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HIGHLIGHTS

e The complex hydride 2LiNH,—1.1MgH,-0.1LiBH4-3wt%ZrCoHs releases H, below 180 °C.
e The complex hydride was combined with an intermetallic one to build an storage tank.
o The coupled material solution improves H, charging and discharging kinetics.

o A full scale hydrogen storage system was built and coupled with a HT-PEM.

e The APU was tested on vehicle in realistic conditions.
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The main objective of the SSH2S (Fuel Cell Coupled Solid State Hydrogen Storage Tank) project was to
develop a solid state hydrogen storage tank based on complex hydrides and to fully integrate it with a
High Temperature Proton Exchange Membrane (HT-PEM) fuel cell stack. A mixed lithium amide/mag-
nesium hydride system was used as the main storage material for the tank, due to its high gravimetric
storage capacity and relatively low hydrogen desorption temperature. The mixed lithium amide/mag-
nesium hydride system was coupled with a standard intermetallic compound to take advantage of its
capability to release hydrogen at ambient temperature and to ensure a fast start-up of the system. The
hydrogen storage tank was designed to feed a 1 kW HT-PEM stack for 2 h to be used for an Auxiliary
Power Unit (APU). A full thermal integration was possible thanks to the high operation temperature of
the fuel cell and to the relative low temperature (170 °C) for hydrogen release from the mixed lithium
amide/magnesium hydride system.
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1. Introduction

In this paper, we report the results of the SSH2S (Fuel Cell
Coupled Solid State Hydrogen Storage Tank) project [1], aimed to
develop a hydrogen fuelled Auxiliary Power Unit (APU) to be
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installed on a light duty commercial vehicle. A prototype hydrogen
storage tank based on hydrides was developed and it was thermally
coupled with a high temperature polymeric fuel cell stack, oper-
ating between 160 °C and 180 °C. The project was supported by the
European Fuel Cells and Hydrogen Joint Undertaking (FCH-JU).
Fuel cell-based APUs were intensively studied during the last
years for application on diesel fuelled heavy and light duty com-
mercial vehicles, with the aim to reduce the noxious and polluting
emissions related the engine idling used to power auxiliary systems
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(such as air-conditioning) during the parking of the vehicle [2—4].
For this reason, the majority of the suggested alternative systems
was based on a processor able to produce hydrogen from the diesel
fuel already present on-board and to deliver it to a polymeric fuel
cell stack [5,6]. Some efforts have been devoted to the processing of
biodiesel fuel to be used as a renewable fuel and to reduce the
carbon footprint of the technology [7,8]. The hydrogen produced
from diesel fuel requires purification before use, especially from
carbon monoxide (CO) and hydrogen sulphide (H,S), which can
poison the anodic catalysts of the fuel cell. The required quality of
hydrogen is directly connected with the cost and weight of the fuel
processor: reaching hydrogen purity grade for fuel cell can be not
practical or not economically convenient for automotive applica-
tions. For this reason, recent works proposed the use of high-
temperature fuel cell stacks, since at temperature in the range
150—180 °C the fuel cell catalyst is more tolerant to CO impurities
[9,10].

It is worth to mention that on-board hydrogen production is not
a completely a zero emission approach, since the fuel processor
produces a small amount of CO,. An alternative approach, having
the advantage of not producing local emissions, is on-board
hydrogen storage. The most mature and widely applied technol-
ogy is compressed hydrogen, which requires the availability of a
high pressure refuelling infrastructure. The automotive applica-
tions are currently adopting two standard pressures of 35 and
70 MPa. It can be expected that fast refill of small tanks, such as the
ones required for APU fuelling, will not be fully compatible with the
mentioned infrastructure for vehicles. For this reason, it is worth to
investigate solutions which would allow storing hydrogen at lower
pressures, which can be easy achieved by simple and inexpensive
pressure boosters. This approach has the additional advantage to
reduce the cost of compression and to avoid preventive actions
required to guarantee the safety of the storage system. Solid state
hydrogen storage is characterized by relatively low operating
pressures, and it has been the subject of many investigations in the
recent years [11—17].

Well known materials for hydrogen storage, showing very stable
performances and acceptable reversibility of hydrogen sorption
reaction, belong to the class of interstitial metal hydrides (MeH)
[15], characterized by gravimetric capacities lower than 2 wt% H,.
Early investigated examples are TiFe and LaNis compounds. Com-
plex hydrides (CxH) [16—18] have attracted considerable attentions
in the past years due to their high H, capacities, compared to metal
hydrides. These compounds have the general formula MxM'yHp,
where M is an alkali metal cation and M’ is a metal or metalloid.
Common examples include sodium and lithium alanate (NaAlH4
and LiAlH,4) and lithium borohydride (LiBHg). The first integration
of hydrogen storage system, based on complex hydride, with an
high temperature fuel cell stack was reported by Fichtner et al. [19].
Considering materials based on complex hydrides, Li-Mg-N-H
system, consisting of Mg(NH), and LiH, possesses good revers-
ibility and hydrogen sorption properties, as well as relatively low
operation temperatures (<200 °C) [19,20]. A mixture of LiNH; and
MgH> is regarded as the equivalent system to the Mg(NH),-LiH
combination, because of the following metathesis reaction be-
tween the two metal hydride-amide pairs [22]:

2 LiNH, + MgH, — Mg(NH,), + 2 LiH 1)

Experimental results showed that the combination of
Mg(NH>),-LiH is thermodynamically more stable. Therefore, after a
cycle of hydrogen desorption and re-hydrogenation, the system
becomes de facto a Mg(NHz),-LiH mixture [23]. Recently, it was
shown that Li-Mg-N-H system can be catalysed by mixed transition
metal compounds, which enable a reversible hydrogen storage

capacity of about 4.5 wt% H, at temperatures below 200 °C [23,24].
For this reason the effect of different additives was investigated in
this work and the 2LiNH, - 1.1MgH; - 0.1LiBH4 - 3 wt% ZrCoH3
system [26] was finally selected as active material for the solid state
hydrogen storage tank. Hydrogen desorption reaction brings to the
formation of a mixed imide with chemical formula Li;MgN>H>,
together with some residual ZrCoHs, corresponding to a hydrogen
release of 4.5 wt% Hy in about 300 min under 0.1 MPa at 150 °C.
Hydrogen absorption of 5.3 wt% H; has been obtained in about
20 min under 7.0 MPa at 150 °C. Reversibility of hydrogen sorption
reactions has been demonstrated for this system up to 10 cycles
[26]. Further studies extended the analysis up to 30 cycles, showing
partial reduction of the hydrogen gravimetric density [27].

Moreover, a new concept of thermal coupling of the mixed
lithium amide/magnesium hydride system with an intermetallic
compound, LaNig3Alp4Mng3, was investigated. The idea is to
exploit a synergic combination of advantages from both materials:
MeH, even if characterized by low gravimetric hydrogen storage
capacity, has fast hydrogen sorption kinetics at room temperature,
whereas the CxH has higher hydrogen storage capacity, but shows
slow reaction rates at low temperatures. The goal is therefore to
combine both materials in the tank, leading to an increase of
temperature at the beginning of the hydrogen sorption process,
because of the heat released by hydrogen absorption in MeH,
facilitating the first hydrogen uptake by the CxH. As soon as this
part of the CxH is active, its exothermic hydrogen absorption will
lead to a temperature increases in the whole tank, leading to an
accelerated hydrogen uptake.

In this paper, the main activities performed in the frame of the
SSH2S project will be reported, showing the progress toward the
implementation of a solid state hydrogen tank based on a mixed
lithium amide/magnesium hydride system, to be coupled with a
high temperature fuel cell powering a 1 kWh APU, installed in a
light duty commercial vehicle.

2. Methodology
2.1. Materials preparation and characterization

The complex hydride based system (CxH), catalysed with
different additives, was produced using high-energy ball milling.
LiNH; (from Sigma Aldrich, purity >95%), MgHa (Alfa Aesar, purity
98%) and LiBH4 (Alfa Aesar, purity 95%) were stored in a glove-box
under Ar as protecting atmosphere and used as-received. KH sus-
pension (Alfa Aesar, purity 35% in protective oil) was filtered,
washed with dry hexane and dried with a Biichi rotation evapo-
rator. ZrCo ingots were supplied by SAES Getters S.p.A. (Italy) and
converted to ZrCoHs by interaction with hydrogen at 1 MPa H,
pressure and ambient temperature. For the ball milling process, the
starting chemicals were loaded into a milling vessel inside the
glove-box. A Retsch PM 400E mill was used for screening the effect
of the additives. As MeH material, LaNig 3Alg4Mng 3 has been used,
because the equilibrium pressure of this material at room tem-
perature is below the equilibrium pressure for the Li-Mg-N-H
system. The material has been obtained from Konik Industries
Corporation, Shenzhen, Guangdong (China).

A carefully calibrated home-made Sieverts' system was used to
measure H2 evolution in a Temperature Programmed Desorption
(TPD) in isothermal desorption mode, under 0.1 MPa of hydrogen.
For the desorption isotherms, the temperature was first raised to
180°C at 5 °C min~! and held constant for 140 min. Absorption and
desorption Pressure-Composition-Temperature (PCT) measure-
ments were performed using a volumetric instrument (Advanced
Materials Corporation, Pittsburgh). Equilibrium profiles were
generated at different isotherms up to 200 °C and by applying
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pressures in steps up to 100 bar H».

The composition of gas desorbed from the mixed lithium amide/
magnesium hydride system was analysed coupling the TPD appa-
ratus with a MKS Microvision-IP Rest Gas Analyser mass spec-
trometer (MS). The possible chemical interaction between the
complex and the metal hydrides was investigated by scanning
electron microscopy (SEM, Zeiss SUPRA 50) and X-ray energy
dispersion spectroscopy (EDS, Oxford Inca).

2.2. Finite elements modelling and storage system testing

The storage vessel was modelled using 2D computational fluid
dynamics (CFD) simulations based on the finite elements method
[28] and performed with the commercial COMSOL code [29]. The
model included heat and mass transfer, pressure drop as well as
absorption and desorption reactions. Moreover, the model was
extended to include the combination of the intermetallic com-
pound with the complex hydride: this allowed investigating if the
heat of reaction provided by MeH is rapidly transferred to lead to
the desired temperature increase of the CxH and helped to un-
derstand the role of the reactor geometry on these self-accelerating
hydrogen sorption processes [30].

The simulation results (see Section 3.2) showed that to improve
the heat transport between the storing materials and the fluid used
for the heat exchange the storage system has to be composed by
twelve cylindrical vessels connected in parallel. After the design
guided by finite elements modelling, the storage system was built
using stainless steel tubes welded using the Tungsten Inert Gas
(TIG) technique. To avoid contact between the hydrogen storage
material and air, a custom glove-box was built for the fabrication of
the vessels.

The storage system was tested by a custom experimental set-up
able to simulate real charge/discharge processes: hydrogen pres-
sures up to 150 bar have been applied and the heat transfer fuel
flow has been controlled at temperatures up to 200 °C. Each storage
vessel was equipped with a temperature sensor. Hydrogen was
supplied or released by pressure or mass-flow control up to 20
NI-min~!: this flow rate was not sufficient to perform fast charging
tests on the complete system. For this reason, a single vessel was
filled at high flow rate demonstrating the possibility to completely
fill the hydrogen storing materials in 15 min. For desorption ex-
periments, the boundary conditions were set-up according to the
foreseen coupling with the fuel cell stack.

3. Results and discussion
3.1. Material selection for hydrogen storage

In order to select the material to be used for the hydrogen tank, a
mixture based on 2LiNH,-1.1MgH; was ball-milled with different
additives (i.e. LiBH4, KH and ZrCoHj3) to obtain the various mixtures.
The effect of different additives on hydrogen desorption was
studied using TPD at 180 °C and the results are shown in Fig. 1.

On the basis of the gravimetric capacity and desorption kinetics,
as well as the stability to hydrogen absorption/desorption cycles
[31], the 2LiNH; - 1.1MgH; - 0.1LiBH4 - 3 wt% ZrCoH3 mixture was
selected for building the storage system. After an activation pre-
treatment of the sample with three cycles of absorption at
100 bar/desorption in vacuum at 150 °C, PCT measurements were
performed. In order to obtain equilibrium data, various cycles of
hydrogen absorption and desorption have been carried out. The
results obtained for the first desorption are reported in Fig. 2. It
turns out that, at 150 °C, equilibrium conditions cannot be reached
because of kinetic constraints, so that a limited amount of hydrogen
can be desorbed (i.e. 2 wt% Hj). For higher temperatures,

equilibrium conditions can be easily obtained, leading to hydrogen
desorption of about 4.0—4.5 wt% H,, so that a plateau pressure can
be identified. From the analysis of the equilibrium pressure at
various temperatures, the desorption enthalpy of the system was
determined to be —45 k] molp} [30]. Data shown in Figs. 1 and 2
confirm that the selected mixture is suitable to be coupled with a
HT-PEM fuel cell.

The ball milling procedure was optimized to obtain good cycle
stability and reversibility in the hydrogen sorption test. Hydrogen
absorption and desorption reaction rates were established [30],
indicating that more than 70% of hydrogen can be released at 160 °C
in about 1 h. Considering the whole set of data obtained for the
characterisation of hydrogen sorption reactions, the optimal oper-
ating temperature combing desirable kinetics, full reversibility and
good storage capacity was selected at 160 °C. TPD-MS analysis in
the temperature region of 25—600 °C showed that the mass loss up
to 220 °C can be attributed merely to hydrogen evolution. In fact,
signals related to masses 26 and 27, due to release of B — H species
were 100 times smaller than that of the mass 2, due to hydrogen
delivery. Similarly, signals of masses 12, 14 or 17, related to deliv-
ering of N — H species, were 2 orders of magnitude lower than that
due to mass 2. So the di-borane or ammonia emissions were
negligible, confirming the absence of gaseous species which can
poison the catalyst of the anodes of the fuel cell stack.

The use of a direct mixture of MeH (LaNig3Alg4Mng3) with the
selected CxH system as active material was investigated as a first
option. However, the mixture exhibited a rapid decrement of
storage capacity upon cycling. X-ray energy dispersion spectros-
copy (EDS) identified in the mixture a La-Ni-Mg containing phase,
suggesting chemical interaction between the mixed lithium amide/
magnesium hydride system and the intermetallic material. For this
reason, the two materials were kept separated, but in thermal
contact, in the hydrogen storage tank.

3.2. Development and testing of the hydrogen storage system

The storage system was conceived exploiting a new concept of
thermal coupling of the complex and metal hydrides. This solution
combines the advantages of both materials and facilitates the
charging process: during the first phase of hydrogen absorption, at
ambient temperature, the heat released by the MeH helps to
enhance the temperature of the reacting bed up to 100 °C, when
also the CxH system can start the hydrogen uptake. Moreover,
during desorption, the fast desorption kinetics of MeH can help to
sustain transitory peak requests of hydrogen from the fuel cell
stack.

The tank design process was guided by CFD simulations of the
behaviour of the storing materials inside of the tank. The tank ge-
ometry used for simulation is shown in Fig. 3 (left and middle). It
basically consists of two separate concentric cylindrical compart-
ments containing, respectively, MeH and CxH (combi-tank concept)
that are separated by a filter mesh made of copper. The cylindrical
symmetry of the problem allows reducing the computational effort
by selecting the computational domain depicted in red in Fig. 3
(left). Results of the 2D simulation provided the temperature evo-
lution in the tank as a function of time. As an example, the tem-
perature distribution at the point in time shortly before the CxH
starts to absorb is reported in Fig. 3 (right). One of the main ad-
vantages of the combi-tank concept is indicated by the red arrow:
due to the internal heat generation by the exothermic reaction of
MeH, a heat flux is triggered from the centre to the outer cooling
surface. Consequently, an external heating of the CxH at the
beginning is not required and towards the end of the reaction the
required cooling load is clearly reduced.

The simulation results suggested how to improve the heat
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Fig. 1. Hydrogen desorption curves under 0.1 MPa of hydrogen for the 2 LiNH, — 1.1 MgH, systems with and without addition of LiBH,, ZrCoHs and KH in varying amounts.

These goals can be achieved distributing the storing phase in
multiple small vessels connected in parallel instead of using a single
big tank containing all the required storage material. Moreover, the
best CxH:MeH gravimetric ratio for optimizing the kinetics of ab-
sorption and desorption has been calculated to be equal to 1:1. The
complete results of finite elements simulations were published
elsewhere [32—34]. On the basis of that complete study, the ge-
ometry of the single storage vessel was defined: each container is
built using stainless steel and comprises two concentric cylindrical
compartments containing the MeH (inner shell) and the CxH (outer
shell), as shown in Fig. 4a. The two materials compartments were
separated by a porous medium with a 0.2 mm porosity, to avoid
mixing but allowing the fast flowing of hydrogen and the heat

10049 4% gesorption

il T
it 2 2

S satnegy, *eng

Pressure (bar)

seny

ra
=
1
.
- "
*
=3 =
3| &
ke d
L ]

| .. i L 70 °C exchange. The heating and cooling system consisted in a jacket
L cg’-:—'—_" 150 =C surrounding each single vessel in which thermal fluid, used to
0- T T T couple the storage tank with the high temperature fuel cell stack,
0 1 2 3 4 was circulated.
H; mass The scale-up for the material production was performed on a
vibrational ball-mill by Siebtechnik GmbH, housed in a nitrogen
Fig. 2. PCl'curves(lstdesorption,afterac'tivgtion)qfthe 2LiNH; - 1.1MgH; - 0.1LiBH4 - filled glove-box. The mixed lithium amide/magnesium hydride
3 W% ZrCoH system. Temperatures are indicated in the figure. system to be used for the tank was prepared with a ball to powder

ratio of 390:1 at 1200 rpm of the eccentric drive, 2000 steel balls
with a diameter of 20 mm and a total milling time of 5 h. In total,

exchange to and from the reacting bed, how to reduce the thermal ; ! )
the tank was filled with 3.4 kg of metal hydride and 3.4 kg of Li-Mg-

inertia of the system and the start-up time for hydrogen desorption.

250
\ 200
Steel A~
H < Li-Mg-N-H

100

.Copper
50

MeH‘

Fig. 3. Left and middle: tank geometry used for simulation. Right: results of 2D simulation at the point in time shortly before the CxH starts to absorb and increases its temperature.
The red arrow indicates the direction of heat flux. The bar indicated the temperature scale. (For interpretation of the references to colour in this figure legend, the reader is referred
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Complex hydride

Fig. 4. a) Scheme of single vessel implementing the double storage materials concept (combi-tank); b) assembly of twelve vessels in parallel to form the complete storage system; c)

overall dimensions of the system.

N-H mixture. Twelve single vessels were assembled in parallel, as
shown in Fig. 4b. A thermocouple was inserted in each single vessel
in order to monitor the temperature during operation. Overall di-
mensions of the tank are reported in Fig. 4c, together with details of
connections and valves.

The storage tank was characterized using the custom test bench
before the integration with the fuel cell system. The hydrogen
filling pressure was 67 bar, in order to guarantee the complete
charging of the tank (in accordance with PCT measurements re-
ported in Fig. 2). Hydrogen was then released at constant mass flow
rate. As soon as the pressure reached a value lower than the equi-
librium pressure of the system, the material started to desorb and a
plateau in pressure vs time was reached. During the experiment,
the temperature of the heat transfer fluid was kept constant at
180 °C (corresponding to the operating temperature of the HT-PEM
fuel cell) and the minimum final pressure was set to 1.7 bar, a value
compatible with the pressure drop encountered in the hydrogen
inlet line of the fuel cell stack.

The time dependence of pressure during hydrogen desorption
from one single tube at different hydrogen flow rates is reported in
Fig. 5. As expected, the pressure drops until it reaches a pressure at
which the endothermic release of hydrogen starts. It is interesting
to note that this plateau of the pressure signal depends on the
adjusted flow rate. Since the higher flow rates the more thermal
energy is required, the temperature gradient between the heat
transfer fluid and the reaction temperature has to increase for high
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Fig. 5. Hydrogen desorption from one single tube at 180 °C. Flow rates (right side) and
corresponding pressure (left side) are shown as a function of time. Final tank consists
of 12 similar tubes operated in parallel.

discharge rates, so that the pressure of released hydrogen is
reduced. Taking into account that the final prototype was built of 12
identical tubes, it can operate at nominal power (1NI-min~!) with
an efficiency of 45% for around 2 h until the pressure drops below
the required value (1.7 bar). Additionally, it can be stated that the
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Table 1

Specifications of the 1 kW APU.
Operating time 2h
Total stored energy 5 kWh
Fuel cell efficiency 04
H, storage capacity 1400 NI
Maximum H, internal pressure 100 bar
Maximum temperature 200 °C
H, release pressure 1.5 bar
Average H, flow rate to the fuel cell 20 NI-min~!
Maximum filling time 15 min

storage system is able to supply the fuel cell stack for more than
4 h at 50% load.

The overall hydrogen amount released by the tank has been
calculated integrating the mass flow rate over time interval of 2 h
and it was determined to be 173 g. Since 6 g of hydrogen were
stored as gaseous phase in the free volume of the prototype tank, a
mass of about 167 g of hydrogen has been estimated to be stored in
the solid phases. This value corresponds to a gravimetric hydrogen
storage density of 2.45 wt% H, for the combined materials. The
volumetric storage capacity of the tank is 10 g 1-!, to be compared
with compressed hydrogen tanks, which ranges between 9 g 17!
and 23 g 17! for steel cylinders at 200 bar and type IV composite
cylinders at 700 bar, respectively [35]. On the other hand, liquid
hydrogen based storage systems can reach a volumetric capacity of
40 g 171, but suffer from an extremely complex thermal manage-
ment and from the continuous hydrogen boil-off [35].

3.3. APU building and system testing

The developed solid state hydrogen tank was thermally coupled
with a liquid cooled HT-PEM fuel cell stack to build the APU. The
operating principle of the system is based on using the heat
released by the fuel cell stack to desorb hydrogen from the solid
state hydrogen storage tank. This was possible thanks to the high
operation temperature of the fuel cell and to the relatively low
hydrogen desorption temperature of the developed hydrogen
storage materials. It is worth noting that this approach allows
recovering part of the heat released by the fuel cell stack, whereas
in APU systems employing compressed hydrogen it has to be
dissipated to the ambient. The design specifications of the APU,
based on the requirements for the installation on a light duty
commercial vehicle, are reported in Table 1.

A 1 kW HT-PEM fuel cell stack, based on polybenzimidazole/
phosphoric acid membranes, was supplied by Serenergy A/S. The
cathode of the fuel cell system was fed by a blower with filtered air
from environment. Temperature and mass flow were monitored at
stack inlet. At cathode side, only the temperature of the waste gas
was monitored, to ensure that no condensate droplets could return
back to the stack. So, a solenoid purge valve was located at stack
outlet. The anode side of the stack was fed with pure hydrogen from
the hydride-based tank. The pressure was reduced by a mechanical
pressure regulator down to 50 mbar, which is the required pressure
for the stack anode. The hydrogen mass flow and pressure were
monitored at stack inlet. The anode purging strategy was imple-
mented combining time and charge criteria. The maximum charge
between purges was set to 500 C according to the fuel cell stack
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Fig. 6. Scheme of the APU. The hydrogen storage tank, the HT-PEM and the main auxiliary components are reported.
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Hydrogen storage
system

Fuel cell system

Fig. 7. APU installed on the IVECO Daily for the road testing.

specifications. To ensure sufficient purging also at low stack power,
the maximum time between purges was set to 20s. The purge
period (time of valve open) was set to 0.05s. During startup, the
purge valve was kept open for 5s after opening the hydrogen supply
valve to flush out any extraneous gases from the anodic
compartment.

The thermal coupling between the storage system and the stack
was realized by a liquid external circuit, adopting trietylenglycol
(TEG) as heat transfer medium. The electronic control of the APU
was based on a National Instruments compact RIO control unit,
implementing the required logics (start-up and shutdown pro-
cedures, normal operation, alarms and errors) coded using the
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Labview programming language. The scheme of the APU is reported
in Fig. 6. To facilitate and fasten the start-up of the APU, a small
cylinder of compressed hydrogen (not shown in the scheme of
Fig. 6) was connected in parallel to the solid-state hydrogen storage
system.

3.4. APU installation and testing

After the integration of the hydrogen storage and fuel cell sys-
tems described in Section 3.3, the APU was installed on an IVECO
Daily Electric for the final road testing (see Fig. 7). The APU was
connected to the 12 V circuit of the vehicle to recharge the service
batteries. The performances of the APU were measured on a real
road scenario, defined coherently with the typical urban mission of
selected type of vehicle. A custom urban cycle was defined with an
average required power of 400 W and a current set point of 50 A.

The total duration of the test was 4500 s. The starting temper-
atures of the fuel cell stack, heat transfer fluid and hydrogen storage
material were 120 °C. Fig. 8 shows the time evolution of the elec-
trical current (top), the temperature of the heat transfer fluid
(middle) and of the storage system (bottom) during the test. The
system required, using electric heating, 3100 s to reach 160 °C and
for the remaining part of the test the thermal balance was assured
by the heat generated by the fuel cell stack. The maximum gross
current generated by the fuel cell stack was 45 A, and it remained
constant for the whole duration of the test. The temperature dis-
tribution in the whole system was rather homogenous during the
test, confirming the optimized running of the whole system.

Fuel cell gross current
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Fig. 8. Top: current generated by the fuel cell stack during the test. Middle: temperature of the heat transfer fluid in different points of the APU (storage system- Tnk = complete
tank - inlet/outlet, FC = fuel cell inlet/outlet, Pump = circulating pump outlet). Bottom: temperatures of six of the twelve storage vessels (indicated with Tnk = single tanks).
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4. Conclusions

In this work, the development of a HT-PEM fuel cell APU with
solid state hydrogen storage system was presented. A solid state
hydrogen storage system with gravimetric capacity of 2.1%, fully
reversible at 160—180 °C, was demonstrated. The combination of
the mixed lithium amide/magnesium hydride system with a metal
hydride to exploit the advantages of both materials was imple-
mented. The auxiliary power unit was built integrating and ther-
mally coupling the storage system with a high temperature proton
exchange membrane fuel cells stack. The APU was installed on a
light duty commercial vehicle (IVECO Daily) and its performances
were validated in an urban cycle in conditions similar to those
found in real life applications.

As a result of the SSH2S project, it has been demonstrated for the
first time that a hydrogen tank based on complex hydrides can be
suitably used to feed a HT-PEM fuel cell, powering a 1 kW APU. For
possible commercial implementation of the developed prototype,
an increase of the power up to 5 kW should be considered. In
addition, an optimization of the design might reduce the total
weight of the system, possibly leading to performances comparable
to existing APU based on fuel cells using compressed gas hydrogen
storage.
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