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Abstract:

The present work focuses on two particular performance indicators for hydrogen storage solutions based on
the thermal integration of metal hydrides (MH) with phase-change materials (PCMs): i) the (specific) discharge
power and ii) the system-level volumetric capacity. The paper first condenses available literature data from
modelling and experimental activities, and then analyses a basic numerical benchmark of a low-temperature
MH-PCM system.

Findings from the literature review show that, due to the interrelation between efficient thermal management
and hydrogen desorption rate, the selected performance indicators are not independent one from another. It
is also confirmed that simultaneously achieving high-power (flexibility) and specific capacity (compactness) is
a challenging goal for such kind of hydrogen storage systems. The parametric analysis of the numerical
benchmark system suggests that, for a given MH operating pressure-temperature envelope, special care
should be given in the PCM accurate characterisation and selection, as well as in the quantification of the
optimal trade-off between the PCM volume and desorption kinetics performance. Furthermore it is found that
the geometrical distribution of the MH and PCM volumes have a larger than expected impact on the specific
discharge power.
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1. Introduction

In order to attain a net zero-carbon footprint, it is imperative to produce a substantial share of energy from
sustainable sources (IPCC, 2022). Hydrogen is currently recognised as an essential element in facilitating the
incorporation of large-scale renewable energy sources (Bartolucci et al., 2021). It also has the potential to
become a primary energy carrier, being capable of transporting and distributing energy across various sectors
and regions while also improving the energy system's resilience by serving as a buffer (Bartolucci et al., 2023;
Kovac et al., 2021). To establish a commercially sustainable H2 economy, it is crucial to store, transport, and
distribute H2 as needed for power and heat generation in various applications (Abohamzeh et al., 2021a).
Recent research published through the H2 Technology Collaboration Program of the International Energy
Agency has provided a positive outlook on the future prospects of H2-based energy storage. Several studies
have explored the integration of renewable energy systems with H2 storage to achieve net-zero-emission
energy systems and sustainable development goals (Petkov & Gabrielli, 2020). The increasing affordability of
H2 utilization technologies, such as fuel cells, may replace battery storage through electrolysers/H2 storage
due to their higher efficiency, reliability, and performance (Yue et al., 2021). To present, the cost of H2 systems
is higher compared to battery systems, but recent research activities on the H2 value chain for various
applications are anticipated to make them competitive by 2030 (Abbasi & Abbasi, 2011).

H2 storage techniques can be broadly categorised into two groups: physical storage and material storage.
Physical storage relies on the principle of compression and liquefaction. In contrast, material storage
encompasses several systems and provides various utilization methods based on service conditions.
Currently, the accepted standard for H2 storage is in high-pressure gaseous form, with storage pressures of
up to 700 bar in steel or carbon fibre reinforced polymeric vessels (Nazir et al., 2020). Compressed H2 (CH)
technology offers the advantage of fast filling and release rates, as well as lower storage costs. However, CH
has several well-known limitations, including reduced storage efficiency, limited volumetric storage capacity,
and safety concerns. Compressing H2 from typical production conditions (20 bar) up to 700 bar results in a 9-
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12% reduction in net energy stored (Nazir et al., 2020). If Type 4 vessels are considered, the effective
volumetric storage capacity of CH at 700 bar is approximately 25 kg/m3. For stationary applications, it is
preferable to storage pressures as low as 50 bar or less, for a better integration with renewable H2 generation
and to operate under safer conditions. However, at 50 bar, the volumetric capacity of CH systems falls below
2 kg/m3, which would require very large vessels for long-term storage (Abohamzeh et al., 2021b; Maestre et
al.,, 2021).

Metal hydrides (MH) are a promising alternative to replace compressed hydrogen (CH) for stationary
applications due to their inherently higher volumetric storage capacity and moderate operating pressures and
temperatures (Bellosta von Colbe et al., 2019; El Kharbachi et al., 2020). Mg-based and intermetallic hydrides
are the focus of recent MH storage technology development (Ben Maad et al., 2016; El Mghari et al., 2019,
2020; Garrier et al., 2013; Marty et al., 2013; Mellouli et al., 2015). Mg-based hydrides have attractive reversible
gravimetric capacities, material safety, and low cost, but their high reaction enthalpy, high equilibrium
temperature, and slow kinetics require catalyst particle additions (Pasquini et al., 2022). Intermetallic hydrides
of the AB2 or AB5 types are preferred thanks to their ease of activation, good reversibility, and comparatively
fast kinetics (Pasquini et al., 2022). Due to the highly exothermic/endothermic hydrogen absorption/desorption
reactions, proper active or passive thermal management is necessary for high-power applications involving
MH storage systems (Facci et al., 2021; Nguyen & Shabani, 2021). Active thermal control allows for effective
performance tuning, but generates energy losses and may add significant mass and volume at system level
(Motyka, 2014). Passive thermal control, specifically through the adoption of phase-change materials (PCMs),
is a promising solution due to its energy efficiency gains and inherent simplicity (Nguyen & Shabani, 2021).

Darzi et al. (Rabienataj Darzi et al., 2016) examined how hydrogen is charged and discharged into and from a
cylindrical metal hydride tank made of LaNi5, while also studying the heat transfer to a surrounding jacket filled
with PCM. EI Mghari et al. (El Mghari et al., 2020) analysed five different PCMs and emphasised that the ratio
of the total heat of diffusion of the PCM to the total heat of reaction of the MH is a significant factor in achieving
complete hydrogenation of the tank. Algahtani et al. (Algahtani, Mellouli, et al., 2020) used numerical methods
to investigate the hydrogenation and dehydrogenation processes of an MH reactor surrounded by PCM. They
doubled the number of interfaces between the MH reactor and PCM by encompassing the MH reactor with a
cylindrical sandwich bed filled with PCM, resulting in an 81.5% and 73% improvement in the time required for
hydrogenation and dehydrogenation processes, respectively, compared to a conventional MH-PCM system
that includes only a single PCM tank (Algahtani et al., 2020b). Ye et al. (Ye et al., 2020, 2021) proposed a
novel MH-PCM unit where a PCM layer is sandwiched between two layers of MH, which exhibited average
absorption and desorption rates about 4.5 and 2.4 times higher, respectively, than the traditional cylindrical
configuration.

Several authors have examined the advantages of increasing the thermal conductivity of PCMs to improve the
performance of hydrogen storage. To achieve this goal, various methods have been explored. For example,
Nguyen et al. (Nguyen et al., 2022) investigated the application of an organic PCM for the thermal management
of MH hydrogen storage and found that the use of embedded copper foam to enhance thermal conductivity is
crucial for achieving an adequate power performance. Chibani et al. (Chibani et al., 2022) conducted numerical
analysis to examine the impact of incorporating PCM into metal foam on the performance of hydrogen
desorption from MH. Lewis and Chippar (Lewis & Chippar, 2021) studied the charging and discharging of
hydrogen in a LaNi5-based reactor equipped with PCM and emphasised the influence of metal foam and its
morphology on hydrogen storage and thermal performance, which can enhance hydriding/dehydriding reaction
rates. Bourzgarrou et al. (Bouzgarrou et al., 2022) demonstrated that a well-designed U-type heat pipes insert
in the metal and PCM media can significantly reduce loading time by up to 88%, depending on the melting
temperature.

Although the majority of the papers discussed various methods to improve the power and capacity of MH
tanks, they usually did not consider the overall H2 storage capacity at the system level, neither the
power/capacity ratio. To address this gap, the authors conducted a thorough analysis of the relevant
parameters for some of the studies mentioned above, selecting the ones where all the information required
was directly or indirectly available. The purpose of this analysis was to illustrate the difficulty of simultaneously
achieving a high discharge power/capacity ratio and a high system-level H2 volumetric storage capacity, as
depicted in Figure 1. The current paper aims, therefore, in highlighting capacity and power enhancement
factors through a representative MH-PCM computational framework, targeting at the optimisation of both
performance indicators.
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Figure 1. Specific discharge power vs. volumetric storage capacity of MH-PCM systems, literature review.

2. Numerical benchmark

2.1. Problem and setup description

A simple vertically oriented cylindrical MH reactor geometry, surrounded by a PCM-filled jacket, has been
taken as a reference for the numerical analysis part of the present work (Figure 2). An analogous MH-PCM
system has already been studied during hydrogen filling by two of the authors in a previous publication
(Bartolucci & Krastev, 2022) , as well as by other researchers (Algahtani, Bamasag, et al., 2020b) but none of
them focusing on the specific discharge power vs. volumetric capacity performances. The selected MH is a
low-temperature intermetallic LaNis-Hz system, while the PCM is an inorganic LiNO3-3H20 salt hydrate. The
latter has been recognised in previous research works as one of the best performing PCMs for pairing with
low-temperature MHs (Bartolucci & Krastev, 2022; El Mghari et al., 2020). The most relevant MH and PCM
properties are listed in Tables 1 and 2. The baseline geometry is exactly equivalent to the one already
investigated in (Bartolucci & Krastev, 2022), while it has been subsequently altered to optimise the PCM
quantity and to test different slenderness factors H/D, with D = 2R (see Table 3).

All the simulations here presented are based on the following main assumptions:
. the MH-PCM reactors are represented as 2D axisymmetric geometries;
. the MH bed volume is kept constant for all reactor geometries;
the external boundaries of the MH-PCM reactor (except for the hydrogen outlet boundary) are all adiabatic;
. hydrogen is released from the MH bed at a known and constant pressure (atmospheric pressure);
. gaseous hydrogen is assumed to follow the ideal gas law;
the MH bed is considered as an isotropic porous medium with uniform porosity and permeability;
. local thermal equilibrium is assumed to hold within the LaNis-Hz system;
. buoyancy is not considered for the heat transfer and melting phenomena within the PCMs;
density of the PCM is considered constant and equal to the average between solid and liquid values;

j. other thermophysical properties of PCMs vary with temperature according to the available data, unless
differently specified.

SQ 0 Q0 T W

The MH-PCM system bed simulation framework has been implemented in ANSYS® Fluent (ANSYS®
Academic Research CFD, Release 2020 R2, Fluent User’s Guide, 2020), combining ad-hoc developed User
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Defined Functions (UDFs) for hydrogen desorption with the enthalpy-porosity method (Voller & Prakash, 1987;
Voller & Swaminathan, 1991) for phase transition. For a detailed explanation of model equations and of the
UDF implementation procedure, the reader is redirected to (Bartolucci & Krastev, 2022). References for the
phase transition modelling can be found also in (Krastev & Falcucci, 2021). All the numerical predictions
reported here adopt a numerical time step equal to 0.1 s, with a physical simulated time of 10* s. All
computational grids are made of quad-uniform elements with a 0.5 mm spacing. At the beginning of each
simulation, the initial temperature of the system is set to 313 K and the pressure inside the MH tank is set at
the equilibrium value for that temperature. Discharge pressure at the tank outlet is 1 bar.

Table 1. Main thermophysical and reaction properties of the LaNis-Hz system.

Parameters Description Values
Ad Plateau coefficient (desorption) 10.57
Bd Plateau coefficient (desorption) 3704.6 K
Cd Rate coefficient (desorption) 9.57 s’
Cpg Specific heat capacity (gas) 14890 J kg™ K"
Cps Specific heat capacity (solid) 419 J kg K
Eq Activation energy (desorption) 16473 J mol’
AHR Enthalpy of reaction 30478 J mol!
K Bed permeability 108 m?
€ Bed porosity 0.5
Ag Thermal conductivity (gas) 0.1815 W m™' K!
As Thermal conductivity (solid) 2W mtK!
g Dynamic viscosity (gas) 8.4x10%Pas
Psat Saturated metal density 7259 kg m®
Pemp Ha-free metal density 7164 kg m?
Wo, Gravimetric capacity (bed only) 1.32%
MLaNis Metal mass ~0.422 kg
MH2 H2 storage capacity 564

Table 2. Main thermophysical properties of the LiNO3-H.0 PCM.
Parameters Description Values
Coplpcm Specific heat capacity (liquid) 2770 J kg K1
Chps,pcM Specific heat capacity (solid) 1730 J kg K
Rep Liquid-to-solid Cp ratio 1.6
Ls Latent heat of fusion 296000 J kg
Tm Melting temperature 303 K
M,pCM Thermal conductivity (liquid) 0.58 W m™ K-
As.PCM Thermal conductivity (solid) 1.32 W m™" K
R Liquid-to-solid A ratio 0.44
LPCM Dynamic viscosity (liquid) 0.0042 Pa's
PLPCM Density (liquid) 1780 kg m
Ps,PCM Density (solid) 2140 kg m3

Table 3. Dimensional details of the considered jacket-type MH-PCM reactor geometries.

Parameters Description Baseline Optimised Optimised Optimised
(H/D = 2) (H/D =2) (HD =1) (H/D =4)
Rz H2 outlet radius 0.5cm 0.5cm 0.5cm 0.5cm
Ri Internal radius 2.1cm 2.1cm 2.65cm 1.67 cm
Re External radius 3.45cm 3.2cm 4.05cm 2.55¢cm
H Height 8.5cm 8.5cm 5.3cm 13.4cm
H/D Slenderness 2 2 1 4
VmH MH volume (total) 118 cm3 118 cm?® 118 cm?® 118 cm?
Vecm PCM volume 200 cm?® 154 cm? 154 cm? 154 cm3
https://doi.org/10.52202/069564-0197 2186
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Figure 2. Schematic of the jacket-type MH-PCM cylindrical reactor.

2.2. Results

In this Section, numerical prediction results are shown in terms of the hydrogen discharge dynamics, PCM
liquid fraction and temperature evolution in the MH and PCM tanks. Figures 3 and 4 compares the baseline
and mass-optimised reactor configurations, where the same slenderness factor (H/D = 2) for the MH container
is assumed for both. Note that the PCM mass optimisation was obtained through the following simple
relationship between the total enthalpy of reaction of the desorbed H2 mass and the PCM latent heat of fusion:

-AH
Mpem = m%fk . (1)
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Figure 3. Comparison between the baseline and mass-optimised MH reactor configurations, in terms of a) hydrogen
discharge curve and b) PCM liquid fraction over time.
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Figure 3a confirms that the baseline and mass-optimised configurations have essentially equivalent H2
discharge performances (both are able to discharge 95% of the absorbed H2 mass within 6800 s, with a 1.2
% deviation among the two), while Figure 3b evidences that around 20% of the PCM latent heat capacity is
not exploited in the baseline case. Figures 4a and 4b show that, if the PCM has not undergone full phase
transition, the MH-PCM system finds its thermal equilibrium close to the melting temperature. Conversely, if
the PCM fully melts before all the H2 mass is completely desorbed, the system’s equilibrium temperature is
significantly lower (around 294 K vs. around 302 K) and closer to the MH equilibrium temperature at the
discharge pressure (around 289 K for this case). The latter is beneficial for a subsequent H2 filling of the MH
bed, as it would ensure larger temperature gradients between the MH and PCM containers during the initial
phase of the exothermic H2 absorption process.
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Figure 4. Comparison between the baseline and mass-optimised MH reactor configurations, in terms of a) volume-
averaged MH reactor temperature and b) volume-averaged PCM jacket temperature over time.
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Figure 5. Effects of the slenderness factor H/D on the hydrogen discharge performances: a) hydrogen discharge curve; b)
PCM liquid fraction over time.
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Figure 6. Effects of the slenderness factor H/D on the temperature evolution: a) volume-averaged MH reactor temperature
and b) volume-averaged PCM jacket temperature over time.

Figures 5 and 6 allow to evaluate the effect of the slenderness factor H/D on the MH-PCM system discharge
dynamics, given the same MH and (optimal) PCM volumes. Raising H/D from 2 to 4 accelerates the hydrogen
mass discharge by 37% and thus the average discharge power by 57%. On the opposite, the case with H/D
=1 has a 58% slower discharge dynamics compared to H/D = 2, with the 95% mass discharge actually
occurring around 10700 s after the start of the simulation. These differences are most likely to be related to
the changes in the radial-wise conductive thermal resistance, as the assumptions listed in Section 2.1
consistently suggests a quasi-1D conductive heat transfer regime in the radial direction, which is also well in
line with findings from previous research on cylindrical MH-PCM systems (Bartolucci & Krastev, 2022).

A last series of computations has been performed on the H/D = 2 optimised geometry, changing some of the
PCM properties within the simulations. Tests have been made with all constant properties and equal to the
solid-liquid average, as well as with reversed Cp and A liquid-to-solid ratios compared to the actual LiNOs-
3H20 material characteristics. Figure 7 condenses the results obtained, pointing out that: i) using constant and
averaged properties introduces acceptable deviations from the actual material behavior (less than 10%
deviation on the 95% discharge time); ii) the PCM Cp phase variations have little to no effect on the H2
discharge dynamics; iii) during H2 discharge, the PCM starts to immediately solidify at the PCM-MH heat
transfer interface: the solid-phase radial thermal conductivity has, therefore, a dominant effect and when it
falls below the MH effective radial conductivity (Reversed Ru case) it might significantly slow down discharge
dynamics.
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Figure 7. Effects of changes in the PCM properties on the hydrogen discharge performances: a) hydrogen discharge
curve; b) PCM liquid fraction over time.
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Figure 8 resumes the major findings from the numerical simulations, within the context of the literature review
already presented in the Introduction Section. Unsurprisingly, to reach system-level volumetric capacities
above 15 kghz2/m?® it is essential to optimise the minimum required PCM mass and an effective first-level
optimization can be made through simple latent heat-based principles. In that regard, selecting PCMs with
high densities and latent heat of fusion, such as salt hydrates in the low-temperature PCM range, brings
obvious additional benefits.

In terms of specific discharge power, an accurate geometrical optimization of the MH-PCM system, which must
take into account the actually dominant heat transfer mechanisms, is crucial. Significant improvements can be
potentially achieved even for very simple cylindrical layouts, with no complex conduction-enhancing solutions
(e. g. metal fins or foams, blends with graphite fibres or other nano-particles). Still, theoretical and simulation
based results has to be verified in realistic engineering environments, taking into account some complex
material behaviour that might have been purposely omitted at modelling level: a typical example, related to the
findings of the present work, is the well known tendency of salt hydrates to undesired vertical phase separation,
which might be difficult to control or minimise in slender vertical containers.
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Figure 8. Specific discharge power vs. volumetric storage capacity of MH-PCM systems, literature review (black
symbols) and results from the numerical benchmark analysed in the present work (red symbols).

4. Conclusions

From the literature analysis and numerical simulation results shown in this paper, the following conclusions
can be drawn regarding MH-PCM system performances during hydrogen discharge:
e although it is often difficult to extract reliable performance indicators from the published works, the
previously proposed systems cannot generally simultaneously achieve power/capacity ratios and
system-level volumetric storage capacities above 0.75 kW/kWh and 15 kgr2/m3, respectively;

o the proposed numerical benchmark demonstrates that, in the case of jacket-like cylindrical MH-PCM
configurations, these threshold can be exceeded through relatively simple optimization steps, like PCM
mass optimization and system shape (slenderness factor H/D) optimization;

e mass optimization of the PCM is essentially linked to the latent heat of fusion, volume optimization
comes as a consequence once the PCM density is also considered;
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o for vertically-oriented jacket-like systems, higher slenderness factors significantly increase specific
discharge power for a given volumetric capacity: is reported that moving from H/D = 1 to H/D = 4
produces a 150% power gain, peaking at a power/capacity ratio of 0.8 kW/kWh;

e the influence of the slenderness factor is explained by the quasi-1D nature of the heat transfer
phenomena in this specific discharge case: heat transfer is dominated by conduction in the radial
direction and, as such, it is accelerated by lowering the thermal resistance in that direction (smaller
radial thicknesses);

e following the previous point, increasing the thermal conductivity in the radial direction both in the MH
bed and PCM is also beneficial for a power increase; in that sense, on the PCM side the solid phase
thermal conductivity plays the major role during hydrogen discharge (PCM solidification);

Future developments will include a further expanded literature research and the analysis of additional
performance influence factors, such as the hydrogen discharge pressure, alternative MH-PCM system
geometries, MH pressure-temperature-kinetics envelope.
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