect. Additionally, they indicate that load-change
degradation mechanisms are the primary cause of degradation for
such vehicles.

The selection of powertrain architecture is intricately linked with
the specific typical mission profile of the vehicle. Given that LCVs
operate across diverse conditions, their propulsion systems must
perform suitably across these scenarios. This paper demonstrates
that a 60 kW FCS, together with a 33 kWh electric battery
propulsion system incorporating a 6 kg H, tank, offers a viable
solution for an LCV.

In conclusion, this study provides valuable insights into the perfor-
mance and durability of the analyzed LCV designs. The data obtained
offers a comprehensive understanding of how various component sizes
within the powertrain impact the specific performance of an LCV.
Overall, these findings highlight the importance of selecting a suitable
powertrain architecture tailored to the unique mission profile of the
vehicle. The proposed combination of a 60 kW FCS and 33 kWh electric
battery system emerges as a promising solution for LCVs.

6. Future research prospects

This research introduces a significant degree of novelty and holds
substantial value within the current industrial framework. Neverthe-
less, there remain areas for enhancement and the development of
further studies that could use the obtained data as a starting point.

As detailed in Section 4, the dataset derived from the conducted
simulation campaign provides valuable information for LCV manufac-
turers. These companies could use this data to perform a detailed
analysis of the production costs associated with the different designs.
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However, a fair comparison of costs for consumers should incorporate
the Total Cost of Ownership (TCO). Future research could, therefore,
focus on developing a comprehensive and precise TCO analysis.

In the context of ongoing decarbonization efforts, the emissions
generated by any technology are highly important. Consequently, it is
crucial to analyze the emissions produced throughout the entire life
cycle of the vehicle. This complex process requires a dedicated study,
and future research should aim to develop a thorough LCA to calculate
greenhouse gas (GHG) emissions across the lifespan of the vehicle.

Moreover, given that hydrogen (H,) remains a relatively innovative
energy vector, its various potential production pathways, projections
for future scenarios, and comparisons with existing energy sources
should be examined as part of the previously explained future LCA and
TCO analyses.

The mentioned matters represent important challenges and will be
considered in future studies. Despite their complexity, solving them
would take FCS deployment in the transportation sector a step closer
to becoming a reality.
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