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assessed. Results indicate that natural convection cannot sustain hydrogen desorption, whereas forced convec-
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1. Introduction

The decarbonization of the transport sector, which accounts for
approximately 24% of global CO, emissions, is a key challenge in the
transition toward sustainable energy systems [1]. Road transport ac-
counts for more than 70% of these emissions [2], with urban mobility
playing a major role due to congestion, short trips, and frequent
stop-and-go operation, which exacerbate energy inefficiencies and local
pollution [3], [4], [5]. In this context, sustainable mobility evolved from
a predominantly vehicle-centered perspective toward a system-level
approach, in which energy carriers, storage technologies, and control
strategies play a fundamental role alongside vehicle design [6], [7].

Electrification has emerged as a dominant pathway for reducing
local emissions and primary energy use in urban transport [8]. However,
the effectiveness of purely battery-electric solutions strongly depends on
usage patterns and operational constraints, particularly for lightweight
vehicles with limited onboard energy storage [9], [10]. These limita-
tions are especially relevant in the micromobility sector, which is
gaining increasing interest to efficiently address individual mobility
problems in urban areas. For these vehicle categories, mass and volume
constraints restrict battery size and, consequently, vehicle range.

Within this framework, hydrogen may be an efficient and comple-
mentary energy carrier, owing to its high gravimetric energy density and
its compatibility with low-carbon energy pathways [11]. When inte-
grated into Fuel Cell Hybrid Electric Vehicles (FCHEVs), hydrogen en-
ables zero local emissions while extending vehicle range beyond what is
typically achievable with Battery Electric Vehicles (BEVs) [12]. In
FCHEVs, where propulsion power is supplied jointly by a Fuel Cell Stack
(FCS) and a battery pack, the Energy Management Strategy (EMS) plays
a critical role in allocating power between the two sources [13]. Several
EMS approaches have been proposed in the literature, including the
Range Extender strategy, identified by Bartolucci et al. [14] as partic-
ularly suitable for hybrid architectures. In particular, the battery acts as
the primary energy source while the FCS operates intermittently to
recharge it below a given State of Charge (SOC) threshold.

The effectiveness of these control strategies is inherently linked to
the characteristics and dynamic behavior of the onboard hydrogen
storage system. Conventional high-pressure hydrogen tanks, however,
pose challenges due to their low volumetric energy density and energy-
intensive compression, which are particularly restrictive for compact
and lightweight vehicles [15]. In this respect, metal hydride-based
hydrogen storage is a promising alternative, enabling solid-state
hydrogen storage at relatively low operating pressures and offering
enhanced intrinsic safety and system integration potential [16].
Nevertheless, hydrogen absorption and desorption processes in metal
hydrides are governed by strongly coupled thermo-chemical processes
[17]. The exothermic nature of absorption and the endothermic nature
of desorption induce temperature gradients that directly affect reaction
equilibrium and kinetics, potentially limiting hydrogen release and, in
severe cases, interrupting hydrogen supply to the FCS.

For metal hydride-based storage systems, therefore, thermal man-
agement emerges as a key enabling factor. Several studies have
demonstrated that inadequate heat removal or supply can severely
degrade storage performance. Chung and Ho [18] showed that insuffi-
cient heat exchange leads to pronounced temperature gradients and
slower reaction kinetics, while Nguyen and Shabani [19] reported re-
ductions in storage efficiency of 10-20% and refueling times up to 4
times longer under poor thermal control. These findings highlight that
metal hydride performance cannot be assessed independently from
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thermal management, particularly under dynamic operating conditions
typical of vehicular applications. This issue has been further emphasized
in recent reviews, such as that by Drawer et al. [20], which identify
thermal management as a major barrier to the widespread adoption of
metal hydrides.

Among the proposed thermal management solutions, Phase Change
Materials (PCMs) have attracted growing interest as passive thermal
buffers [21]. By storing and releasing thermal energy via latent heat
during phase transitions, PCMs can mitigate temperature excursions
within the metal hydrides during hydrogen absorption and desorption.
As shown by Nyamsi and Tolj [22], heat generated during absorption
can be partially stored in the PCM and subsequently reused during
desorption, reducing the need for active thermal control. Several phase
change materials have been investigated for thermal management of
metal hydride storage systems. Organic PCMs such as paraffin waxes and
fatty acids, inorganic salt hydrates, and high-temperature materials such
as erythritol have been widely explored due to their suitable phase
transition temperatures and high latent heat. These materials have been
successfully integrated with LaNis-based or similar metal hydride sys-
tems to buffer the heat released during hydrogen absorption and to
support desorption processes [23]. However, effective PCM integration
requires careful material selection and system design. Nguyen and
Shabani [19] identified key requirements for PCM suitability, including
high latent heat, appropriate phase transition temperature, limited
volumetric expansion, and sufficient thermal conductivity. Strategies
such as incorporating expanded graphite have been proposed to enhance
PCM thermal performance [24].

Beyond material properties, the amount and spatial distribution of
PCM play a crucial role. E1 Mghari et al. [25] demonstrated that over-
sized or poorly coupled PCM layers may result in only partial utilization
of the phase change process, emphasizing the need to balance thermal
buffering capacity, added mass, and geometric constraints.

In this context, the coupled analysis of metal hydride storage and
PCM-based thermal management becomes particularly relevant for
vehicular applications. During hydrogen absorption, the strongly
exothermic reaction generates significant heat that may increase the MH
bed temperature and slow down reaction kinetics. Conversely, during
hydrogen desorption, the endothermic reaction requires a continuous
heat supply to sustain hydrogen release. PCM materials can act as pas-
sive thermal buffers, temporarily storing heat during absorption and
releasing it during desorption. Therefore, investigating the coupled
behavior of MH storage and PCM thermal management is essential to
evaluate whether passive thermal buffering can effectively stabilize
hydrogen release under realistic vehicle operating conditions.

Despite the recognized potential of metal hydride storage and PCM-
based thermal management, their integration into vehicular applica-
tions is often addressed from different modeling perspectives depending
on the target application and system scope. Several studies have inves-
tigated metal hydride-based storage for transportation systems,
demonstrating its benefits in terms of energy density, safety, and ther-
mal integration. For instance, Tribioli et al. [26] analyzed a lightweight
hybrid fuel cell/battery quadricycle equipped with metal hydride stor-
age, highlighting the performance improvements enabled by a hybrid
energy storage system and effective thermal coupling between batteries
and hydrides. In that work, the metal hydride tank is primarily exploited
as an energy and thermal integration element within the powertrain,
while the vehicle-level energy management strategy is not explicitly
constrained by the dynamic hydrogen desorption behavior of the hy-
dride storage under transient driving conditions. However, in real-world
operation, where power demand fluctuations, idle phases, and thermal
transients directly affect hydrogen release capability, the dynamic
interaction between metal hydride behavior, thermal management, and
vehicle operation becomes crucial. This underscores the need for
system-level approaches that explicitly embed metal hydride storage
dynamics within the vehicle simulation framework.
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1.1. Contribution and objectives

The present work aims to provide a comprehensive system-level
investigation of metal hydride-based hydrogen storage integrated
within a fuel cell plug-in hybrid electric microcar, explicitly accounting
for the coupled interactions between thermo-chemical storage dy-
namics, thermal management solutions, and vehicle-level operation. To
the best of the authors’ knowledge, this is one of the first studies to
embed a physically validated metal hydride tank model, accounting for
coupled heat and mass transfer, directly within a high-fidelity hybrid
vehicle simulation framework, enabling real-time interaction between
hydrogen desorption behavior, thermal transients, and energy man-
agement decisions. This fills a key gap in the literature, where the
integration of dynamic storage constraints into control-oriented simu-
lations of fuel cell hybrid vehicles, particularly under urban micro-
mobility scenarios, remains largely unexplored.

To this end, an experimentally validated one-dimensional model of
the metal hydride tank is embedded within a detailed hybrid vehicle
simulation framework, enabling the direct coupling between hydrogen
desorption behavior, FCS operation, and energy management logic.
Passive thermal management approaches are investigated, including
forced convection based on FCS waste heat recovery and thermal buff-
ering through phase change materials, whose design and integration are
explicitly modeled and validated. The proposed framework allows
assessing not only the achievable range extension, but also hydrogen
utilization effectiveness, FCS operating continuity, and system robust-
ness under realistic driving conditions. Continuous driving cycles,
sensitivity analyses, and representative urban commuting scenarios with
extended parking phases are considered to capture the impact of tran-
sient operation and thermodynamic relaxation effects. By jointly
analyzing storage dynamics, thermal behavior, control actions, and tank
layout within a unified numerical environment, this study aims to clarify
under which conditions metal hydride storage, with and without PCM-
based thermal management, can represent a viable and scalable solu-
tion for sustainable micromobility applications, without relying on
complex active heating systems.

2. Materials and methods

This section describes the numerical framework adopted to investi-
gate the integration of metal hydride-based hydrogen storage into a fuel
cell hybrid electric microcar. Starting from a battery-electric baseline
vehicle, a hybrid architecture is developed by integrating a hydrogen-
based power generation system. For clarity, a schematic overview of
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the resulting hybrid microcar configuration is reported in Fig. 1. The
figure provides an illustrative representation of the possible volumetric
integration of the main subsystems within the existing BEV architecture.
It should be noted that the layout is intended only as a conceptual
example.

2.1. Hybrid microcar simulation platform

The vehicle simulation platform adopted in this study builds on the
numerical model previously developed by Bartolucci et al. [27], refer-
ring to a lightweight electric quadricycle manufactured by OPV Solu-
tions S.r.l [28]. (BEV version) and used here as the baseline vehicle.
Starting from the original battery-electric configuration, the architec-
ture is extended to a fuel-cell hybrid-electric layout through the inte-
gration of a hydrogen-based auxiliary power unit, as schematically
illustrated in Fig. 1.

The complete hybrid vehicle model is implemented in the MATLAB/
Simulink/Simscape environment and retains the validated representa-
tion of the main powertrain components (i.e. FCS, DC/DC converter and
battery pack). The traction system consists of four in-wheel electric
motors, whose inverters are connected to a common DC bus that serves
as the electrical interface between the propulsion system and the on-
board energy sources.

The battery pack corresponds to the original BEV configuration,
specifically a 16-cells air-cooled LiFePOy4 battery with a nominal voltage
of 51.2 V and a capacity of 100 Ah, whose behavior has been experi-
mentally characterized in Ref. [29]. The FCS subsystem is based on a
commercial air-cooled Proton Exchange Membrane (PEM) fuel cell stack
(Horizon H-2000, 48 cells in series, rated power ~ 1.5 kW), coupled to
the DC bus via a dedicated, customized DC/DC converter that accounts
for voltage regulation and conversion efficiency. Details on fuel cell
modeling and experimental tests can be found in Ref. [30]. For clarity,
the performance curves of the PEM FCS are presented below for the
Short-Circuit Unit OFF mode. Specifically, Fig. 2 (a) reports the polari-
zation curve as function of the current (voltage range in [28 —46] V),
compared to the power curve, which rises up to a maximum of 1.6 kW.
Conversely, Fig. 2 (b) presents the efficiency characteristics of the sys-
tem considered: it compares the efficiency of the stack (4,q), solely
related to the electrochemical conversion, to the system efficiency
(5ystem)> Which results from the product of 7, and the hydrogen uti-
lization factor, thus accounting for overall losses and hydrogen waste.
Further details on consumption modeling and validation can be found in
Ref. [27].

Power sharing between the battery and the fuel cell system is

Inverters
(4x, one per wheel)
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(4x, wheel-
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Fig. 1. Schematic layout of the fuel cell hybrid microcar architecture considered in this study. The layout is provided for illustrative purposes.
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Fig. 2. Performance characteristics of the HT-PEM fuel cell stack. (a) Polarization curve and Power curve as functions of current. (b) Stack efficiency and overall

system efficiency.

governed by an energy management strategy based on a range-extender
architecture, which is widely adopted in the state of the art for light-
weight and plug-in hybrid vehicles due to its simplicity and operational
flexibility. Power allocation is performed through direct control of the
DC/DC converter, based on hydrogen availability. Hydrogen supply to
the FCS is provided by the metal hydride storage system, whose dynamic
modeling and thermal management integration represent the main
extension of the present work and are detailed in the following sections.

In the considered architecture, the fuel cell stack is not intended to
continuously supply traction power, but rather operates as a range
extender supporting the battery under specific operating conditions.
This choice is consistent with the baseline BEV microcar configuration
adopted in this study, where the battery remains the primary traction
source, while the fuel cell system provides additional energy support
through intermittent operation governed by the adopted energy man-
agement strategy.

2.2. Metal hydrides numerical modeling

This paper examines how a detailed description of the coupled
thermochemical behavior of solid-state hydrogen storage affects its
integration into a vehicle-level simulation environment. The numerical
model used to describe the metal hydride hydrogen storage system is
directly based on the one-dimensional dynamic formulation previously
developed and validated by the authors in Refs. [31], [32]. For clarity, a
complete description of the governing equations, the numerical imple-
mentation, and the experimental validation is presented in the
reference.

The Metal Hydride (MH) tank is modeled as an axially symmetric
cylindrical domain, discretized along the radial direction (Fig. 3). A one-
dimensional radial discretization is applied to the metal hydride bed, the
gaseous hydrogen phase, and the tank wall, allowing the coupled solu-
tion of mass and energy conservation equations. This assumption is
appropriate for cylindrical tanks with relatively high height-to-diameter
ratios, for which radial thermal gradients are expected to dominate over
axial ones. Also, the tank wall is treated as an additional solid domain
within the radial discretization, and its thermal inertia is explicitly
accounted for in the transient energy conservation equation. This
formulation allows the model to capture the heat storage effect of the
metallic wall and its influence on the transient thermal behavior of the
hydride bed.

In the present study, the modeling framework is applied to simulate
commercial metal hydride tanks filled with Hydralloy C5, supplied by
H2planet (MyH2 3000 model), and integrated into the hybrid microcar

Tank

MATLAB 4\
SIMULINK

Hye + MH

Fig. 3. One-dimensional radial discretization adopted for the metal hydride
storage tank model. Red markers indicate the computational nodes used in the
numerical formulation. Adapted from Ref. [31]. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the Web version
of this article.)

simulation platform. This allows the assessment of metal hydride
behavior under realistic driving conditions and its interaction with the
FCS and vehicle-level control strategy.

Hydralloy C5 belongs to the AB; family of metal hydride alloys and is
widely used in commercial hydrogen storage systems due to its favor-
able thermodynamic properties and good cycling stability [33]. The
thermodynamic behavior of the alloy can be described through its
pressure—composition—isotherm (PCI) curves, which define the rela-
tionship between hydride equilibrium pressure, temperature and
hydrogen concentration in the powder. Typical PCI curves of ABy-type
alloys exhibit a characteristic plateau region associated with the coex-
istence between the metal and hydride phases, together with a moderate
hysteresis between absorption and desorption branches. These features
determine the effective operating pressure range of the storage system
and therefore directly influence the hydrogen release capability during
vehicle operation. Long-term experimental studies have also shown that
intermetallic metal hydride systems based on AB,-type alloys maintain
stable hydrogen storage performance over extended cycling under
realistic operating conditions, with limited degradation of storage ca-
pacity and good reversibility of the hydrogen sorption process [33],
[34]. Representative PCI curves for Hydralloy C5 are reported in Fig. 4
to illustrate the equilibrium pressure range and hysteresis behavior of
the alloy.

In order to clarify the physico-chemical properties of the adopted
metal hydride material and the main geometric characteristics of the
storage tank, the parameters used in the numerical model, including
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Fig. 4. Interpolated PCI curves of Hydralloy C5. Image from Ref. [31].

thermodynamic and kinetic parameters governing hydrogen sorption,
are summarized in Table 1. For the validation of the PCM thermal
model, a reference LaNis-based metal hydride system is considered. In
contrast, the vehicle-level simulations presented in this work are based
on the commercial Hydralloy C5 alloy contained in the MyH2 3000
storage tank.

2.3. PCM numerical modeling and validation

A numerical model of a configurable PCM jacket has been developed
and validated in the present work. The model aims to capture the
dominant thermo-physical mechanisms governing the interaction be-
tween the metal hydride tank and the surrounding PCM layer, while
maintaining a level of complexity suitable for vehicle-level simulations.
In particular, the formulation accounts for transient heat conduction in

Table 1

Physico-chemical properties of the Hydralloy C5 metal hydride alloy and main
geometric parameters of the MyH2 3000 storage tank adopted in the numerical
model.

Property Symbol  Value

Alloy composition [35] - Ti-Zr-Mn-V-Fe-Cr
- Ni

Activation energy for desorption [36] Eoq 12.923 kJ mol !

Density of hydride alloy (dehydrogenated) PMHO 6300 kg m 3

[35]

Density of hydride alloy (fully saturated) PMHmax 6416 kg m~3

Height-to-diameter ratio H/D 3.53

Hydride alloy type [37] AB,

Internal cylinder volume [37] Vrank 0.00580 m?

Maximum H; charging pressure [37] 30 bar (static)

Maximum operating pressure [37] 30 bar

Maximum operating temperature [37] 65 °C

Minimum cooling temperature during 10°C

charging [37]

Molar mass of the alloy My 0.1037 kg mol !

Nominal capacity [37] 270 guz (1.6 wWt%)

Occupied volume by the hydride material Vv 0.00435 m®

Porosity € 0.5

Pre-exponential factor for desorption [36] Kod 10.81 571

Reaction enthalpy AHy —27.83 kJ mol !

Reaction entropy AS4 109.90 J mol ' K !

Specific heat at constant pressure [38] Coun 0.5kJkg ' K!

Tank diameter [37] D 15 cm

Tank height [37] H 53 cm

Thermal conductivity of the metal alloy 3 1.5Wm 'K

Thermal conductivity of the tank Krank 55Wm 1K!

Total mass of the system [37] 22 kg
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the PCM domain, latent heat effects associated with phase change
through the enthalpy method, and radial thermal coupling with the
metal hydride tank.

Three different phase change materials are considered in the anal-
ysis: lithium nitrate trihydrate (LiNO3-3H,0, denoted as PCM1), the
commercial salt hydrate SP29 (PCM2), and the paraffin-based material
RT28HC (PCM3). The proposed PCM model is consistent with the
modeling framework adopted for the metal hydride domain and is
formulated using a one-dimensional radial discretization of the PCM
jacket surrounding the hydride tank, capturing the dominant radial heat
transfer mechanisms.

The one-dimensional radial formulation follows the approach pro-
posed by Bartolucci and Krastev [39], who developed and validated a
detailed two-dimensional CFD model of metal hydride-PCM systems in
both pool and jacket configurations, considering different classes of
PCMs (paraffins and salt hydrates). In the present work, axial heat
transfer is neglected, which is a reasonable assumption for cylindrical
tanks with high height-to-diameter ratios, where radial thermal gradi-
ents dominate over axial ones.

Moreover, buoyancy effects and natural convection within the
molten PCM are not explicitly modeled, due to the inherently one-
dimensional nature of the formulation. As discussed in Ref. [39], dur-
ing the discharge phase of the system, corresponding to PCM solidifi-
cation, the effect of buoyancy-driven convection is shown to be
negligible, as natural convection is strongly suppressed in the solidifying
medium. Consequently, neglecting buoyancy effects in this phase does
not significantly affect the predicted thermal response of the PCM-MH
system.

The governing equations adopted in the present work (Egs. (1)-(7))
are directly derived from the formulation proposed in Ref. [39] and are
reported here for completeness.

The thermal behavior of the PCM jacket is described by solving the
transient energy conservation equation in cylindrical coordinates,
expressed in one-dimensional radial form as:

oT 19 oT
off - = il
P ot " T or (r/l ar> )

where T is the PCM temperature, 4 is the effective thermal conductivity,
and pcf,ﬁ is the effective volumetric heat capacity accounting for both
sensible and latent heat contributions.

Following the enthalpy method adopted in Ref. [39] and based on
[40], [41], the phase-change process is modeled by introducing a liquid
fraction f, defined as a continuous function of temperature across a
finite melting interval AT,, centered around the melting temperature T,.
In the present implementation, f; is defined as:

0 TSTM,%
T (T AT"') AT, AT,
fi= "2 Tp— 2 < T< T+ 0 (2
AT, 2 2
AT,
1 T>Tp+ ="

The effective volumetric heat capacity is then expressed as the sum of
sensible and latent contributions:

p dy
pcpff :pavg [(1 _fL)CPJ +fLCP-,l] +pavgl'mﬁ (3)

where ¢, and c,; are the specific heats of the solid and liquid phases,
respectively, Lr, is the latent heat of fusion, and p,,, is the average PCM
density. The term pangm% accounts for the latent heat effect during
phase change.

Similarly, the effective thermal conductivity of the PCM is evaluated
as a weighted average between the solid and liquid conductivities:
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The PCM mass and volume required for a given MH application can
be estimated by considering the reaction enthalpy of the metal hydrides,
the total amount of hydrogen stored in the tank, and the thermophysical
properties of the selected PCM. The total heat released during a com-
plete hydrogen absorption process can be expressed as:

o AHTY‘[H2
Qun = M,

)

where AH is the MH reaction enthalpy, my, is the total mass of hydrogen
absorbed by the alloy, and My, is the molar mass of hydrogen. Assuming
that this heat is entirely absorbed by the PCM through its latent heat, the
required PCM mass can be estimated as:

Qui
Mpey = —— (6)
L pcu
and the corresponding PCM volume is obtained as:
m,
Ve =—M @)
Prcm

where Ly pem, Mpem, Veem, and ppey denote the latent heat, mass, vol-
ume, and density of the PCM, respectively.

As for the MH domain, the PCM region is discretized along the radial
direction using a finite-volume formulation. For each control volume,
the transient temperature evolution is obtained by balancing conductive
heat fluxes at the inner and outer faces. For the outermost control vol-
ume, convective heat exchange with the external environment is also
considered when applicable.

2.3.1. Model validation

The PCM model has been validated against the numerical results
presented in Ref. [39] for a metal hydride-PCM system during hydrogen
absorption. Three different PCMs have been considered, whose ther-
mophysical properties are taken from reference data. The selected ma-
terials are reported in Section 2.3.

For validation purposes, a LaNis-based metal hydride alloy has been
adopted, and the system geometry and initial conditions have been
adapted to match those described by the authors. Specifically, an initial
uniform temperature of 293 K has been imposed throughout system. A
hydrogen charging pressure of 8 bar has been applied. In accordance
with the reference study, the separating wall between the metal hydride
bed and the PCM jacket has been removed, allowing direct conductive

127 @)
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heat exchange between the two domains.

The comparison focuses on key quantities such as hydrogen ab-
sorption dynamics and f;, evolution over time. The results, reported in
Fig. 5, show very good agreement between the proposed model and the
reference data for all three PCMs, with relative deviations consistently
below 10%. These results confirm that the simplified one-dimensional
PCM formulation can accurately reproduce the thermal behavior of
the MH-PCM system during phase change, while retaining a computa-
tional efficiency suitable for vehicle-level simulations.

2.4. Coupling between metal hydride storage and vehicle powertrain
architecture

In the present work, a Fuel Cell Plug-in Hybrid Electric Vehicle
(FCPHEV) architecture is adopted, in which the battery pack is the
primary traction source. In this configuration, the FCS is not intended to
continuously supply traction power, but rather to act as an auxiliary
energy source that supports the battery under specific operating con-
ditions. This architecture is adopted because fuel cell systems typically
exhibit slower dynamic response compared to electrochemical batteries
and are therefore less suitable for following rapid power transients
associated with vehicle traction. Consequently, the battery pack acts as
the primary energy buffer for propulsion and regenerative braking,
while the FCS operates at nearly constant power to recharge the battery
and extend the vehicle driving range.

Furthermore, MH storage dynamics are explicitly integrated into the
vehicle control strategy via a pressure-based thermostatic controller.
FCS activation and deactivation are governed by the comparison be-
tween the MH tank pressure and the FCS operating pressure, ensuring
hydrogen availability while preventing critical operating conditions of
the storage system.

3. Results and discussion

To evaluate system behavior under representative driving condi-
tions, the vehicle was simulated over consecutive World Motorcycle Test
Cycles (WMTC), considering only the urban phase of the cycle. This
choice reflects the microcar's operational constraints, with a maximum
speed of 45 km/h, making the urban segment fully representative of its
intended use. Each WMTC corresponds to approximately 3.5 km of
driving distance.

The MH storage system consists of a Hydralloy C5-based tank with an
internal volume of 5.8 L (H2 Planet, MyH2 3000), capable of storing up
to 270 g of hydrogen per unit. Different thermal management solutions
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are investigated in the following to identify the optimal trade-off among
thermal effectiveness, system complexity, and overall performance.
Emphasis is placed on each solution's ability to maintain the MH bed
under favorable thermal conditions, ensuring sustained hydrogen
desorption compatible with the FCS demand.

Two main thermal management strategies are considered. The first
one is based on forced convection, achieved by directing the warm
exhaust air from the FCS blowers toward the MH canisters. The exhaust
air temperature under steady operation of the fuel cell system at 1.5 kW
is approximately 50 °C. The second strategy relies on integrating Phase
Change Materials (PCMs) to passively buffer the thermal effects asso-
ciated with hydrogen absorption and desorption.

Regarding PCM integration, a jacket configuration is analyzed
consistently with the one-dimensional nature of the developed numer-
ical model. A salt hydrate PCM is considered, namely PCM1 introduced
in the previous section. The required PCM quantity is determined by
applying Egs. (12)—(14), leading to a total PCM volume of 7.7- 10~3 m?
and an overall PCM mass of approximately 16 kg. The jacket height is
fixed and equal to the MH tank height, while the resulting thickness is
derived from the computed PCM volume.

Concerning the EMS, as reported in Section 2.1, a Range Extender
(RE) strategy is implemented into the vehicle platform. In this config-
uration, the FCS is operated as an auxiliary power unit, with the primary
objective of extending the vehicle range. Therefore, the FCS operates at
nearly constant power (rated power) of 1.5 kW, with the duty cycle only
controlled by the MH pressure-based thermostatic controller.

All simulations assume MH tanks initially fully charged with
hydrogen. The ambient temperature is set to 25 °C, which also corre-
sponds to the initial temperature of the MH bed when no PCM jacket is
present. Conversely, when a PCM jacket is included, the initial tem-
perature of the coupled MH-PCM system is set to 35 °C, to ensure that
the PCM is fully in the liquid phase at the beginning of the simulation
and therefore able to provide its maximum latent heat buffering capa-
bility. This condition represents a preliminary warm-up of the PCM
jacket, which can be achieved through auxiliary heating integrated into
the storage system. Such heating may be supplied either during vehicle
charging phases in a plug-in configuration, or, if required, by drawing a
limited amount of energy from the battery pack, resulting in a controlled
and temporary reduction of the available electrical energy for traction.
The energy required for this preliminary thermal conditioning is not
explicitly included in the vehicle energy balance, since the objective of
this work is to investigate the thermo-chemical interaction between
metal hydride storage, thermal management strategies, and vehicle
operation. In addition, the heat released during hydrogen refueling
naturally increases the MH temperature and can be partially absorbed
by the PCM, facilitating its liquefaction prior to the subsequent
discharge phase. The initial equilibrium pressure of the MH bed is
consistently determined from the initial temperature.

All simulations are carried out assuming an initial battery SOC equal
to 70%. This value is deliberately set below the threshold required to
enable full regenerative braking, due to the presence of a SOC-based
regenerative braking logic implemented in the vehicle model, thereby
ensuring consistent comparison and reliable extrapolation of vehicle
performance across all simulated configurations.

Each simulation is stopped when the battery SOC reaches 10%,
regardless of the amount of hydrogen remaining in the metal hydride
tank. This criterion ensures a consistent definition of vehicle range
across all configurations, while allowing the effective utilization of
hydrogen storage to be evaluated separately.

System performance is evaluated through a set of Key Performance
Indicators (KPIs), reported in Table 2, specifically selected to capture the
interaction between FCS operation, hydrogen availability and MH
thermal behavior.

A preliminary comparison is conducted to provide an initial over-
view of the achievable benefits of the proposed thermal management
strategies relative to the original BEV configuration. In this analysis, a
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Table 2
Key Performance Indicators (KPIs) adopted for system performance assessment.
KPI Unit Name Description
ECrcs kWh FCS Energy Net electrical energy delivered by
Contribution the FCS system over the entire
simulation.
ECprss  kWh BESS Energy Net electrical energy delivered by
Contribution the battery over the full mission.
ecrcs kWh/km FCS Specific FCS energy contribution normalized
Energy by the total driven distance.
Contribution
DCrcs FCS Duty Cycle Ratio between the FCS operating

time and the total simulation time.
Indicator of FCS idling events due to
insufficient hydrogen supply
normalized both by the total driven
distance and the total consumed
hydrogen.

FCst kg 'km~!  FCS Specific Idling

Ho frac Utilized Hydrogen Ratio between the hydrogen
Fraction consumed by the FCS and the
hydrogen initially stored.
ESgcs FCS Energy Share Fraction of total vehicle energy
demand supplied by the FCS system.
exm kWh km™! Electric Motor Electric energy consumed by the

Specific Energy traction motor per unit distance

traveled.

Up, km kg! Hydrogen Additional vehicle range enabled by
Utilization the FCS per unit mass of hydrogen
Indicator loaded in the MH system.

range extender control strategy is adopted for the hybrid configurations,
and a single MH tank is installed in the rear section of the microcar. The
results, reported in Fig. 6, compare the achievable vehicle range and the
corresponding FCS energy share for three configurations: the reference
BEV, the FCPHEV with forced-convection-based thermal management
(FC), and the FCPHEV equipped with PCM-based thermal management
(PCM).

The results show that forced convection increases vehicle range by
approximately 40% compared to the BEV configuration. However, this
improvement is associated with a relatively low FCS energy share,
indicating limited and discontinuous FCS utilization, likely due to sub-
optimal thermal conditions in the MH tank. In contrast, adopting PCM-
based thermal management further increases vehicle range to nearly
120 km, representing an additional improvement of approximately 35%
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I FC Encrgy Share 0.6
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103 4
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Vehicle Configuration / Thermal Management Strategy

Range [km]

Fig. 6. Vehicle range and FCS energy share for the reference BEV configuration
and FCPHEV layouts with forced-convection-based and PCM-based thermal
management, considering a single metal hydride tank and a range-extender
control strategy.
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compared to the forced convection case. More importantly, this
configuration achieves an FCS energy share close to 50%, highlighting a
substantially improved exploitation of the FCS and a more effective
hydrogen release from the MH storage system.

This improvement is primarily related to the thermal buffering
capability of the PCM jacket. During the desorption phase, stored ther-
mal energy in PCMs can be gradually released, helping to sustain the
endothermic hydrogen desorption process. As a result, the MH bed
temperature remains closer to the equilibrium conditions required for
hydrogen release, preventing premature pressure drops in the tank and
avoiding frequent shutdowns of the FCS due to insufficient hydrogen
supply.

This result highlights that, in MH-based storage systems for vehicular
applications, thermal management and tank configuration play a
dominant role in determining vehicle-level performance. In fact,
hydrogen desorption is strongly temperature-dependent, and insuffi-
cient heat supply rapidly reduces the equilibrium pressure of the hydride
bed, limiting hydrogen availability to the FCS and therefore its effective
contribution to propulsion.

3.1. Thermal management and tank layout

The specific impact of the thermal management strategy and the
metal hydride tank layout on the achievable vehicle performance is
investigated in the present section. As a reference baseline, the original
battery electric vehicle configuration achieves a driving range of
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approximately 65 km, considering a battery discharge window from
70% to 10% SOC.

The first comparison, reported in Fig. 7(a), focuses on the effect of
different thermal management strategies—namely Natural Convection
(NC), Forced Convection (FC), and PCM jacket—considering a single
MH tank configuration. Both the achievable vehicle range and the FCS
idling indicator are reported. As expected, natural convection cannot
sustain the hydrogen desorption rates required by the FCS. Therefore,
the system rapidly reaches critical operating conditions that trigger
frequent FCS idling events, without a sufficient recovery capacity to
guarantee continuous operation. This behavior results in a limited
vehicle range (similar to that of a BEV) and confirms the inadequacy of
natural convection for on-board MH-based hydrogen storage.

The adoption of forced convection improves system performance by
enhancing heat transfer at the MH tank boundary, allowing a partial
stabilization of the desorption process. This translates into an increased
vehicle range and a reduction in FCs; compared to the natural convec-
tion case.

The integration of a PCM jacket significantly improves system
behavior. For the single-tank configuration, PCM-based thermal man-
agement leads to the highest achievable range among the investigated
strategies and to a marked reduction in FCg. This improvement can be
directly linked to the thermal buffering capability of the PCM, as illus-
trated in Fig. 7(c), where the temperature evolution of the inner and
outer MH nodes is compared with that of the PCM nodes. While the MH
bed experiences significant temperature drops during hydrogen
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Fig. 7. Impact of thermal management strategy and metal hydride tank layout on vehicle performance under range extender control: (a) vehicle range and FCS idling
frequency for different thermal management strategies with a single MH tank; (b) vehicle range and hydrogen utilization for single- and dual-tank configurations; (c)
temperature evolution of inner and outer MH and PCM nodes for the PCM-based case; (d) vehicle range and specific electric motor energy for single- and dual-tank

configurations.
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desorption, the PCM maintains a smoother thermal profile, owing to its
phase change, and effectively damps temperature oscillations at the
MH-PCM interface, keeping the MH bed closer to favorable operating
conditions.

During vehicle operation, PCM progressively releases latent heat,
leading to a gradual decrease of f;, whose average value approaches
60% at the end of the simulation. This effect helps to sustain hydrogen
desorption without requiring active thermal control, enabling more
continuous FCS operation and explaining the reduced idling frequency
observed in the PCM case.

To further improve vehicle range, a dual-tank configuration is sub-
sequently analyzed, as reported in Fig. 7(b). In this case, vehicle per-
formance is influenced not only by increased hydrogen availability but
also by the additional mass burden introduced by the second MH tank
and, when applicable, by the corresponding PCM jacket. The added mass
amounts to approximately 25 kg for an additional MH tank and about
16 kg for an additional PCM jacket.

A key effect of adopting two MH tanks in parallel is the relaxation of
the desorption process in each individual tank, due to the halved
hydrogen mass flow rate required per tank. This effect is particularly
evident in the forced convection case, where Hj g, increases from
approximately 40% in the single-tank configuration (about 110 g of
hydrogen) to around 68% in the dual-tank configuration (approximately
370 g). As a result, the dual-tank layout enables a significantly more
stable FCS operation, making forced convection a viable option when
multiple MH tanks are employed.

To separate the effect of the increased hydrogen storage capacity
from the improvements in the vehicle hydrogen utilization, Table 3
compares the Hydrogen Utilization Indicator, uy,, across the different
configurations, where AR denotes the additional driving range enabled
by the FCS relative to the original BEV architecture.

Using the forced-convection single-tank case as a reference, if the
range extension were solely due to the doubled hydrogen storage, the
expected AR for the dual-tank configuration would scale linearly with
hydrogen utilization, yielding an estimated value of approximately 44
km. In contrast, the simulated vehicle achieves a AR of 83 km, clearly
demonstrating that the observed performance gain cannot be attributed
to storage capacity alone.

Consistently, the Hydrogen Utilization Indicator uy, increases by
86%, rising from 82kmkg' to 153kmkg!. This substantial
improvement indicates a more effective thermodynamic exploitation of
the stored hydrogen in the dual-tank configuration. By reducing the
hydrogen desorption load per tank, temperature drops within the metal
hydride bed are mitigated, equilibrium conditions are maintained closer
to their optimal range, and fuel-cell idling events are significantly
reduced.

Conversely, PCM-based thermal management consistently guaran-
tees high hydrogen utilization and stable FCS operation, regardless of
the number of tanks. In the dual-tank PCM configuration, the combined
effects of enhanced thermal buffering and reduced per-tank desorption
load lead to the best overall performance. In this scenario, the microcar
achieves a driving range of approximately 180 km, nearly three times
that of the original BEV configuration.

From a system design perspective, these results highlight a clear
trade-off between increased vehicle mass and achievable performance
gains. Although the integration of MH tanks and PCM jackets increases

Table 3
Additional range and hydrogen utilization indicator for different thermal man-
agement strategies and tank layouts.

Thermal Management Tanks No. AR uy,

Forced Convection 1 22 km 82 km kg*l
2 83 km 153 kmkg !

PCM 1 52 km 193 km kg !
2 118 km 218 km kg ™!
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the overall vehicle mass compared to the baseline BEV configuration,
the additional energy supplied by hydrogen largely compensates for this
penalty, resulting in a net improvement in driving range. The additional
mass associated with extra MH tanks and PCM jackets leads to a egy
increase, as shown in Fig. 7(d). This penalty becomes more pronounced
when moving from a single-to a dual-tank configuration and when
integrating PCM jackets. However, despite the increase in egy, the
achievable driving range increases monotonically across all configura-
tions. This behavior indicates that the benefits associated with enhanced
thermal buffering and reduced per-tank hydrogen desorption load
largely outweigh the mass-induced efficiency penalty. In particular, the
combination of PCM-based thermal management and multiple MH tanks
emerges as the favorable choice, enabling substantial range extension
while preserving stable FCS operation and high hydrogen utilization.

3.2. Pressure threshold sensitivity analysis

A key element of the proposed control strategy is the FCS activation
pressure threshold, which defines the metal hydride tank pressure at
which the FCS is allowed to switch on. In all simulated configurations,
the FCS is turned off when the pressure inside the metal hydride tanks
decreases to 2.5 bar, while the activation threshold is varied to inves-
tigate its influence on overall system behavior. To this end, a set of
simulations is performed by varying the FCS turn-on pressure between
3.0 and 5.0 bar.

The resulting impact on vehicle performance is reported in Fig. 8(a),
where the achievable driving range is shown for both forced-convection-
based and PCM-based thermal management strategies. When forced
convection is used, the activation pressure threshold clearly influences
vehicle range: increasing the threshold results in a progressive reduction
in achievable range. The best performance is obtained at an activation
pressure of 3.0-3.5 bar, for which the vehicle range is approximately 1.8
times that of the original battery-electric configuration. Conversely,
higher activation thresholds result in a noticeable performance degra-
dation, with a reduction of about 5-8% in the achievable range between
the optimal and worst configurations.

A significantly different trend is observed when a PCM-based ther-
mal management strategy is employed. In this case, the achievable
vehicle range remains nearly constant over the entire investigated range
of activation pressures. This indicates that the thermal buffering pro-
vided by the PCM jacket stabilizes the temperature of the metal hydride
bed, allowing hydrogen desorption to be sustained even at higher
pressure thresholds, and therefore mitigating the negative impact of
conservative activation settings.

The underlying mechanisms behind these trends are further clarified
by the pressure time histories reported in Fig. 8(b), which refer to the
forced-convection case for two representative activation thresholds (3.0
bar and 5.0 bar). For the sake of clarity, only the first 10000s-stretch of
the simulations are reported to underline pressure behavior. At lower
activation pressure, the pressure signal exhibits relatively frequent os-
cillations within the operating window, enabling a longer cumulative
hydrogen supply while increasing the FCS starts and stops. In contrast, at
higher activation pressures, the pressure evolution exhibits wider ex-
cursions and longer recovery phases between successive FCS activations.
This behavior reflects slower desorption dynamics and a reduced ability
of the MH system to restore favorable pressure conditions after each
shutdown; however, the FCS experiences fewer start and stop events
than in the previous case.

Overall, these results confirm that PCM integration improves the
effective coupling between metal hydride storage and FCS operation. By
reducing the sensitivity of hydrogen desorption to pressure threshold
selection, PCMs enhance vehicle range and increase the robustness of
the control strategy, relaxing tuning requirements while preserving
stable system behavior.

Regarding system design, a trade-off is therefore crucial, with the
aim of prolonging hydrogen supply and mitigating the FCS
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Fig. 8. Influence of FCS activation pressure threshold on system behavior: (a) vehicle range for forced-convection-based and PCM-based thermal management
strategies; (b) metal hydride pressure evolution for different activation thresholds.

deactivations. From a forced-convection perspective, lower pressure
thresholds significantly enhance vehicle performance, and the design
should focus on maximizing the available driving range. Conversely,
when adopting PCM-based thermal management strategy, higher pres-
sure thresholds can help prevent frequent FCS start-stop cycles, as their
impact on overall hydrogen fueling system stability is less pronounced.

3.3. Redl life driving scenario

Up to this point, system performance has been evaluated by
concatenating multiple WMTC driving cycles, thus emulating contin-
uous vehicle operation until battery depletion. While this approach is
useful to assess the maximum achievable range under sustained driving
conditions, it does not fully reflect the typical usage profile of a light-
weight urban vehicle, which is more likely to operate over short daily
distances mixed with prolonged parking periods.

For this reason, a final set of simulations is performed to emulate a
more realistic urban driving scenario. In this framework, the vehicle is
operated for 20 km, assumed as an average home-to-work commuting
distance, followed by an 8-h parking period representative of working
time. The same pattern is then repeated for the return trip, followed by
an additional 8-h parking period, i.e. overnight. This daily cycle is
iterated until the vehicle can no longer complete the prescribed driving
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The objective of this analysis is to assess whether prolonged resting
periods can promote a partial relaxation of the metal hydride thermo-
dynamic state, thereby enhancing hydrogen desorption capability and
extending vehicle range even in the absence of dedicated thermal
management systems such as PCM jackets. Accordingly, the simulations
are performed assuming forced convection thermal management during
driving phases, when the FCS is active, and natural convection during
parking periods, when the FCS is switched off. Two configurations are
considered to evaluate the effect of tank layout, namely a single-tank
and a dual-tank metal hydride layout.

Unlike previous analyses, the initial battery SOC is set to 100% for
these simulations to better reflect real-life usage conditions, where the
vehicle is typically charged overnight.

The results are reported in Fig. 9. The left panel shows the temporal
evolution of the battery State of Charge for both configurations, char-
acterized by a stepwise decrease associated with successive commuting
cycles. In the single-tank configuration, and in the absence of interme-
diate battery recharging or hydrogen refilling, the vehicle can operate
for approximately two and a half days, corresponding to a total driven
distance of about 140 km. In this case, approximately 79% of the
hydrogen stored in the metal hydride tank is effectively utilized, cor-
responding to about 213 g out of the 270 g available.
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Fig. 9. (a) Battery SOC evolution during consecutive urban commuting cycles with driving (gray bars) and parking (blank) phases, comparing single- and dual-metal-
hydride-tank configurations under range extender control. (b) Cumulative driven distance and corresponding hydrogen consumption as a function of trip index for

the dual-tank configuration.
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When two metal hydride tanks are installed in parallel, the relaxation
of the desorption process in each individual tank leads to a more stable
hydrogen supply to the FCS, as previously demonstrated, and a further
extension of vehicle operating time. Under the same operating as-
sumptions, the dual-tank configuration allows operation for roughly
three and a half days, yielding a total driven distance of approximately
210 km. In this case, hydrogen utilization increases to approximately
99% of the total available storage, corresponding to about 535 g out of
540 g. These results confirm that parallel tank layout significantly im-
proves hydrogen exploitation, even in realistic stop-and-go usage pat-
terns characterized by long parking periods.

Additional insight is provided by the right panel of Fig. 9, which
refers exclusively to the dual-tank configuration. The figure reports the
cumulative driven distance and Hj ¢, as a function of the trip index. The
smooth and progressive depletion of the hydrogen resource over suc-
cessive trips confirms that the combined effect of increased storage ca-
pacity and intermittent operation enables an efficient and sustained
exploitation of the metal hydride system. Notably, hydrogen consump-
tion remains well distributed across the commuting cycles, indicating
that the resting periods are effective in restoring favorable desorption
conditions without inducing abrupt depletion or premature FCS
shutdowns.

It is worth noting that, in a real-world scenario, the achievable range
could be further extended by considering periodic battery recharging
during parking phases or partial hydrogen refilling of the metal hydride
tanks, possibly accompanied by controlled thermal conditioning.
Therefore, the present analysis should be regarded as a conservative
assessment, highlighting the intrinsic benefits of metal hydride storage
and tank layout under realistic urban operating conditions.

4. Conclusions

This work investigated the integration of metal hydride-based
hydrogen storage within a fuel cell plug-in hybrid electric microcar,
focusing on the interplay between storage thermo-chemical dynamics,
passive thermal management solutions, and vehicle-level operation
under realistic urban conditions. By embedding a validated one-
dimensional metal hydride model into a hybrid vehicle simulation
framework, the study enabled a consistent assessment of hydrogen
availability, FCS operation, and vehicle performance within an archi-
tecture representative of lightweight and plug-in micromobility
applications.

The main outcomes of the analysis can be summarized as follows:

e Natural convection has been proven to be unsuitable to sustain the
hydrogen desorption rates required by the FCS, resulting in frequent
idling events and limited hydrogen utilization. Forced convection
based on FCS waste heat recovery provides a first improvement,
enabling a vehicle range increase of about 40% compared to the BEV
baseline. The introduction of PCMs as passive thermal buffers leads
to a substantial change in system behavior. Latent heat storage sta-
bilizes the MH temperature during desorption, significantly reducing
FCS idlings and increasing hydrogen utilization beyond 90% in
single-tank configuration. As a result, FCS operation becomes more
continuous, and ESpcs approaches 50%, indicating a markedly
improved balance between battery and FCS contributions within the
hybrid powertrain.

Increasing the number of MH tanks further relaxes desorption con-
straints by lowering the required hydrogen mass flow rate per tank.
In forced-convection configurations, this translates into an increase
in DCgcs from 34 % to nearly 65 %. When combined with PCM-based
thermal management, the dual-tank layout enables almost complete
exploitation of the onboard hydrogen availability, with driving
ranges scoring 180 km, nearly three times that of the original BEV
configuration. Despite the additional mass associated with extra
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tanks and PCM jackets, the resulting efficiency penalty is outweighed
by the gains in hydrogen availability and operational continuity.

e Concerning the sensitivity to FCS activation pressure, activation
pressures ranging from 3.0 to 5.0 bar lead to a reduction in achiev-
able range of about 5-8% for FC configurations. Conversely, PCM-
based configurations exhibit a nearly invariant vehicle range over
the same pressure interval.

e When moving from continuous driving cycles to a realistic urban
usage pattern characterized by alternating driving and parking
phases, MH systems further benefit from thermodynamic relaxation
during rest periods. Under these conditions, hydrogen utilization
reaches approximately 79% in single-tank configurations and up to
99% with two tanks, enabling multi-day vehicle operation also for FC
thermal management, without intermediate recharging or hydrogen
refilling.

Overall, the results indicate that, when supported by passive PCM-
based thermal management and suitable tank integration, MH-based
hydrogen storage can reliably sustain FCS operation in a hybrid archi-
tecture tailored for urban micromobility. By effectively overcoming the
thermal constraints that have traditionally hindered metal hydride
deployment in mobile applications, the proposed approach contributes
to reducing the main barriers to the implementation of solid-state
hydrogen storage systems, shifting metal hydride storage from a
limiting factor to an enabling technology for lightweight, plug-in fuel
cell hybrid vehicles, while preserving their inherent advantages in terms
of low-pressure operation, safety, renewable-friendliness and cost-
effectiveness.
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