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Abstract: The successful and fast start-up of proton exchange membrane fuel cells (PEMFCs) at
subfreezing temperatures (cold start) is very important for the use of PEMFCs as energy sources
for automotive applications. The effective thermal management of PEMFCs is of major importance.
When hydrogen is stored in hydride-forming intermetallics, significant amounts of heat are released
due to the exothermic nature of the reaction. This excess of heat can potentially be used for PEMFC
thermal management and to accelerate the cold start. In the current work, this possibility is extensively
studied. Three hydride-forming intermetallics are introduced and their hydrogenation behavior is
evaluated. In addition, five thermal management scenarios of the metal hydride beds are studied in
order to enhance the kinetics of the hydrogenation. The optimum combination of the intermetallic,
hydrogenation behavior, weight and complexity of the thermal management system was chosen for
the study of thermal coupling with the PEMFCs. A 1D GT-SUITE model was built to stimulate the
thermal coupling of a 100 kW fuel cell stack with the metal hydride. The results show that the use of
the heat from the metal hydride system was able to reduce the cold start by up to 8.2%.

Keywords: hydrogen storage; metal hydrides; thermal management; PEM fuel cell; thermal coupling

1. Introduction

Proton exchange membrane Fuel cells (PEMFCs) are devices in which oxygen and
hydrogen electrochemically react to generate electricity and heat, and the by-product is
water [1,2]. Although the efficiency of a PEMFC is relatively high (up to 55%), the amount
of heat generated from the reaction is large [3,4]; thus, the produced heat must be effectively
removed from the PEMFC to maintain the temperature at the desirable operational levels
(below 60 ◦C) [5,6].

PEMFCs usually operate at relatively low temperatures, usually in the range of
60–80 ◦C [7], which makes this type of fuel cell a suitable option for many stationary
and mobile applications, where a quick start-up is particularly essential [8]. The heat
generated during the operation of PEM fuel cells can be extracted and used in a range of
heating applications (e.g., hot water supply, space heating, or heating up the inlet reactants
in cold climate conditions), together with the power generated by the fuel cell.

The solid-state hydrogen storage in metallic materials with the formation of metal
hydrides is an effective way to store hydrogen, as most of the materials used for the stor-
age operate under moderate temperature and pressure conditions [8–10]. The process of
hydrogen uptake from the materials is an exothermic process, with large amounts of heat
produced [11,12]. The materials’ temperature during the storage naturally tends to increase
and, due to the low thermal conductivity of the metal hydride powders, the temperature
remains at high levels [13]. The temperature increase negatively affects the kinetics of the hy-
drogenation process [14] as the higher temperature also increases the equilibrium pressure

Hydrogen 2022, 3, 418–432. https://doi.org/10.3390/hydrogen3040026 https://www.mdpi.com/journal/hydrogen

https://doi.org/10.3390/hydrogen3040026
https://doi.org/10.3390/hydrogen3040026
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com
https://doi.org/10.3390/hydrogen3040026
https://www.mdpi.com/journal/hydrogen
https://www.mdpi.com/article/10.3390/hydrogen3040026?type=check_update&version=1


Hydrogen 2022, 3 419

Peq. As the Peq reaches higher values, the ratio of p/Peq, where p is the hydrogen pressure,
decreases. This ratio is the driving force for the hydrogen storage in metal hydrides and,
consequently, decelerates the storage. Thus, effective ways to remove the produced heat
and maintain the kinetics of the reaction fast is necessary [15–17]. The dehydrogenation
process proceeds in the opposite direction, where the hydrogen release from the metal
lattice is an endothermic process, in order to force the bonds between the hydrogen and
the metal atoms from the lattice to break and release the hydrogen [18]. Due to the low
thermal conductivity of the metal hydride powder, ensuring a homogeneous distribution
of the heat is challenging; thus, hydrogen is released at different rates from various parts
of the hydride [19,20]. Additionally, in this case, effective thermal management is crucial
to ensure a homogeneous temperature distribution within the hydride [21]. Some of the
parameters governing the thermodynamic performance of metal hydrides are the (specific)
enthalpy of the formation (during the hydrogenation process) or the deformation (during
the dehydrogenation process) ∆H [kJ/kmol], the specific heat capacity of the hydride Cp
[kJ/kmol/K], the thermal conductivity λ [W/mK], the hysteresis and the slope [22]. There
are mainly two heat management techniques that have been widely applied to enhance
the heat transfer to/from the metal hydride tank, namely internal heat management and
external heat transfer [23]. The major focus to improve heat transfer in a metal hydride
bed should be on the reduction in the metal hydride thickness [24], the increase in thermal
conductivity [25] and the introduction of a large temperature difference [26].

The hydrogen storage to metal hydrides is an exothermic process. The produced heat
during hydrogenation needs to be removed from the hydride to keep the kinetics of the
reaction fast. In addition, this thermal energy can be used to feed a PEMFC for the cold
start. The normal operation of PEMFCs requires a constant supply of fuel and oxidants, as
well as the drainage of the produced water [27]. In subfreezing temperatures, the water
produced can freeze in the porous layers, even at the flow channels. The ice blocks the
gas transport and potentially covers the catalyst reaction sites: this is expected to cause
start-up failures. Then, the thermal coupling between the PEMFC and metal hydrides and
the utilization of the produced heat of the hydrogen storage to assist the cold start of the
PEMFCs is a potential technique, especially for automotive applications of large vehicles,
such as coaches, trains and ships.

In the current work, the thermal coupling between various metal hydrides and a
100 kW fuel cell stack has been studied and evaluated. The first stage of this work focuses on
the identification of the optimum conditions and the materials for the solid-state hydrogen
storage. Various metal hydrides are introduced and their performance during hydrogen
storage is evaluated. In addition, five scenarios regarding the thermal management of metal
hydride tanks have been studied, and the optimum metal hydride, along with the proper
thermal management, were selected for the thermal coupling with the PEMFC. The second
stage of this work considers the study of the thermal coupling between the metal hydride
bed and the PEMFC. A one-dimensional GT-SUITE model was developed to simulate the
thermal management of a fuel cell stack, along with the metal hydride, and it was found
that the combination of the optimum metal hydride with the PRMFC can reduce the cold
start by 8.2%.

2. Methodology

In the current study, the heat, mass and momentum conservation equations were
solved simultaneously using a commercial Multiphysics package (COMSOL Multiphysics
5.5, Stockholm, Sweden) [28]. The proposed numerical model was validated against solid
experimental data (hydrogen storage capacity and temperature) extracted from a lab-scale
Sievert-type apparatus. The expansion of packed beds during the hydrogenation process
can produce additional stress to the vessel walls; therefore, the hydride beds were assumed
to be 50% full at the beginning of the hydrogenation process.
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2.1. Tank Geometries and Thermal Management Scenarios

The target of the present work is to study the hydrogenation process of various
hydride-forming intermetallic compounds when the amount of hydrogen stored/released
per cycle is 100 g (equivalent energy is 12 MJ, based on a gravimetric energy density of
120 MJ/kg [29]). The metal hydride tanks were of a cylindrical shape. The cylindrical
metal hydride tanks were chosen to own the same properties of stainless steel (316SS)
and the wall thickness of the tanks was 3 mm, which is similar to commercially available
cylindrical tanks. In general, there are two main thermal management techniques applied
to enhance the heat transfer from metal hydride beds, namely internal and external thermal
management [30]. According to Fourier’s law of conduction, there are three main ways
to enhance the heat transfer within the operating hydride beds: the reduction in the
metal hydride thickness [31]; the enhancement of the thermal conductivity [32]; and the
introduction of a temperature difference ∆T [33]. In the current study, the heat transfer
mechanism was a combination of convection and conduction. This can be achieved by
the introduction of embedded cooling tubes in the metal hydride tank, where a coolant
is used to pass through the tubes and remove the produced heat. For this reason, for
real-life applications, either chillers or pumps are used to control the temperature and flow
rate of the coolant. Figure 1 illustrates all the thermal management scenarios introduced
and studied for the metal hydride beds. The baseline scenario (Scenario 1) represents the
introduction of four embedded cooling tubes, one central tube and three tubes placed
co-centrally (Figure 1a), whereas the introduction of six co-central tubes comprise the
second thermal management scenario (Figure 1b). In order to achieve a more homogeneous
temperature distribution, a spiral tube was also considered (Figure 1c–e), in which various
heating cooling tubes were added (1–4 and 8, respectively). The radius of the embedded
cooling tubes was 0.005 m, the radius of the metal hydride bed was 0.0517 m and the length
of the tank and the tubes were 0.5 m. The spiral coil was selected to have 17.2 turns, with a
major radius of 0.048 m and an axial pitch of 0.03 m. Table 1 presents the details of all the
thermal management scenarios, including the total active surface area for the heat transfer
of each case.

More detail on the geometries used is presented in Figure S1 in the Supplementary Materials.

2.2. Numerical Model
2.2.1. Assumptions of the Numerical Model

The use of metal hydrides for solid-state hydrogen storage is a rather complex pro-
cedure that involves chemical reactions, diffusion and heat transfer phenomena. For that
reason, in order to simplify the numerical analysis, several assumptions were made and
are listed as follows:

(a) The medium is in a local thermal equilibrium, which implies that there is no heat
transfer between solid and gas phases.

(b) The temperature and pressure profiles are initially uniform.
(c) Hydrogen is treated as an ideal gas from a thermodynamic point of view. This is an

assumption that sometimes might be far from the reality and might affect the accuracy
of the model. In case the hydrogen pressure is below 20 bar and room temperature, this
is, in general, an acceptable assumption supported by the literature [34–36]. However,
this assumption must not be made when the pressure of the system is higher. For the
analysis of a hydride-based hydrogen compressor, the compressibility factor must
be considered when the density of the gas is calculated and updated [15]. Just for
the comparison, the compressibility factor for a pressure of 20 bar, temperature of
10 ◦C and 100 g H2 is Z = 1.079804 whereas for pressure of 300 bar (middle stage for a
700 bar compressor) the compressibility factor is Z = 1.25 [37]. (The compressibility
factor for ideal gas is 1.)

(d) Thermal conductivity and specific heat capacity are assumed to be constant.
(e) The porosity remains constant and uniform during hydrogenation.
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(f) The characteristics (the kinetics and thermal properties) of the bed are unaffected by
the number of loading and unloading cycles. Thus, bed aging is neglected.

(g) The metal hydride bed fills the entire space between the cooling tubes and the spiral
heat exchanger (perfect packing condition).
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Table 1. Details of all the tank geometries used in the current study.

Thermal Management
Scenario No Cooling Tubes Spiral Coil Tank Radius (m) Tank Length (m) Active Surface

Area (m2)

Scenario 1 4 No 0.0517 0.5 0.0952
Scenario 2 6 No 0.0517 0.5 0.1269
Scenario 3 1 Yes 0.0517 0.5 0.1037
Scenario 4 4 Yes 0.0517 0.5 0.1671
Scenario 5 6 Yes 0.0517 0.5 0.2147
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2.2.2. Heat Equation

Assuming thermal equilibrium between the hydride powder and hydrogen gas, a
single heat equation can be solved, instead of separate equations for solid and gas phases:

(
ρ·Cp

)
e f f ·

∂T
∂t

+ (ρg + Cpg +
→
v g)·∇T +∇·(ke f f ·∇T) = QH (1)

The term QH (W/m3) in Equation (1) represents the heat that has been generated
during the hydrogenation process. The amount of heat produced during the hydrogenation
process depends on several thermophysical properties of the materials, such as the enthalpy
of formation ∆H (J/mol), the porosity of the material ε, the density changes during the
reaction (kg/m3), the reaction rate (1/s) and the molecular mass of the stored gas (kg/mol).
The enthalpy of the hydride formation was measured experimentally from the isotherm
curves during the hydrogenation of the intermetallics used in the current study, while the
density change was calculated and updated with time from the concentration of the species
using the Transport of Diluted Species module in COMSOL Multiphysics 5.5 [38].

The effective heat capacity is given by:

(ρ · Cp)e = ε · ρg · Cpg + (1− ε) · ρs · Cps (2)

and the effective thermal conductivity is updated by:

ke = ε · kg + (1− ε) · ks (3)

The terms ρg, Cpg, Cps and m refer to the density of the gas phase (kg/m3), the specific
heat capacity of the gas phase (J/kg/K), the heat capacity of the solid phase and the
kinetic term for the reaction, respectively. The parameter that represents the void fraction
is symbolized by ε. The values for kg (W/m/K) and ks (W/m/K) represent the thermal
conductivity for the gas and the solid-state, respectively. MH2 represents the molecular
mass of hydrogen (kg/mol), and T represents the temperature (K).

2.2.3. Hydrogen Mass Balance

The diffusion of hydrogen gas within the metallic matrix is described by:

ε ·
∂(ρg)

∂t
+ div(ρg ·

→
v g) = ±Q (4)

where vg is the velocity of gas during diffusion within the metal lattice (described in
Section 2.2.4), and Q (kg/m3s) is the mass source term describing the amount of hydrogen
mass diffused per unit time and unit volume in the metal lattice [9,15].

2.2.4. Momentum Equation

By neglecting the gravitational effect, the equation that describes the velocity of gas
inside the metal matrix is:

→
v g = − K

µg
· grad(

→
P g) (5)

where K (m2) is the permeability of the solid, µg (Pa s) is the dynamic viscosity of gas and
Pg (kPa) is the pressure of gas within the metal matrix.

2.2.5. Hydrogenation Kinetic Expression

The kinetic description for the hydrogenation process per unit time and volume is
updated by:

ma = Ca· exp
[
− Ea

Rg·T

]
· ln

[
pg

Peq

]
·(ρss − ρs) (6)
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where Ea (J/mol) is the activation energy for the hydrogenation process and Ca (1/s) is the
pre-exponential constant. Finally, Pg (Pa) is the pressure of hydrogen during hydrogenation
and Peq (Pa) is the equilibrium pressure (presented in Section 2.2.6).

2.2.6. Equilibrium Pressure

To incorporate and consider the effect of hysteresis and the plateau slope on the
calculation of the plateau pressure Peq, the following equation was used [39]:

ln
Peq

105 =

{[
∆H
RT
− ∆S

R

]
+ (ϕs ± ϕ0) · tan

[
π ·

(
x

xsat
− 1

2

)]
± S

2

}
(7)

The plateau slope is given by flatness factors ϕs and ϕ0, and S represents the hysteresis
effect, which is given by (lnPabs/Pdes). Hydrogenation is denoted by ‘+’ and dehydrogena-
tion is denoted by ‘−’, while x and xsat are the local hydride concentration at any given
time and saturation, respectively. For all the studied materials, the flatness factors and
the hysteresis effects were measured experimentally using the data collected from the
hydrogenation kinetics and isotherms.

3. Validation of the Numerical Model

The validation of the proposed numerical model was conducted against experimental
data extracted from a commercial Sievert-type apparatus (HIDEN Isochema-IMI Instru-
ments, Manchester, UK). Both the hydrogenation and temperature behavior of the material
were extracted during the charging process at an initial hydrogen supply pressure of 15 bar
and at a temperature of 20 ◦C. The amount of material tested was 1 g. Figure 2a shows the
geometry of the bed used for the validation of the numerical model and the position of
the thermocouple. Figure 2b shows the comparison of the temperature profile during the
hydrogenation process and Figure 2c shows the hydrogenation profile of the material. The
results of the numerical work compared to the experimental data present good agreement
with a maximum deviation of no more than 5%.
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4. Results and Discussion
4.1. Temperature Distribution and Hydrogenation Kinetics

Hydrogenation kinetics are very important for effective hydrogen storage. The kinetics
of the hydrogen storage are described by the charging time tc. The charging time (tc) is
defined as the time needed for the hydrogenation ratio to increase from 0.1 to 0.9. The
hydrogenation ratio is the ratio between the amount of hydrogen stored and the maximum
theoretical amount of hydrogen that the specific material is able to store reversibly. To
improve the hydrogenation kinetics, five thermal management scenarios of the metal hy-
dride bed were introduced and studied. The geometries of the five scenarios are described
in Figure 1. In addition, three different hydride-forming intermetallic compounds were
studied under the same scenarios. The materials used in the current study are a ‘conven-
tional’ LaNi5 intermetallic, an AB5-type MmNiAl intermetallic and an AB2 Laves-phase
Zr-Ti-Fe-Cr-Mn intermetallic. Table 2 presents the main properties of the materials used in
this study.

Table 2. Main properties of the metal hydrides.

Properties LaNi5 Mm Intermetallic AB2 Intermetallic

Effective density (kg/m3) 4175.0 3172.5 3250.0
Activation Energy (J/molH2) 28,500.0 26,250.0 24,350.0

Enthalpy of formation (J/molH2) 28,300.0 25,242.0 28,579.0
Entropy of formation (J/molH2/K) 102.1 105.1 106.8

Molecular weight (g/mol) 432.5 435.2 173.9

Figure 3a presents the temperature profile of the AB2 intermetallic during the hydro-
genation process for all the heat management scenarios studied. The initial temperature
of the bed and the coolant was 10 ◦C and the hydrogen supply pressure was 20 bar. The
temperature at the beginning of the hydrogenation process increased due to the highly
exothermic process and reached a maximum value. After that point, the thermal manage-
ment began to dominate, and the temperature dropped as it tends to reach the temperature
of the coolant. In this case, the maximum temperature achieved during the hydrogenation
process was between 75–78 ◦C for all scenarios. The temperature profile of the hydride
heavily affects the hydrogenation kinetics. In general, the hydrogenation process takes
place in two steps. During the first step, the hydrogenation rate increases rapidly due to
the large pressure difference between the hydrogen pressure and the equilibrium pressure.
This pressure difference is the driving potential for hydrogen absorption in the metal lattice.

The temperature at the beginning of the process was at the maximum value (75–78 ◦C),
during the first 40–60 s of the reaction. This is due to the low thermal conductivity of
the hydride powders that restrict effective heat removal. During that period, the hydride
stores an amount of hydrogen at a hydrogenation fraction of X = 0.13 (Figure 3b) (13% of
the theoretical maximum amount of hydrogen that can be stored). During this step, the
pressure difference is the major factor in hydrogen storage. However, the temperature
increase results in the increase in equilibrium pressure; thus, the driving potential for the
hydrogenation decreases. During the second stage of hydrogenation, the circulating coolant
removes the produced heat from the tank and gradually reduces the temperature. As a
result, the driving potential increases and the hydrogen storage continues. This process
continues until the maximum capacity is achieved. Figure 3b presents the hydrogenation
fraction for all thermal management scenarios. For all the scenarios (except Scenario 3),
the hydrogenation fraction reaches X = 0.9 (90% of the maximum theoretical amount of
hydrogen stored) in less than 1500 s. Scenario 5 presents the fastest hydrogenation kinetics,
and this is further supported by the temperature profile, in which the temperature of the
hydride drops faster than the rest of the scenarios. The charging time tc for Scenarios 5, 2,
4 and 1 is 890 s, 1070 s, 1250 s and 1340 s, respectively. The other two materials that were
used in this work (LaNi5 and the Mm-based AB5 intermetallic) presented similar thermal
and hydrogenation behavior (Figure S2, supplementary material).
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Figure 3. (a) shows the bed temperature profile for all the thermal management scenarios when the
AB2 intemetallic used as the metal hydride, and (b) shows the hydrogenation kinetics for all thermal
management scenarios.

Table 3 presents the charging time (tc) of all the materials studied for all thermal
management scenarios. The thermal management technique used for Scenario 3 was not
able to effectively remove the produced heat, and the hydrogenation kinetics were slow (tc
more than 2500 s).

Figure 4 presents a comparison of all the thermal management scenarios studied and
the different materials used in terms of the charging time (tc). It can be extracted that all the
materials behave in a similar way for each thermal management scenario. Scenario 5 seems
to provide a more efficient heat removal during hydrogenation as, for all the materials
studied, it provides the fastest kinetics. The thermal management scenario suggested in
Scenario 3 appears to not remove the produced thermal energy effectively from the metal
hydride bed; thus, the kinetics are slow, and all the materials studied did not reach X = 0.9
within 2500 s.
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Table 3. Charging time of the materials studied for all the thermal management scenarios.

N/A AB2 Intermetallic ts (s) LaNi5 ts (s) Mm AB5 Intermetallic ts (s)

Scenario 1 1340 2051 2495
Scenario 2 1070 1785 1950
Scenario 3 >2500 >2500 >2500
Scenario 4 1250 1850 2179
Scenario 5 890 1410 1560
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For practical applications, such as the thermal coupling of a metal hydride bed with an
operating PEMFC, and besides the thermal and hydrogen storage response of the hydride,
the total weight of the system (metal hydride, metal hydride cylinder, thermal management
geometry) is also crucial, especially for automotive applications. Table 4 presents the total
weight of the system for every scenario studied.

Table 4. Total weight of the system for all the thermal management scenarios.

N/A AB2 Intermetallic
Total Mass (kg)

LaNi5
Total Mass (kg)

Mm AB5 Intermetallic
Total Mass (kg)

Scenario 1 10.52 11.79 11.73
Scenario 2 10.85 12.11 12.05
Scenario 3 10.35 11.61 11.56
Scenario 4 10.83 12.11 12.04
Scenario 5 11.16 12.42 12.36

From the analysis conducted, it can be concluded that for all the hydrides used in
the current study, two scenarios are the most efficient, namely Scenario 2 and Scenario 5.
Scenario 2 involves the introduction of six embedded cooling tubes, one in the center of the
reactor and the remaining five tubes distributed co-centrally. Scenario 5 includes six cooling
tubes in a similar way to Scenario 2, but a spiral heat exchanger was also introduced to
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ensure the homogeneity of the temperature distribution of the hydride close to the cylinder
walls. Figure 5 shows the comparison between these two scenarios only and between the
charging time needed to reach X = 0.9, as well as the total weight of the system, for all the
three materials used. For both scenarios, the utilization of the AB2 intermetallic resulted in
the best combination of performance and total weight. For the thermal coupling analysis
between the metal hydrides and the PEMFCs, both scenarios are taken into account when
the metal hydride is the AB2 intermetallic.
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4.2. Thermal Coupling of the Metal Hydride and the PEMFC

A 1D GT-SUITE model was developed to simulate the thermal management of a
fuel cell stack and thermal coupling with metal hydride tanks when they are charged
with hydrogen. The main target in this case was to drive the produced heart during
hydrogenation (exothermic process) to the operating fuel cell during the first minutes of
operation. Figure 6a shows the layout of the thermal management system. A Ballard
FCmove HD + 100 FC module (100 kW) was used in this study as the FC stack. Figure 6b
shows the fuel cell model in the GT-SUITE model.

Table 5 lists the FC stack settings used in the study. A default template, namely
“Engine Block with three Masses”, was used to model the coolant within the FC, as well
as the FC structure. This object simplifies the cooling passage into a single fluid volume.
The fuel cell structure is represented by three thermal masses. One of these masses is an
“inner” mass that is connected only to the fluid volume and receives direct heat input (heat
generation by the cells operating in the stack). The fluid is then connected to the “outer”
masses that represent the stack hardware (‘block’) and endplates (‘head-mass’). The outer
masses can transfer heat to the ambient environment. In addition, the initial temperature
for the PEMFC, the coolant and the environment is − 5 ◦C. In the current study, the cold
start time was defined as the time necessary for the PEMFC to reach 65 ◦C.
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of the thermal management system, whereas (b) presents the total Fuel Cell and management system
as used in the GT-SUITE model.

Table 5. PEMFC stack settings used in the study.

Parameter Unit Value

Inner mass kg 175
Block mass kg 175
Head mass kg 67
Fluid volume in fuel cell L 0.5
Heat transfer area m2 8
Convective heat transfer coeff. Wm−2K−1 1000
Area for external convection to ambient m2 1
Convective heat transfer coeff. to ambient Wm−2K−1 50

Figure 7 presents the PEMFC temperature when it was thermally coupled with the
operating metal hydride system. The AB2 intermetallic was selected as the operating
hydride under two thermal management scenarios (Scenario 2 and 5). For comparison
purposes, LaNi5 operating under Scenario 5 was included in the analysis. The coolant,
when entering the metal hydride, was 10 ◦C and the coolant at the outlet of the metal
hydride system was higher. Therefore, this was the main reason for the rapid increase
in PEMFC temperature during the first 50 s of the operation (Figure 7b). After that time,
the rate of increase was lower as the temperature difference decreased. The usage of the
metal hydride system to assist and enhance the cold start time seems to positively affect
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the PEMFC temperature and reduce the cold start time. Table 6 shows the cold start time
for all the cases studied.
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temperature profile for all the 4 scenarios studied. For clarity, (b) shows the temperature profile for
the first 100 s, (c) the profile between 100–400 s, (d) illustrates the temperature profile for last 200 s of
the measurement (400–600 s).

Table 6. Cold start time for all the simulated cases.

Case Cold Start Time (s) Reduced Time (%)

No MH 623 0
AB2—Scenario 2 578 7.23
AB2—Scenario 5 572 8.19

LaNi5—Scenario 5 595 4.49

The selection of the AB2 intermetallic under both Scenario 2 and 5 were able to
reduce the cold start time by 7.23 and 8.19%, respectively, whereas the selection of LaNi5
reduced the time only by 4.49%. In addition, the difference in the performance of the AB2
intermetallic in the two scenarios (2 and 5) was small (6 s). The total weight of the hydride
system was 11.16 kg and 10.85 kg for Scenario 5 and Scenario 2, respectively. Finally, the
thermal management system for Scenario 2 was less complex than the system for Scenario
5, as it did not involve the installation of the cooling coil. For automotive applications,
the total weight of the system is of major importance for the proper selection of the metal
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hydride system. However, in the case of the thermal management of a PEMFC that will
operate in a coach, the small difference between Scenario 5 and 2 (310 g) will not affect the
total weight of the total system. However, in this case, Scenario 2 is less complex compared
to Scenario 5, with a very close performance in the thermal management of the PEMFC.
Consequently, the selection of the AB2 intermetallic operating under Scenario 2 seems the
best option to enhance the cold start performance of the PEMFC.

5. Conclusions

In the current study, the introduction of metal hydrides and their effect on the cold
start of a PEMFC, when they are thermally coupled, has been investigated. The main
target of the current work was to study the effect of the excess heat that is produced during
the hydrogenation process on the cold start of a PEM fuel cell stack. The main idea was
to thermally couple the operating metal hydride bed and to drive the heat during the
exothermic hydrogenation process to the PEMFC stack, in order to accelerate the operation
of the PEMFC for hydrogen-powered coaches. Three hydride-forming intermetallics were
tested for that purpose. The properties of the intermetallics were experimentally extracted
and imported in commercial software (COMSOL Multiphysics 5.5). The hydrogenation
process of each intermetallic depends on various thermodynamic parameters, such as the
enthalpy/entropy of hydride formation, the thermal conductivity and the specific heat
capacity. In addition, as the thermal conductivity of the hydride powders is small, to
accelerate the hydrogenation, thermal management is preferable to effectively remove the
produced heat. Thus, five different thermal management scenarios for the metal hydride
beds were introduced and studied. The most promising combinations of the metal hy-
dride/thermal management scenario were selected. This selection was based mainly in
three factors: the hydrogenation kinetics; the hydrogenation thermal response; and the total
weight/complexity of the thermal management system. It was found that the combination
of the AB2 intermetallic and a thermal management scenario, involving six embedded
cooling tubes and a co-centrally placed spiral coil, presented the best performance, whereas
the combination of the AB2 intermetallic and a thermal management scenario, involving six
embedded cooling tubes without the coil, also presented a promising performance. How-
ever, based on the less complexity and (potential) cost of the spiral coil, it was concluded
that the thermal management scenario without the coil might be more applicable. The next
step was the study of the thermal coupling of the operating metal hydride bed with the
PEMFC stack. A Ballard FCmove HD + 100 FC module was used in this study as the FC
stack. It was found that the introduction and use of the metal hydride system to enhance
the cold start time can positively affect the PEMFC operation and reduce the cold start
time by up to 8.2%. Future plans include studying the effect of installing phase change
materials (PCMs) in the system, along with metal hydride beds, and to evaluate the total
performance of the system.
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