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Efficient storage solutions that decouple energy use and production are pivotal for the green energy transition,
due to the non-controllable operation of solar and wind power. In this scenario, hydrogen, and in particular
metal hydride storage, has shown excellent potential.

In this paper we develop a mathematical model to characterize the operation of several cylindrical

Keywords:

Energy storage Metal Hydride-Phase Change Material tank layouts and to determine the improved configuration in terms
Hydrogen storage of charge/discharge time and power. We use non-dimensional parameters to guide the design of a hybrid
Metal hydride metal hydride-phase change material hydrogen storage system. We introduce a critical value for the state of

Phase change material charge of the storage system, equal to ¢* = 0.15, above which heat exchange dominates the process efficiency.
Results show that, when varying the canister main aspect ratio between 5 and 100, the equivalent inlet/outlet
power increases by a factor ~ 10. The ratio of the thermal conductivities is found to have a significant impact
in the desorption phase, where the equivalent power increases by a factor ~ 4 when raising the ratio from 0.1
to 0.8.

Finally, we evaluate three case studies by introducing three different improved configurations and
comparing them with the baseline design. A LaNis/LiNO; — 3H,0 system for the storage of 1kWh of H,
exhibits 5.65kW and 0.83kW of average power in absorption and desorption, respectively. Such an improved
configuration is 93% faster in charge/discharge process with respect to the baseline design. A coupled Mg,NiH,
- NaNO; exhibits 2.93 kW and 0.30 kW of average power in absorption and desorption, respectively. This
configuration is 81% faster than the baseline design. A coupled Mg,NiH, - KNO; exhibits 1.66 kW and 0.56
kW of average power in absorption and desorption, while the cycle time is reduced from 1220 min to 147 min
(—88%).

1. Introduction

The transition from fossil fuels to Renewable Energy Sources (RES)
is crucial to achieving the ambitious climate energy objectives set
by the European Commission Energy Roadmap 2050 [1] and the 17
Sustainable Development Goals of the United Nations [2]. The imple-
mentation of RES (mainly solar and wind power) within the existing
grid has already been partially accomplished, but their intermittent
nature lays several challenges for their large-scale integration [3]. In
fact, their variability as a function of weather and time conditions
causes significant problems to the stability and the operation of the
power system [4]. To maximize the flexibility of the entire energy sys-
tem and to reach low-carbon energy goals, the following achievements
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are pivotal: (i) the massive spread of smart grids, able to handle bidi-
rectional electrical flows in an optimized way [5]; (ii) the intelligent
exploitation of carbon neutral energy carriers (e.g., hydrogen); (iii) the
large scale implementation of secure, effective, and efficient energy
storage systems [6], capable of solving the temporal mismatch between
production and use of RES.

In this wide and complex context, hydrogen has shown excellent
potential as energy carrier [7] and as energy storage medium [8]. In
fact, it can provide potentially carbon neutral, clean and secure energy
to all sectors of the economy, including hard-to-abate ones (industry,
transportation and buildings) [9-12]. Such an extensive utilization of
hydrogen needs harmless, compact, light, and cost-efficient hydrogen
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Abbreviations

MF
MH
PCM
RES

Greek Letters
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Subscripts

o

env

€q
in

out

Canister diameter

Canister volume

Canister length

Inlet valve surface area
Hydride porosity

Canister radius

Kinetic constant

Enthalpy variation

Entropy variation

Activation energy

Fourier number

Metal Hydride molecular weight
Nusselt number

Equivalent Power

Prandtl number

Rayleigh number
Stoichiometric Coefficient
Temperature

Specific heat

Hydrogen mass flow rate
Convective heat exchange coefficient
Thermal conductivity

Mass

Pressure

Volumetric heat source term
Reaction rate

Time

Metal Foam

Metal Hydride

Phase Change Material
Renewable Energy Sources

Thermal diffusivity

Reaction plateau slope coefficient
Latent heat of fusion

Viscosity

State of charge

Density

Absorption
Desorption
Effective
Environment
Equilibrium
Inlet

Liquid

Metal powder
Outlet

Solid

Journal of Energy Storage 93 (2024) 112230

storage [13]. The main hydrogen storage methods include gas, liquid,
and solid storage [14].

Among these methods, solid state Metal Hydride (MH) hydrogen
storage is one of the most promising solutions for both stationary
and mobile applications [15]. Compared to other storage technologies,
MHs are safer and more reliable, have a higher hydrogen volumetric
density, comparatively low operating pressure, and can operate at room
temperature [16,17]. Nonetheless, none of the current MH technologies
fulfills all the essential criteria for a practical hydrogen economy [18],
primarily due to their slow kinetics and the challenges associated with
controlling MH temperatures during hydrogen absorption and release.
Advanced thermal control and management are crucial to enhance
MH performance [19-21]. Literature shows significant research and
development efforts to improve heat transfer in the MH tanks, in order
to efficiently operate alternate heating and cooling and obtain reaction
times of practical interest. In particular, current research focuses on:
(i) techniques to improve the effective thermal conductivity of the MH
bed; (ii) design of high-efficiency internal/external heat exchangers;
(iii) Phase Change Materials (PCMs) utilization.

Several studies focus on the usage of heat exchangers such as
straight tubes [22], helically coiled tubes [23], multi-tubes [24], tubes
with fins [25,26], and heat pipes [27] to generate the desorption
heat or extract the absorption heat. Such solutions effectively improve
reaction kinetics but they require an external energy source and an
active control system.

A more effective and efficient solution is storing the heat emitted
by the MH during the absorption process and then to reuse it in
the desorption process. Such a regenerative process can be achieved
through the thermal coupling of MH with phase change materials that
store and release heat in a narrow temperature range through melting
and solidification [28]. Currently, various studies investigate different
aspects of MH-PCM coupling. Garrier et al. [29] coupled a MgH, MH
tank with a metallic alloy PCM based on Mg-Zn eutectic. They designed
and tested a tank of 7000 NL of hydrogen (21 kWh) and demonstrated
a storage efficiency of around 70%. They also provided an estimate
of the impact of the PCM thermal conductivity on the global reactor
performance. Darzi et al. [30] numerically investigated a LaNis tank
coupled with a Rubitherm-based PCM. The authors separately assess
the influence of the charge, discharge pressure, the MH bed porosity,
and the PCM’s thermal conductivity. Nyamsi et al. [31] numerically
investigate the behavior of a hybrid LaNis - Paraffin PCM finned jacket.
The impact of PCM thermal conductivity, latent heat, density, heat
capacity, melting point, as well as fins geometry, is evaluated in a
multi-objective optimization with the aim to reduce charge and dis-
charge time. The authors find an optimal configuration which reduces
ab/desorption time of 49% and 4%. Amati et al. [32] employed a
three-phase Lattice Boltzmann model to evaluate the performance of
PCM-based latent heat thermal energy storage systems. The authors
compare the effectiveness of different thermal conductivity enhance-
ment supports, i.e., fins, blades, and novel branched fractal structures.
They demonstrate the superiority of the latter option in terms of cycle
time reduction.

The choice of an appropriate PCM and the optimization of its
quantity are essential to ensure efficient heat transfer and fast hydrogen
charge and discharge rates [21,33,34]. The PCM should have high
thermal conductivity and melting enthalpy and a suited phase change
temperature. In [35], the authors examine a MH-PCM system studying
the PCM choice and evaluating the effect of several thermodynamic
properties such as melting temperature, latent heat of fusion, spe-
cific heat capacity, density, and thermal conductivity. Particularly, the
thermal conductivity parameter is low for most PCMs [36] and an im-
provement is needed to enhance the heat exchange. In this perspective,
Metal Foam (MF) can be integrated into both the PCM and the MH. Var-
ious studies have investigated the integration of different MFs into the
metal hydride to improve the hydrogen storage performance [37,38],
and into PCM to improve thermal storage performance [39-41].
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Fig. 1. The MH-PCM system configuration and domain discretization [from b, (vessel
core) to b, (MH-PCM interface).].

The studies hereby revised focus on the design and performance
optimization of specific configurations of the MH-PCM integrated can-
isters, on the optimization of pre-arranged layouts, or on the impact
of individual thermo-physical parameters on the storage performance.
They all apply the heat and mass transfer governing equations to a
limited number of selected arrangements. Conversely, to the best of our
knowledge, a general analysis of the impact of the relevant parameters
on the system performance, able to guide the canister initial design pro-
cess is still untapped. To this aim, in this paper, we utilize dimensional
analysis to determine the most influential parameters, to analyze their
effects on the system performance and guide through the preliminary
design of different cylindrical MH-PCM tank layouts. In particular,
by using the Buckingham theorem we combine the geometrical and
physical properties of PCM and MH to obtain non-dimensional numbers
representative of the problem.

The paper is organized as follows. In Section 2 we describe the
system, the mathematical model, the domains discretization, the heat
exchange model, the problem non-dimensionalization, and the model
validation. Results for the absorption and desorption processes are
presented and discussed in Section 3. In Section 4 we highlight the
main aspects of the results. Moreover, we introduce three case studies
to assess the usefulness of the methodology. Finally, we draw the
conclusions in Section 5.

2. Methodology
2.1. System description

The system is made of an inner MH cylinder of length £, radius b,,
diameter D, and porosity & = 0.5 (see, for instance, [42]) surrounded by
a hollow PCM cylinder of radius b,, as shown in Fig. 1. Without loosing
generality, we assume that the system is thermally insulated (see [43])
and that £ > b;. Hydrogen flows to/from the MH canister through a
5 mm diameter valve. In the following calculations, we use a cylindrical
coordinate system (see Fig. 1) with the z-axis along the canister length.

A complete cycle consists of charge, dormancy, and discharge
phases (see Fig. 2).

The PCM serves as heat storage to passively control the MH tem-
perature. Its melting/solidification temperature matches the MH equi-
librium temperature at the selected storage pressure. Therefore, during
the charging phase, the hydrogenation heat flows from the MH to the
PCM that melts at (almost) constant temperature. In this phase H, is
provided to the system at a pressure p;,, higher than the equilibrium
pressure (p,,). Hydrogen enters the inner cylinder and is absorbed in
the MH bed. In the dormancy phase, MH continues heating the PCM

Journal of Energy Storage 93 (2024) 112230
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Fig. 2. The whole process in the MH-PCM storage system.

until a steady-state condition is reached (i.e., when the hydride has
the same temperature of the PCM). Conversely, during dehydrogena-
tion, the PCM heats the MH using the thermal energy stored during
hydrogenation. In this phase p,,, is lower than p,,.

2.2. Mathematical modeling

The mathematical model is built under the following hypotheses: (i)
all gases are ideal and the flow compressible (see for instance [44]); (ii)
the porous medium is homogeneous (see for instance [45]); (iii) both
inlet/outlet hydrogen pressures are constant (see for instance [46]);
(iv) the physical properties of MH/PCM are not functions of their
temperature [47]; (v) the gas pressure inside the vessel is uniform
therefore no momentum conservation is accounted for [44]; (vi) the
gas and the MH are locally in thermal equilibrium.

2.2.1. MH modeling

We discard all the irreversibilities which lower the system effi-
ciency, such as the metal powder pulverization and self-densification
[48] and we model the MH reversible dynamics through mass and
energy conservation equations [49]. Mass conservation reads:

, @

My
where My, is the gaseous H, in the canister, fy, is its mass flow rate

(positive during charge and negative during discharge), and r = mL, d";%
is the reaction rate, being my;y the hydrogenated metal mass and m, the
total hydride mass. Finally, My, and My are the hydrogen and MH
molecular weights and S. is the reaction stoichiometric coefficient.

The inlet/outlet hydrogen mass flow rate is:

S, = eSyJ7 R, T.. ©)

when the flow is choked, or:

S 2y r=1
fo. = o1/ LR, T, <1 -57 ), 3)
H, RH2Tin ¥ H, " in

otherwise. p, and 7, are the hydrogen critic density and temperature,

respectively. S is the inlet valve surface area, y is the heat capacity

ratio, Ry is the hydrogen gas constant, T;, is the inlet hydrogen
- =L =1 1

temperature, ¢ = p,/ p’ in absorption and ¢ = p v p, in desorption,

out
6 = £ in absorption and 6 = 22 in desorption.

Pin
In absorption, the reaction rate is calculated as:
E m
r:Cae_ﬁlnL(l—ﬂ>, “4)
peq mt

where C, is the absorption kinetic constant, E, is the absorption activa-
tion energy, R is the universal gas constant, T is the local temperature,

m
and p = ;Zg S is the hydrogen pressure (V' is the canister volume). In
Hy
desorption:
_Es p—p, m
r=Cye RT—m<ﬂ>, 5)
Deq my
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where C, is the desorption kinetic constant, and E, is the desorption
activation energy.
In turn, the equilibrium pressure p,, reads:

ey = gyl - Een(28-4)]

©

where p, = 1bar is the reference pressure, AH and AS are the
enthalpy/entropy variations, and f is the reaction plateau slope coeffi-
cient.

Eq. (7) represents the energy conservation:

oT .
(Pepeyy = k, V2T + ¢, @)

being k, the effective thermal conductivity , (pc,), the effective heat
capacity, and ¢ the volumetric heat source. In turn, k, and (pc,), are

calculated as [43,50]:
k, = kaz + (1 =&k, (8a)
(pcp)e = iszcsz + (1 - 'f)l)mcp,ms (Sb)

where ky,, py,, c,u, are the hydrogen conductivity, density, and spe-
cific heat, respectively, and k, py,, and c,, are the MH conductivity,
density, and specific heat. The heat source is:

. SC
4 =—4AHr(Epyy) My )]

Note that AH is negative in absorption and positive in desorption.
Notably, during dormancy, no reactions occur, the energy conserva-

tion is the only active equation, and dmy 0. During this phase, heat is

still exchanged between the two materials and the temperatures slowly

converge to a steady-state condition.

2.2.2. PCM modeling

During the discharging phase, conduction is the leading heat ex-
change mechanism [50]. To solve the classic Stefan problem, we model
the PCM solidification through the Fourier energy equation (Eq. (10))
and liquid/solid interface position (Eq. (11)) [51]:

oT,
0—: = apey s V2T, (10a)
o,

5 = apeny V2T (10b)
de 1 oT; oT,

= |k = —k — . 11
At~ ppomA | TMS 0 p=e  TMY b pee a1

In Eq. (10), apcy; is the PCM thermal diffusivity. In Eq. (11) e is the
solid/liquid interface position, ppcy is the PCM density, 4 is the PCM
latent heat of fusion, and kpcy is the PCM conductivity. Finally, s and
I subscripts indicate solid and liquid regions, respectively.

Conversely, during absorption and dormancy, the convection domi-
nates the heat exchange within the PCM. Therefore, we model the PCM
melting through a lumped parameter model where:

. Nukpey
¢

where Q is the thermal power, Nu is the Nusselt number, A = 2zb, L is
the heat exchange surface area, T, is the temperature at the MH/PCM
interface, and Tpcy is the PCM melting temperature.

In turn, following [52] Nusselt number reads:

- 0.35Ra"%%

[1+ (0.143 /Pr)°/1614/9°
where Ra is the Rayleigh number and Pr is the Prandtl number. Notably,
following [19] we have assumed the steady state value for Nu, discard-
ing dynamic effects that are significant only in the very first stages of
the melting process.

The mass of the PCM is selected on the basis of the reaction
enthalpy:

A Tyt — Tpem)s 12)

13)

AH
%wt - m, - ——
My,

Mpoy = —————> a4
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Fig. 3. Scheme of the discretized PCM domain at two different time steps, according
to [51].

S M,
where %wt = ICW—HZ is the hydride gravimetric density.
MH

2.3. Numerical solution and model validation

Being £ > b,, we discard heat transfer along the z and ¢ directions
and we consider the problem one dimensional along the radial direc-
tion. We also assume the problem axi-symmetric by considering only
b > 0. First, we use a second order central difference scheme method
for the spatial discretization and numerical solution of the Egs. (7), (10)
and (11). Then, we use a quasi-constant step size implementation of the
Klopfenstein’s Numerical Differentiation Formulas [53] of orders 1 to 5
to integrate in time the resulting stiff Differential Algebraic Equations.

We discretize the MH-PCM storage system using N, = 150 nodes, 50
nodes for the MH and 100 nodes for the PCM. Following the variable
space network method proposed in [51], the PCM domain is divided in
2 subdomains. The solid region (b < €) is discretized with Npcy;; = 60,
whose relative distances increase as the solidification front progresses.
The liquid region (b > €) is discretized with Npcyy; = 40, whose relative
distances shrink as the solidification front progresses (see Fig. 3).

To justify our choice on the mesh size, Fig. 4 shows the results of
the mesh sensitivity analysis, conducted with 4 different mesh sizes
(cases (a) to (d)) on a canister with D = 2.5cm and £ = 1.2m. The
ratio between the number of nodes in the MH and in the PCM remains
constant for each case, approximately 1:2. Therefore, case (a) has 100
nodes in the MH and 200 nodes in the PCM, case (b) has 50 nodes in
the MH and 100 nodes in the PCM, and so on. Although the hydrogen
storage capacity does not present any appreciable shift between coarser
and finer meshes, the temperature profile stabilizes at N, = 150, with
no appreciable improvement when increasing to N, = 300. Thus, in the
following, case (b) is selected as working mesh.

The mathematical model here presented is validated with previous
experimental research. We simulate the absorption and desorption
processes in a reactor with the same geometry, properties, and work-
ing conditions presented in [37]. The first experiment, named ‘“‘small
reactor”, contains 1 g of LaNis, is charged at 6 bar and discharged at
0.068 bar. Its external surface temperature is controlled in an oven.
The second experiment, named “large reactor”, contains 25 g of LaNis,
is charged at 12.7 bar and discharged at 0.086 bar, and uses water
as cooling/heating fluid to control the external surface temperature.
The time-dependent evolution of the hydrogen storage capacity and
the corresponding average reactor temperature are shown in Figs. 5
and 6, respectively. Our numerical results are in good agreement with
the averaged data reported in both cases, for both the absorption and
desorption processes.
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2.4. Non-dimensionalization

We represent all the parameters in non-dimensional form, to allow
a general analysis of the system performance. Specifically, the 11 non-
dimensional parameters represented in Table 1 completely describe the
considered phenomena. I7, is the non-dimensional equivalent power
(P*). It is directly related to the inlet/outlet hydrogen mass flow rate.
A high P* indicates efficient charge/discharge processes. I1, is the Fo
number and it suggests the total time needed for the reaction.

To analyze the impact of the system parameters on the absorp-
tion/desorption performance (I1,, [T, in non-dimensional form), we
separately vary IIs, Ilg, IT;, IlIg, Iy, II,y, II;; within the ranges

log,,Fo
5 4 -3 -2 -1 0 1015,
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. 100F 1072
A, g 1
ESER LTSRN 0.8
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Fig. 7. P* as a function of ¢* in absorption and desorption with Fo in colorbar for
the baseline configuration. The correspondent non-dimensional numbers can be seen
in Table 1.

reported in Table 1. Such ranges are selected to include all feasible
configurations (see for instance [19,33,43,54-56]). We add the state-of-
charge ¢ to the non-dimensional set of equations. It is equal to 0 when
the canister is empty while it is equal to 1 when the canister is fully
charged. We use ¢ or, equivalently, ¢* = ¢ for hydrogenation and 1-¢
for de-hydrogenation, as progress variable. For each sensitivity analysis
we represent I, and IT, as functions of ¢*. In the following, all results
of the sensitivity analysis are compared to a baseline configuration,
whose properties are reported in Table 1. Such a configuration is
retrieved from [19], where a cylindrical MH-PCM storage system is
investigated. Therefore, when considering the varying numbers one at
a time, the non-varying parameters are equal to those of the baseline
design.

3. Results

Fig. 7 reports P* as a function of ¢* for the baseline case, clearly
highlighting 3 different patterns. For ¢* < 0.15 (¢, in the followings) P*
sharply decreases by increasing ¢*. This is determined by the reduction
of the pressure term in Egs. (4) and (5). In fact, in this phase, IT
is initially much larger than 1 and the heat generated/absorbed by
the chemical reaction is significantly higher compared to the ther-
mal power exchanged at the MH-PCM interface (see Fig. 8) and the
MH serves as heat reservoir. Therefore, the MH temperature and,
consequently, the equilibrium pressure, sharply vary (increasing for
absorption and decreasing for desorption). The heat exchange between
the MH and the PCM (convection in absorption and conduction in
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Table 1
Non-dimensional parameters of the model. (abs) and (des) superscripts indicate absorption and desorption phases. x = a in absorption and d in
desorption. y =1 in absorption and —1 in desorption.
Definition Baseline value Range of variation Denomination
1, < b 1 - Equivalent power (P*)
Ay PMH 10!
11, aDMl' Fourier number (Fo)
D* 1 (abs) (des) it
115 > To7 7.5 - 1.24e Kinetic constant
- gy 10
Py D? 5 e
I, — 2.5-10 Equilibrium pressure constant
10° flfAHf'MH
I £/D 5 [5, 100] Main aspect ratio
I, Penn/ Peg) 6l . 2,50des) [6, 14]@9 [1.65 , 5]@e Environment pressure
HCppc
1, rbeM 25 [1,100] Prandtl number (Pr)
kPCM
D> 1
N — 75 [10, 10%] Latent heat of the PCM (1*)
Ty 10
1 Krcw 0.1 [0.1, 0.8] Thermal conductiviti i
5 s X .1, 0. ermal conductivities ratio
MH
C! ) Py .
m, PPCM 3 [2, 6] Specific heats ratio
CpMH
I, Prcm 0.1 [0.08 , 0.4] Densities ratio
PMH
10° = is higher in absorption than in desorption for every ¢*, thanks to the
heat being disposed of quickly. In fact, the average absorption power
—_k
104 1 Sabs - o - Qabs ] P is 1.09, whereas in desorption is 0.35. The heat exchange-dominated
: Zead : Z“‘h region is of utmost relevance, since it accounts for the larger portion
— €S - - - €S
Qréact Qegen || (between 70% and 80%) of the hydrogen uptake and release. We will

10° ‘ ‘
¢*

Fig. 8. Reaction power (Q,.,,,) and exchanged thermal power (Q,,.) in absorption
and desorption for the baseline design.

desorption) does not impact P* nor the duration of this phase. Con-
versely, they are determined by chemical kinetics inside the MH. This
first region is characterized by very limited Fo values (Fo < 10~3) and
is called kinetics-limited. The transition is smoother in desorption and
sharper in absorption.

At ¢* = ¢, the equilibrium pressure nearly equals the inlet/outlet
pressure and the reaction rate is significantly and abruptly reduced.
Also, the MH temperature reaches the equilibrium temperature.

For ¢* > ¢, the equilibrium pressure nearly equals the inlet/outlet
pressure. Therefore, the reaction rate is significantly reduced and P* de-
creases with a quasi-linear behavior as a function of ¢* (see Fig. 7). Dur-
ing this stage the thermal power of the hydride reaction is lower than
the thermal power exchanged at the interface with the PCM and the MH
temperature slowly returns to the initial value. As a consequence, in
this phase, heat exchange is the limiting factor that determines P*. The
average slope of the quasi-linear curve in this stage is strictly related
to the average MH temperature (i.e., the heat-exchange effectiveness).
In particular, when the exchange thermal power is higher (and the
average MH temperature is lower), more hydrogen reacts in the same
amount of time. This increases the curve slope in the P* — ¢* diagram.
Note that the heat exchange is significantly slower in desorption than
in absorption (see Fig. 8), because, due to the low thermal conductivity
of the PCM, conduction is less efficient than convection. Therefore, P*

focus on finding clues to enhance the heat exchange in this stage, also
considering the very brief Fo span of the kinetics-limited region. We can
assess the heat exchange efficiency by calculating the average slope ‘;L:
in this region. In the baseline design, the average slope in absorption
‘;:; = 0.113, whereas in desorption is ‘;;: =0.024.

As the reacted fraction approaches 1 (i.e., for ¢* > 0.95) the process
is again kinetics-limited and the power presents a faster decrease, due
to the linear term in Egs. (4) and (5), that quickly approaches 0,
together with r.

is

3.1. Effect of the canister geometry (I1s)

Fig. 9.1 shows that, both for absorption and desorption, P* is
directly proportional to £/D for all values of ¢* and that Fo is not
a function of £/D for constant ¢*. This means that the time scale of
the process remains the same (i.e., at a certain Fo value corresponds
the same state of charge). Therefore, by increasing £/D, we increment
the system power P* and the canister absorbs/desorbs more hydrogen
per unit time. In fact, longer and thinner canisters exchange heat
more efficiently with the PCM, thus increasing P* in the quasi-linear
region. This is due to the higher heat exchange surface-to-volume ratio
making the convection/conduction between the MH and the PCM more
effective. Also, by increasing £/D, the Rayleigh number increases and,
as a consequence, Nu and the convection coefficient & increase, thus
enhancing the heat exchange. The regime transition occurs at the same
¢* irrespective of £/D, although it is smoother in desorption. This can
be explained considering that P* is not influenced by the heat exchange
in the kinetics-limited region. The profiles do not change their average
slope of 0.113 in absorption and 0.024 in desorption, thus remaining
nearly parallel, while the average power is increased by a factor of 11
in absorption and of 9 in desorption increasing £/D from 5 to 100.
In fact, by increasing £/D we only scale the system. According to the
results, the impact of £/D is roughly as relevant in absorption as in
desorption.
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3.2. Effect of hydrogen pressure (II)

Both in absorption and desorption, P* increases and Fo decreases
by increasing II; (i.e., a higher inlet hydrogen pressure or a lower
outlet pressure p,,,), for all the ¢* values (Fig. 9.2). The reduction of Fo
means that the reaction is effectively quicker when the pressure ratio
between the canister and the environment is higher. By increasing the
input pressure or decreasing the outlet pressure, the term ¢ in Eq. (3)
increases and so does the hydrogen mass flow rate. This heightens P*
while P* is increased by a factor of 8 in absorption and of 2.5 in
desorption varying I as shown in Fig. 9.2. The transition from the
kinetics limited region to the heat exchange-dominated region occurs at
different ¢* (i.e., ¢} increases with IT¢). In fact, while the heat diffusion
velocity does not change, the reaction’s kinetics increases and more
hydrogen reacts before reaching ¢*. Nonetheless, the profiles remain
nearly parallel, thus confirming that the heat exchange is not affected
by II,.

3.3. Effect of Pr (I1;)

In absorption, the Pr number moderately impacts the system per-
formance (see Fig. 9.3) and ¢} is not a function of Pr. In fact, for
¢* < ¢ the PCM does not affect the reaction, because the heat
transfer rate towards the PCM is much lower than the thermal power
generated in the MH. Conversely, in the heat exchange-dominated
region, increasing Pr slightly reduces P* and Fo due the corresponding
reduction of the PCM thermal diffusivity. The average slope of the
profiles increases by a factor of 3 by reducing Pr from 100 to 1. This can
be explained considering that the same amount of energy is absorbed
in less time (i.e., Fo is lower), so that the profile slope is higher at
lower Pr numbers. Pr does not impact the desorption phase, because it
is only defined for fluids, whereas the PCM is solid during the hydrogen
discharge process.

3.4. Effect of latent heat of solidification (I1g)

In desorption, A* does not impact ¢, and P* is not a function of
it when ¢* < ¢*. Conversely, for ¢* > ¢*, P* increases by increasing
A* (see Fig. 9.3). In fact, incrementing the latent heat of solidification
implies a slower evolution of the solidification front and, thus, a more
efficient conductive heat exchange. Consequently, varying A* from 10
to 10* increases P* by a factor of 3. Fo is a function of A* as well,
suggesting that the time of desorption is significantly reduced for 1* >
5-10%. The transition to the heat exchange-dominated region is sharper
for higher A* and occurs at higher P*, due to the more effective heat
diffusion, as the hydride temperature rises. Notably, the impact of A* is
more relevant at lower ¢* (i.e., close to 9] while the P* patterns get
closer for larger ¢*. In fact, towards the end of the process, the relative
variation of the solid PCM layer thickness is lower. While 1* does not
affect the absorption power, the system weight reduces with 1* due
to the reduction of PCM mass. This is particularly important when the
gravimetric density of the storage system is a predominant factor, like
in the automotive sector.

3.5. Effect of thermal conductivity (I1y)

In Fig. 9.4 we can see that II, significantly impacts the system
power for ¢* > ¢?. In this range, a higher I1, yields a higher P* because
the PCM absorbs or releases the reaction heat more efficiently. The
impact is particularly relevant in desorption, where P* increases by a
factor of 4, considering the range of variation of IT, shown in Fig. 9.4.
Despite the leading heat exchange mechanism in absorption being
convection, the increase in relative PCM conductivity helps diffusing
the heat from the MH to the PCM and increases the Nu number. The
absorption/desorption process requires less time (the reduction of Fo
is relevant, in particular for discharge). The curves overlap for ¢* <
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¢ and the transition from the kinetics-limited to the heat exchange-
dominated region occurs at the same ¢* but it is sharper at higher
I1,. This is particularly evident in desorption, where the average slope
increases by a factor of 35 by increasing I7, from 0.1 to 0.8.

3.6. Effect of specific heat (II ;)

Fig. 9.5 shows that a higher IT;, has a slightly positive effect in
absorption and a slightly negative effect in desorption. This is due to the
different nature of the heat exchange: by increasing the relative PCM
specific heat, its relative thermal diffusivity reduces, thus impairing
the conductive heat exchange during the discharge phase. Conversely,
the convection is enhanced due to the increase of the Ra number.
Notably, ¢* is not a function of IT,, nor is the Fo number, confirming
that the heat exchange does not impact the kinetics-limited region and
that the time required for the process to take place does not change

oP*

significantly. In desorption, the impact is negligible. In absorption, g

slightly increases by a factor of 2 when increasing IT,, from 2 to 6.
3.7. Effect of density (I1,,)

Finally, Fig. 9.6 shows that IT,; has a limited impact on P*. During
absorption, Ra « ZXM and the heat exchange is positively affected.
During desorption, ‘the thermal diffusivity of the PCM is hindered by
increasing its density and this impairs the heat exchange efficiency.
Neither ¢} nor Fo are functions of IT,,. Therefore, the time required
for the reactions remains roughly the same and the behavior of the
profiles confirm that the reaction is not influenced by the heat exchange
for ¢* < ¢*. Although IT}; does not have a significant impact on P*,
a more lightweight PCM increases the system gravimetric density, so
lower values of IT,, are to be preferred.

4. Discussion

According to Section 3 we observe that ITs (£/D) and II,
(kpcm/kumy) have the most relevant impact on the absorption and
desorption processes. Thus, to optimize the MH-PCM system operation
we should use thin and long canisters, surrounded by a PCM with
a high value of the relative thermal conductivity. The efficiency of
the processes is enhanced thanks to a better heat exchange between
MH and PCM, which increases the reaction rate and the inlet/outlet
hydrogen mass flow rate. Iy and Il play an important role as well.
However, II; is mostly dependent on the operational conditions (espe-
cially during the discharge phase). Moreover, we note that the latent
heat of solidification of the PCM has a primary role only on the
desorption efficiency. On the other hand, Pr, I}, (c,pcm/cmn) and
IT,; (ppcm/pPvy) have a minor impact on the physical phenomena.
Finally, the reactions are limited by the heat exchange with the PCM
only for ¢* > 0.15. During the relatively short initial period, the heat
exchange non-dimensional parameters do not impact the operation
and the different P* curves overlap. In fact, the MH temperature is
still too low (in absorption) or too high (in desorption) to limit the
reaction rate. Thus, in this phase, the power (i.e., the hydrogen mass
flow rate) is only a function of the reactions kinetics. The same can
be observed for the final stage of the reactions (the last 5%), where
the kinetics is predominant. Conversely, for ¢> < ¢* < 095, the
absorption and desorption processes are limited by the heat exchange
effectiveness with the surrounding PCM. In this stage, the slope of
the P* patterns is dominated by the heat exchange rate. Therefore,
varying the parameters which influence the heat exchange rate yields a
variation of the profile slope. Namely, ITg and I, are the most relevant
numbers in these regards, due to their influence on the profiles slope.
Conversely, IT5, despite notably increasing the average P*, does not
influence the heat exchange effectiveness, because it only changes the
storage system scale.
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Fig. 9. P* in absorption (left) and desorption (right) as function of £/D (1), pressure (2), Pr and A* (3), I, (4), IT,, (5), and II;; (6), with Fo in colorbar. The non-varying
non-dimensional numbers are shown in Table 1.
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Table 2

Thermo-physical properties of LiNO; — 3H,0 according to [33].
Phase change material LiNO; — 3H,0
Phase liquid solid
Thermal conductivity & [W/(m K)] 0.58 1.32
Density p [kg/m?] 1,780 2,140
Specific heat <, [J/(kg K] 2,770 1,730
Latent heat of fusion A [kJ/kg] 296
Solidification temperature 7T, [K] 303

Ultimately, we comment that the P* slope in inversely proportional
to P*. In fact, lower P* corresponds to lower slopes, thus suggesting
that a nearly constant power profile throughout the process can only
be sustained at relatively low average power values. This becomes
especially evident when observing Figs. 9.3 and 9.4.

4.1. Case study A

The goal of this section is to leverage the proposed methodology
to design a cylindrical MH-PCM hydrogen storage system. Specifically
we seek for a module with a storage capacity of 1 kWh of H,, that
corresponds to 30 g of H,. To this aim, we select LaNis that is one of the
most common MHs for similar applications [19]. The PCM will be de-
fined as one of the outcomes of the optimization procedure. The LaNig
gravimetric density is 1.39% (with S, = 3.0, My;y = 0.432 kg/mol, and
My, = 0.002 kg/mol). Therefore 2.16 kg of MH powder are needed and
the canister volume is 5.95x 10~* m?>. We select a canister with IT5 = 50,
being £ = 123.7cm and D = 2.48 cm. We select a 1" or 2.54 cm diameter
for practicality, adjusting the length to 127 cm. The hydrogen stored is
therefore equal to 32.4 g, equivalent to 1.08 kWh. We select the PCM
to optimize the other controllable parameters (I1g, II;, Iy, Iy, I},
I1,,) and we identify LiNO; —3H,O as best option (see Table 2 for PCM
properties and Table 4 for system parameters).

Compared to the baseline design (cfr. Section 2.4), the improved
design exhibits a lower charge and discharge power in a first brief
phase, then it is more performing (see Fig. 10). Moreover, in both
phases the final value of Fo for the improved configuration is notably
reduced, thus suggesting a considerably quicker charge and discharge
process.

Fig. 10 also shows the non-dimensional temperature T* =T /Tpcy,
profile for Case A. In dimensional terms, we comment that the tem-
perature range is 12 °C-106 °C. In absorption, there is an evidently
heterogeneous distribution of the temperature inside the MH domain,
with the center being much hotter (and thus slower) than the PCM
interface. Conversely, in desorption the temperature is much more

homogeneously distributed, thus indicating a significantly slower re-
action.

Fig. 11 shows the charge and discharge power as function of ¢* for
the baseline and the improved configurations. In absorption, the total
time needed for the reaction decreases from 120 min to 12 min, with
the correspondent average power increasing from 517.3W to 5.65kW.
In desorption, the time decreases from 1100 min to 73 min, with the
average power increasing from 55.7W to 830.4W. Note that, if the
same hydride were to exchange heat with air at 293 K, absorption
and desorption of 1 kWh of hydrogen would take 1708 min and
1580 min respectively. The average abs/des powers would be 36.3 W
and 41.8 W. Ben Maad et al. [46] have investigated the impact of
the PCM’s conductivity, melting point, and latent heat in a passively
controlled LaNis/LiNO; - 3H,0 reactor, while maintaining geometry
and other parameters constant. The authors find that increasing the
PCM thermal conductivity above 5 W/mK has no significant impact
on the reactor performance. They also conclude that decreasing the
absorption time to conveniently low values requires a good choice of
such three properties. By analyzing the impact of the three above-
mentioned parameters, the authors manage to improve the design up
to 0.25 kW absorption power and 18 kgHz/m3 energy density. By
comprehensively investigating the behavior of the storage system, we
obtained a higher performance reactor with the same MH and PCM.

We use the exact same amount of PCM that is needed to store/
transfer the heat released/required during the entire cycle (1.66 kg).
Therefore, such recommended MH-PCM configuration has a 23.01
kgy, /m? density, that is equivalent to a 285 bar pressure vessel at stan-
dard temperature. For comparison, the baseline design has a 8kgy, /m3
volumetric density. The MH-air storage system has a 45.3kgy, /m3
volume density, thanks to the more compact design.

4.2. Case studies B and C

Mg,NiH, is now considered as MH. Its properties are reported
in Table 3. The reaction enthalpy and activation energy is notably
higher than LaNis;. Thus, much more heat is developed/needed for
the absorption and desorption processes. Moreover, the equilibrium
temperature is consistently much higher. As for case study A, we want
to improve a 1 kWh-worth canister with respect to the same baseline
design. By employing Mg,Ni, a High Temperature PCM is needed
(HTP). Kenisarin [54] provides a comprehensive review of HTP’s. For
our application, NaNO; (Tpcy; = 580K) and KNO; (Tpcy = 608K) are
the better options. Table 4 reports the recommended configurations
for case study B (Mg,NiH, - NaNO;) and case study C (Mg,NiH, -
KNOs). IT; and I1, change as an unavoidable consequence of employing
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Table 3

Properties of Mg,NiH, MH from [57,58].
Parameter Value
c, 175.07 57!
c, 5,452.3 57!
E, 49,674 J mol™’
E, 63,468 J mol™!
AH, 63,336 J mol™!
AH, 68,800 J mol ™!
4s, ~120.84 J mol™ 'K
A4S, 125.6 J mol™'K~!
€ 0.5
k 0.5 W m™'K™!
P 2200 kg m~3
¢ 1500 J kg~'K~!

~

a different metal hydride. The table also summarizes the performance
of the two layouts.

Figs. 12 and 13 show the non-dimensional power of case study B
and case study C, in absorption and desorption. The figures also show
the corresponding temperature profiles. We comment that, despite the
higher theoretical hydrogen storage capacity of Mg,NiH, (3.73%),
LaNis exhibits a greater performance, due to the notably greater density
of the PCMs employed in case studies B and C.

When we compare case B and C with previous research on the
Mg, Ni hydride, we see how the novel methodology can help in design-
ing a MH-PCM system. Case B and C absorption powers are nearly 4

10

1.95 - absorption .

1.2
1.15
1.1
1.05
1
0.95
0.9
0.85

~

desorption

| | | | |

0 0.1 0.2 0.3 04 0.5 0.6 0.7
¢>k

MH-PCM interface.

and 2.5 times higher than the novel multi-zone storage system intro-
duced by Eisapour et al. [59], which exhibits an estimated absorption
power of 0.63 kW. In that case, the authors employed air as heat
exchange fluid and Mg,NiH, as MH. The volumetric density is impaired
(9 kgy, /m?3 for case B of the present work and 29 kgy, /m?3 for Eisapour
et al.) but we comment that the energy density of case A (23 kgy, /m3)
is not dramatically lower than that. The comparison shows that a PCM-
based passive heat management system can effectively assist controlling
the MH temperature and that low-density MH’s can be more effective
than high-density ones in specific circumstances. The comparison with
the work of Chunga and Lin [58] also confirms that MH-PCM systems
can be more effective than forced-convection air-based systems at the
expense of the volume density. In fact, the authors study an improved
configuration of <0.2 kW average desorption power but with a volume
density of 49 kgHz/rn3. The investigated canister is equipped with a
central air pipe and with internal fins to increase the heat exchange
coefficient and surface, respectively.

5. Conclusions

In this paper we develop a flexible non-dimensional methodology
to outline the operation of different cylindrical MH-PCM storage tank
layouts and to determine the recommended configuration, in terms of
charge/discharge time and equivalent power. We reduce the number
of parameters which describe the physical phenomenon by employing
11 non-dimensional numbers. We use such methodology to assess the
impact of the relevant geometrical and thermo-physical parameters
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Table 4
Summary of the case studies.
Case A I, i, 1 I 1, I 1, my, 1y, t[min] P [kW]  wt[%] p, [kgy/m’]
abs 7.5 2.5x10° 50 12 4.5 // 0.3 6.5 0.25 12 5.65 0.75 23
des 1.2 2.5x10° 50 2.5 // 2.5 0.6 4 0.3 73 0.83 :
Case B
abs 1x108 2x10° 30 12 8 // 0.46 1.06 0.63 26 2.33 0.46 8.82
des 4x10° 2x10°0 30 2.5 // 1.5 0.46 1.06 0.63 205 0.30 : :
Case C
abs 1x10% 2x10° 30 12 15 // 0.42 1.06 0.59 37 1.66 0.24 6.08
des 4x10° 2x10° 30 2.5 // 0.75 0.42 1.06 0.59 110 0.56 i !
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Fig. 13. (left) P* as a function of ¢* with Fo in colorbar and (right) temperature profile for Case C. — Reactor average temperature; - - Reactor center; - - MH-PCM interface.

on a baseline design MH-PCM system [19]. Then we evaluate and
characterize the recommended configuration. This allows to analyze
the performance of the storage system through reduced (11 instead
of 16) non-dimensional parameters, with clear advantages in terms
of required analysis time and ease of results representation. Such a
methodology can be exploited to assess the impact of the most relevant
thermo-physical and geometrical factors and, also, to guide the design
of the storage system. In fact, when starting the designing process of
a MH-PCM hydrogen storage system, a limited set of input parame-
ters are normally given. They can be, typically, the energy storage
capacity and the MH material, e.g. 1 kWh and LaNis. By employing
the novel methodology hereby introduced, the output parameters are:
the diameter and length of the MH cylinder; the diameter of the outer
cylinder (i.e., the PCM radius); the selection of the PCM material; the
inlet/outlet power curves, which provide essential information about
the dynamic behavior of the storage system; the charge/discharge time;
the volumetric and gravimetric energy density. These are selected by
investigating the results of the sensitivity analysis presented in Sec-
tion 3 to find an efficient configuration which stores the given amount
of energy and respects possible given constraints (e.g., total volume,
and working temperature).

According to the results, the main aspect ratio of the canister
(£/D) and the PCM relative thermal conductivity (kpcy/kyy) are the
dominant parameters. In fact, we observe that thin and long canisters
are more efficient at exchanging heat. Similarly, a high PCM relative
thermal conductivity has a significant impact on the desorption process.
The non-dimensional latent heat of fusion of the PCM (1*) follows
as one of the most important parameters, although it only has an
impact on the discharge phase. Finally, by starting from the baseline
design, we evaluate 3 different cases and propose the recommended
configuration, which is designed by analyzing the impact of each of
the non-dimensional parameters. A LaNi;/LiNO; — 3H,0 system (case
A) for the storage of 1.08 kWh of H, exhibits 5.65 kW and 0.83 kW of

11

average power in absorption and desorption, respectively. If compared
with the baseline design, the recommended configuration is 93% faster
in a charge/discharge cycle, since the total process time is reduced from
1220 min to 85 min.

For what concerns further possible applications, in our vision we are
working in the following directions: (i) insert the recommended config-
uration in a more complex and wide environment (e.g., a multi-energy
system), (ii) repeat the analysis for different shapes and geometries
(e.g., the spherical geometry), (iii) extend and complete the analysis
by using an enhanced PCM with carbon nanoparticles or metal foams
and by adding densification in the mathematical model.
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