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ABSTRACT 
The climate crisis continues to grow as an existential threat. Establishing reliable energy resources 
that are renewable and zero-carbon emitting is a critical endeavour. Hydrogen has emerged as 
one such critical resource due to its high gravimetric energy density and near-abundant availabil-
ity. However, it suffers from low volumetric energy density and is incredibly challenging to store 
and transport. The metal hydride, a solid-state storage method, provides a viable solution to the 
current limitations. Storage is achieved through the chemical absorption of hydrogen into a porous 
metal alloy’s sublattice. But its challenging thermodynamic functionality leaves a gap between the 
ideal storage capacity that current industry requires and the limited capacity that reusable metal 
hydrides currently provide. This work used mathematical modelling to determine optimal operating 
conditions for a metal hydride in order to maximise hydrogen storage capacity. Computational fluid 
dynamics is used to simulate the coupled heat and mass transfer that occurs during the absorption 
process into the metal alloy. The finite volume method is used to discretise governing equations, 
and the alternating direction implicit method is used for numerical solutions as it proved the most 
stable platform to conduct analyses. An initial investigation into numerical grid sizing is conducted 
to determine the optimal node allocation. The impact of the hydride bed thickness and supply 
pressure are varied and optimised. The alloy MmNi4.6Al0.4 is used in the investigation. 
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INTRODUCTION 
The climate crisis is an anthropological concern that 

has had an ever-increasing level of importance in the 21st 
century. The 2015 Paris Agreement, signed by 196 na-
tions, sought to ideally limit the global temperature in-
crease at 1.5 °C [1].  However, in 2022, the Intergovern-
mental Panel on Climate Change (IPCC) stated that ef-
forts implemented between its 2022 sitting and the 2015 
agreement significantly undershot the targets to reach a 
1.5 °C limit [2]. The South African government announced 
strategies to introduce more renewable power produc-
tion into its energy sector. However, South Africa is not 
yet meeting its nationally determined contribution to 
reach the goal of limiting global warming by 1.5 °C [3].  

South Africa has sufficient renewable resources to 
power a transition to zero-emissions power production, 
but clean energy integration remains a critical issue. 70% 
of local project developers working in the renewable 

energy sector found that the limited physical and institu-
tional capacity to integrate the growing number of re-
newables into the resource mix are a significant hinder-
ance to the country’s transition away from fossil fuels [4]. 

With its natural abundance and high gravimetric en-
ergy density, hydrogen has been positioned as a critical 
player for 21st century decarbonisation ambitions [5]. De-
spite its growing attention, there remain some key prac-
tical hurdles for the mass adoption of hydrogen. This is 
due to its low volumetric energy density and difficulty 
when it comes to storage. An area of growing attention is 
solid-state storage and that is because it provides a so-
lution to the volumetric energy density shortfall that hy-
drogen suffers from [6]. The metal hydride is among 
these solid-state storage solutions.  

Background and motivation 
Metal hydrides are a very attractive storage path-

way for the emerging hydrogen market for several 
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reasons. The primary is their potential for high storage 
density. In addition to that, metal hydrides are often re-
cyclable and their formation occurs at safe operational 
pressures. Once formed, they are also easy to store and 
can easily by transported [7].  

Figure 1 below provides a representation of how the 
hydrogen molecule approaches the alloy surface and is 
eventually absorbed into the bulk lattice. The general re-
action formula for the formation of a metal hydride where 
M is the metal, MH is the hydride, x is the hydrogen con-
centration and Q is the heat released is as follows [8]: 

𝑀𝑀(𝑠𝑠) + 𝑥𝑥
2
𝐻𝐻2(𝑔𝑔)  ↔ 𝑀𝑀𝑀𝑀𝑥𝑥(𝑔𝑔) + 𝑄𝑄  (1) 

 
Figure 1. Step-by-step visualisation of hydrogen 
absoprtion process 

Extensive work has gone into mathematically mod-
elling the metal hydride. Understanding the interplay be-
tween heat generation and storage capacity is key to en-
suring this technology can be adopted into industrial use 
[9]. Equation 1 shows that heat is a critical component to 
the hydrogen absorption and desorption cycle, the for-
mer being an exothermic reaction and the latter endo-
thermic. A good control of the thermodynamic functions 
of the metal hydride is critical for reaching any attainable 
goal of maximising its storage potential. 

Therefore, this research aims to develop a two-di-
mensional model that will accurately simulate a metal hy-
dride system with which an optimisation can be per-
formed.  

The prescribed objectives are to:  
i. Develop a mathematical model for the heat 

and mass transfer within the metal hydride 
reactor using given parameters. 

ii. Compare the results of the developed 
model with existing literature and validate 
model results.  

iii. Investigate the effect of varying particular 
variables. 

iv. Conduct an optimisation on the identified 
variables. 

Literature Review 
Metal hydrides can be distinguished into two classi-

fications, interstitial and non-interstitial. The divergence 
between interstitial and non-interstitial is not drastic but 
significant enough in that it results in the two classifica-
tions having different storage potentials and operating 
conditions [6]. During the absorption and desorption 

cycle, very little change occurs to the metal’s surface 
when dealing with an interstitial hydride. The non-inter-
stitial is dependent on the decomposition and recombi-
nation of the hydride as a whole. While interstitial hy-
drides typically have a lower storage density than non-
interstitial, they are generally recyclable unlike non-inter-
stitials. It is for this reason that interstitials are perused 
more commonly in research [6]. 

Figure 2 shows the general trend across metal hy-
drides. There is a directly correlative relationship be-
tween storage capacity and heat of formation. The lower 
the storage capacity of a hydride results in a lower the 
heat of formation and similarly the converse bears true. 

 
Figure 2. Comparison of different metal hydrides’ 
potential storage density and reaction enthalpies [8] 

There is a broad range of metal alloys used to make 
metal hydrides. Among the many metals and alloys used, 
a classification of three distinct groups can be formed. 
These three are intermetallics (Eg. LaNi5H6), magnesium-
based hydrides (Eg. MgH2) and complex hydrides (Eg. 
LiBH4, NaAlH4) [7]. The former group is typically intersti-
tial while the latter two groups are often non-interstitial. 
Some metrics considered when reviewing the classifica-
tions are storage capacity, temperature and recyclability. 
Some conservative estimations suggest that hydrides 
need only reach a storage capacity of 2 wt.% for station-
ary applications [10]. Other investigations peg this mini-
mum to be higher with at least 5 wt.% [8]. The US Depart-
ment of Energy outlines an ultimate gravimetric density 
target for any hydrogen fuelled light-duty vehicles to be 
6.5 wt. % [11].  

Unlike complex hydrides and magnesium hydrides, 
intermetallics have much more suitable operating condi-
tions. In fact, most academic literature models some kind 
of intermetallic hydride [9]. This is due to their managea-
ble working temperature and pressure ranges, fast kinet-
ics and reusability. However, their benefits are counter-
acted by their low storage capacity; often, they do not 
manage to exceed 2 wt.%. Ultimately, their workability 
supersedes their storage deficiency. The most common 
alloy that is investigated is the lanthanum penta-nickel 
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(LaNi5) [12]. LaNi5 is often cited for having a high produc-
tion cost due to the lanthanum. To circumvent this, some 
investigations use a cheaper rare-earth mischmetal mix-
ture as a replacement for pure lanthanum [19, 20]. This 
work conducted its investigation with the alloy 
MmNi4.6Al0.4. It is understood that its ideal storage capac-
ity limit resides somewhere between 1 - 1.4 wt.% [13, 14]. 

MATHEMATICAL MODEL 
The absorption/desorption cycle of a metal hydride 

is a process that involves both heat and mass transfer. It 
is a two-phase system with the gas phase covering the 
hydrogen and solid phase covering the hydride bed 
within the storage vessel. This results in the reactor ves-
sel being a discontinuous medium. However, conserva-
tion equations that model heat and mass transfer in a po-
rous medium are intended for a continuous medium. To 
allow the applicability of these equations, the scale of ex-
amination is shifted from microscopic to macroscopic. To 
do this phase averaging is implemented. This allows the 
average volume, over which heat and mass transfer takes 
place, to be larger than the individual bed pores [15]. 

A standard cylindrical vessel with external cooling is 
considered – see Figure 3. The heat and mass transfer 
are modeled in two dimensions, the radial and axial flow. 
Figure 3 shows two reactor geometries. Figure 3A has 
hydrogen fed through an axial inlet and its hydride bed 
occupies the full breadth of the vessel. It is modelled 
asymmetrically for ease. Figure 3B is an expansion on the 
axisymmetric condition. The geometry potentially offers 
a much more even distribution of the hydrogen gas and 
with it an even generation of heat across the hydride bed 
[14, 16]. This work makes use of Figure 3B geometry.  

A) 

 

 
B) 

 

Figure 3. A simple diagram of the two most common 
reactor geometries 

An initial starting point for the thermal governing 
equation, are the following: 

𝜀𝜀𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕

= 1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜀𝜀𝜆𝜆𝑔𝑔𝑔𝑔𝑟𝑟

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕
� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝜀𝜀𝜆𝜆𝑔𝑔𝑔𝑔

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕
� − 𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝𝑣𝑣𝑔𝑔𝑔𝑔

𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕

−

𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝𝑣𝑣𝑔𝑔𝑔𝑔
𝜕𝜕𝑇𝑇𝑔𝑔
𝜕𝜕𝜕𝜕

+ 𝐻𝐻𝑔𝑔𝑔𝑔�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠�𝑆𝑆 − 𝑚𝑚𝐶𝐶𝑝𝑝𝑝𝑝(𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠)  (2) 

(1 − 𝜀𝜀)𝜌𝜌𝑠𝑠𝐶𝐶𝑝𝑝𝑝𝑝
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕

= 1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�(1 − 𝜀𝜀)𝜆𝜆𝑠𝑠𝑠𝑠𝑟𝑟

𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕
� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�(1 −

𝜀𝜀)𝜆𝜆𝑠𝑠𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕
� + 𝐻𝐻𝑔𝑔𝑔𝑔�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑠𝑠�𝑆𝑆 + 𝑚𝑚(∆𝐻𝐻𝑜𝑜 +  𝐶𝐶𝑝𝑝𝑝𝑝𝑇𝑇𝑔𝑔 − 𝐶𝐶𝑝𝑝𝑝𝑝𝑇𝑇𝑠𝑠) (3) 

Equations 2 and 3 are the thermal balance of the gas 
and solid phase, respectively [15, 17]. 

The mathematical formation of the governing equa-
tions is established with the following assumptions taken 
into consideration:  

i. The gas phase within the vessel and hy-
dride bed exhibits ideal gas behaviour 

ii. The local thermal equilibrium hypothesis is 
taken to be true 

iii. Radiative heat transfer is negligible 
iv. Viscous dissipation and compression work 

are considered negligible 
v. Hydride porosity, permeability and heat 

conductivity remain unchanged during ab-
sorption cycle 

Of the assumptions, one that provides an immediate 
simplification to the heat transfer model is the local ther-
mal equilibrium assumption. This allows for the tempera-
ture within the gas and solid phase along any radial and 
axial length at any given time to be the same. This, there-
fore, eliminates the need for two thermal balances and 
reduces it down to a single thermal equation: 

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝜕𝜕
�𝜆𝜆𝑒𝑒𝑟𝑟

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� + 𝜕𝜕

𝜕𝜕𝜕𝜕
�𝜆𝜆𝑒𝑒

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� − 𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝𝑣𝑣𝑔𝑔𝑔𝑔

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
−

𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑝𝑝𝑣𝑣𝑔𝑔𝑔𝑔
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝑚𝑚(∆𝐻𝐻 +  𝑇𝑇(𝐶𝐶𝑝𝑝𝑝𝑝 − 𝐶𝐶𝑝𝑝𝑝𝑝)   (4) 

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒 =  𝜀𝜀𝜌𝜌𝑔𝑔𝐶𝐶𝑝𝑝𝑔𝑔 + (1 − 𝜀𝜀)𝜌𝜌𝑠𝑠𝐶𝐶𝑝𝑝𝑠𝑠  (5) 

𝜆𝜆𝑒𝑒 = 𝜀𝜀𝜆𝜆𝑔𝑔𝑔𝑔 + (1 − 𝜀𝜀)𝜆𝜆𝑠𝑠𝑠𝑠   (6) 

Another assumption that is commonly used is that 
of ignoring pressure effects within the vessel and, by ex-
tension, ignoring the effect of convective heat transfer. 
To determine if this assumption is applicable to this in-
vestigation, a dimensionless ratio seen in Equation 7 
helps identify if the effect of gaseous flow can be ne-
glected or not [18]. If N is found to be much less than 1, 
then ignoring pressure effects will have a negligible ef-
fect on the results of the simulation.   

 𝑁𝑁 =  𝜆𝜆𝑒𝑒∙𝑀𝑀∙𝐿𝐿𝑔𝑔𝑔𝑔𝑔𝑔2 ∙𝜇𝜇
𝜕𝜕𝑃𝑃𝑒𝑒𝑒𝑒
𝜕𝜕𝜕𝜕 ∙∆𝐻𝐻∙𝜌𝜌𝑔𝑔∙𝐾𝐾∙𝐿𝐿ℎ𝑒𝑒𝑒𝑒𝑒𝑒

2
    (7) 

The continuity equation and reaction kinetics for this 
system are given by Equations 8 - 12. Equations 8 and 11 
are similar in that the former records mass absorption 
and the latter hydrogenation. There are instances where 
the thermal equation’s heat generation term makes use 
of the hydrogenation model – see Equation 14. Equation 
12 shows a modified van’t Hoff equation which accounts 
for varying hydrogen concentration and hysteresis [9, 
14]. The benefit of the model employed in this work is its 
generality for porous multiphase systems [15]. Its speci-
ficity comes in the form of the thermo-physical properties 
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shown in Table 1.    

𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎 =  𝐶𝐶𝑎𝑎 exp �−𝐸𝐸𝐸𝐸
𝑅𝑅𝑅𝑅
� ln � 𝑃𝑃

𝑃𝑃𝑒𝑒𝑒𝑒
� (𝜌𝜌𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠)  (8) 

(1 − 𝜀𝜀) 𝜕𝜕𝜌𝜌𝑠𝑠
𝜕𝜕𝜕𝜕

= 𝑚𝑚𝑎𝑎𝑎𝑎𝑎𝑎    (9) 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜎𝜎 (𝑝𝑝−𝑝𝑝𝑒𝑒𝑒𝑒)
𝑝𝑝𝑒𝑒𝑒𝑒

(𝑥𝑥−𝑥𝑥𝑓𝑓)
(𝑥𝑥𝑜𝑜−𝑥𝑥𝑓𝑓)

exp �−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅
�   (10) 

𝜀𝜀 𝜕𝜕𝜌𝜌𝑔𝑔
𝜕𝜕𝜕𝜕

+ ∇ ∙ �𝜌𝜌𝑔𝑔 𝜐𝜐
→� = (𝜌𝜌𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠)(1 − 𝜀𝜀) 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
  (11) 

𝑙𝑙𝑙𝑙𝑃𝑃𝑒𝑒𝑒𝑒 =  ∆𝐻𝐻
𝑅𝑅𝑔𝑔𝑇𝑇

− ∆𝑆𝑆
𝑅𝑅𝑔𝑔

+ (∅ ± 𝜑𝜑)𝑡𝑡𝑡𝑡𝑡𝑡 �𝜋𝜋 �
�𝐻𝐻
𝑀𝑀
�

�𝐻𝐻𝑀𝑀�
− 1

2
�� ± 𝛽𝛽

2
 (12) 

The following are the boundary conditions used: 
Reactor axis 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑧𝑧, 0, 𝑡𝑡) = 0    (13a) 

Reactor base 

−𝜆𝜆𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(𝐻𝐻, 𝑟𝑟, 𝑡𝑡) = ℎ�𝑇𝑇(𝐻𝐻, 𝑟𝑟, 𝑡𝑡) − 𝑇𝑇𝑓𝑓�  (13b) 

Reactor lateral area 

−𝜆𝜆𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(𝑧𝑧,𝑅𝑅, 𝑡𝑡) = ℎ�𝑇𝑇(𝑧𝑧,𝑅𝑅, 𝑡𝑡) − 𝑇𝑇𝑓𝑓�  (13c) 

Table 1: Alloy and hydrogen thermo-physical properties 
[15, 18] 

Alloy properties  
Density (kg/m) 𝜌𝜌𝑠𝑠  
Specific heat (J/kgK) 𝐶𝐶𝑝𝑝𝑝𝑝  
Effective thermal conductivity 
(W/mK) 𝜆𝜆𝑒𝑒 

 

Porosity 𝜀𝜀  
Effective saturated density 
(kg/m) 𝜌𝜌𝑠𝑠𝑠𝑠 

 

Effective initial density (kg/m) 𝜌𝜌𝑠𝑠  
Activation energy (J/kgK) 𝐸𝐸𝑎𝑎  
Entropy (J/mol HK) ∆𝑆𝑆  
Enthalpy (J/mol H) ∆𝐻𝐻  
Hydrogen properties  
Thermal conductivity (W/mK) 𝜆𝜆𝑔𝑔𝑔𝑔  
Specific heat (J/kgK) 𝐶𝐶𝑝𝑝𝑝𝑝  
Density (kg/m) 𝜌𝜌𝑔𝑔  
Molar mass (kg/mol) 𝑀𝑀𝐻𝐻2 x- 
Dynamic viscosity (Pas) 𝜇𝜇 x- 
Constants  
Gas constant (J/molK) R  
Reaction constant (s-) 𝜎𝜎  
Slope factor ∅  
Constant 𝜑𝜑  
Hysteresis factor 𝛽𝛽  

NUMERICAL METHOD 
A critical component of computational fluid dynamic 

work is the discretisation technique used to solve the 
governing equations. Initially, this work sought an explo-
ration of the possibilities between the finite difference 
method (FDM) and finite volume method (FVM) [19, 20]. 
In literature, there are diverging paths with many opting 
for FVM and few opting for FDM [8]. This work settled on 
using node-centred FVM. MATLAB was the chosen soft-
ware to conduct the work. 

The conductive terms after the FVM treatment can 
be seen in Equation 14. Note the hydrogenation modified 
heat generation term. 

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  1
𝑟𝑟𝑃𝑃
�𝑟𝑟𝐸𝐸𝜆𝜆𝑒𝑒

𝑇𝑇𝐸𝐸−𝑇𝑇𝑃𝑃
𝑟𝑟𝐸𝐸−𝑟𝑟𝑝𝑝

− 𝑟𝑟𝑊𝑊𝜆𝜆𝑒𝑒
𝑇𝑇𝑃𝑃−𝑇𝑇𝑊𝑊
𝑟𝑟𝑃𝑃−𝑟𝑟𝐸𝐸

� + �𝜆𝜆𝑒𝑒
𝑇𝑇𝑁𝑁−𝑇𝑇𝑃𝑃
𝑍𝑍𝑁𝑁−𝑍𝑍𝑝𝑝

−

𝜆𝜆𝑒𝑒
𝑇𝑇𝑃𝑃−𝑇𝑇𝑆𝑆
𝑍𝑍𝑃𝑃−𝑍𝑍𝑆𝑆

� +  ∆𝜌𝜌∙(1−𝜀𝜀)∆𝐻𝐻
𝑀𝑀𝐻𝐻2

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

    (14) 

In addition to the discretisation method, there is a 
need to select a solution technique for solving these gov-
erning equations. On this matter, there is typically one of 
two ways that can be selected – explicit solutions or im-
plicit solutions. This investigation sought to determine 
the most beneficial option between using explicit and im-
plicit solution methods [19-21]. The solution which pro-
vided the best numerical stability was the implicit solu-
tion, specifically the alternating-direction implicit (ADI) 
method. The application of this is shown in Equation 15 
and 16. A tridiagonal matrix algorithm is then utilised. The 
Dirichlet boundary condition is directly applied, and the 
Robin boundary conditions are treated with a difference 
approximation [19, 22]. 

Radial step: 

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒
𝑇𝑇𝑖𝑖,𝑗𝑗
𝑛𝑛+1/2−𝑇𝑇𝑖𝑖,𝑗𝑗

𝑛𝑛

∆𝑡𝑡/2
=  1

𝑟𝑟𝑃𝑃
�𝑟𝑟𝐸𝐸𝜆𝜆𝑒𝑒

𝑇𝑇𝐸𝐸
𝑛𝑛+1/2−𝑇𝑇𝑃𝑃

𝑛𝑛+1/2

𝑟𝑟𝐸𝐸−𝑟𝑟𝑝𝑝
−

𝑟𝑟𝑊𝑊𝜆𝜆𝑒𝑒
𝑇𝑇𝑃𝑃
𝑛𝑛+1/2−𝑇𝑇𝐸𝐸

𝑛𝑛+1/2

𝑟𝑟𝑃𝑃−𝑟𝑟𝐸𝐸
� +  �𝜆𝜆𝑒𝑒

𝑇𝑇𝑁𝑁𝑛𝑛−𝑇𝑇𝑃𝑃𝑛𝑛

𝑍𝑍𝑁𝑁−𝑍𝑍𝑝𝑝
− 𝜆𝜆𝑒𝑒

𝑇𝑇𝑃𝑃𝑛𝑛−𝑇𝑇𝑆𝑆𝑛𝑛

𝑍𝑍𝑃𝑃−𝑍𝑍𝑆𝑆
� + 𝑄𝑄 (15) 

 
Axial step: 

(𝜌𝜌𝐶𝐶𝑝𝑝)𝑒𝑒
𝑇𝑇𝑖𝑖,𝑗𝑗
𝑛𝑛+1−𝑇𝑇𝑖𝑖,𝑗𝑗

𝑛𝑛+1/2

∆𝑡𝑡/2
=  �𝜆𝜆𝑒𝑒

𝑇𝑇𝑁𝑁
𝑛𝑛+1−𝑇𝑇𝑃𝑃

𝑛𝑛+1+1
𝑍𝑍𝑁𝑁−𝑍𝑍𝑝𝑝

− 𝜆𝜆𝑒𝑒
𝑇𝑇𝑃𝑃
𝑛𝑛+1−𝑇𝑇𝑆𝑆

𝑛𝑛+1

𝑍𝑍𝑃𝑃−𝑍𝑍𝑆𝑆
� +

1
𝑟𝑟𝑃𝑃
�𝑟𝑟𝐸𝐸𝜆𝜆𝑒𝑒

𝑇𝑇𝐸𝐸
𝑛𝑛+1/2−𝑇𝑇𝑃𝑃

𝑛𝑛+1/2

𝑟𝑟𝐸𝐸−𝑟𝑟𝑝𝑝
− 𝑟𝑟𝑊𝑊𝜆𝜆𝑒𝑒

𝑇𝑇𝑃𝑃
𝑛𝑛+1/2−𝑇𝑇𝐸𝐸

𝑛𝑛+1/2

𝑟𝑟𝑃𝑃−𝑟𝑟𝐸𝐸
� + 𝑄𝑄    (16) 

RESULTS 
Using the criterion of Equation 7, it was determined 

that it is suitable for this work to neglect the effect of 
gaseous flow and neglect convective heat transfer. 

An appreciable baseline figure to remember for 
comparison is an estimation on how much hydrogen 
would be stored in a high-pressure (350 bar) gas vessel 
without a packed hydride bed. At a volume of 8.41x10-5 
m3, radius of 7.5x10-3 m and length of 4.75x10-1 m, and 
with the aid of the ideal gas equation, an estimated 
2.39x10-3 kg can be stored in such a vessel. A vessel of 
steel composition would result in a storage capacity 
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somewhere in the region of 0.6 wt.%. A lighter composite 
of aluminium and carbon fibre, as is increasingly used 
[23], would raise this to a potential capacity of 0.8 wt.% 

Grid sizing 
Before testing the effect of operating conditions, an 

important consideration is the effect of the numerical grid 
size used for the simulation. A base 20x200 grid is initially 
selected. An investigation into varying the gride size 
across a predetermined range of values was conducted. 
The adjustment of the radial resolution has a more prom-
inent impact than the axial resolution variation. Figure 3 
below shows how increasing nodal points in both the ax-
ial and radial direction increases storage capacity. This is 
understandable as coarser numerical grids often lead to 
higher inaccuracies. 

 
Figure 3. 3D plot of the effect of axial and radial nodes 
numbering on storage capacity 

A preliminary optimisation run saw that the ∆storage 
convergence threshold of 0.5% change was reached at a 
270x1295 grid size and yielded 0.448 wt.% capacity.  

Supply pressure and bed thickness 
Supply pressure plays a critical role in the attempt 

to maximise storage. Equation 10 shows how the differ-
ence between the P and Peq is a driving force for absorp-
tion. Like the grid sizing, pressure was varied across a 
predetermined range. Table 2 shows that larger supply 
pressures allow for more hydrogen to be absorbed. The 
optimisation simulation found convergence at 43.2 bar 
with a storage of 0.411 wt.%. 

In addition to supply pressure, this investigation 
tested the reactor bed thickness. Something helpful to 
consider is the surface area/volume ratio. An increased 
radius increases the required surface area across which 
the hydrogen must diffuse. Increasing the diffusion area 
increases the diffusion resistance and ultimately limits 
the amount absorbed – see Table 3. An optimisation was 

also run for bed thickness, but the convergence criterion 
was not met. However, the plotting did indicate that a 
maximum storage of just over 0.4 wt.% was reached be-
tween 0.005m and 0.01m. 

Table 2: Varied supply pressure and the impact on stor-
age capacity  

Pressure (bar) Wt.% 
5 0.016 
10 0.096 
15 0.186 
20 0.270 
25 0.337 
30 0.390 

Table 3: Varied bed thickness and the impact on storage 
capacity  

Radius (m) Wt.% 
5x10-3 0.390 
75x10-3 0.169 
10x10-2 0.092 
15x10-2 0.037 

CONCLUSIONS 
The metal hydride is a promising hydrogen storage 

pathway. The developed heat and mass transfer mod-
elled for this investigation, simulated on the MmNi4.6Al0.4 
alloy, yielded stable and comparable results to that seen 
in literature. The peak storage capacity values achieved 
in this work, while just under half of what is understood 
to be the ideal threshold, were appreciable enough for 
this investigation. It is also lower than the comparably 
sized high-pressure gas storage vessel.  

The intention to store hydrogen at safe and opera-
ble pressures which will aid its transportation and storage 
characteristics remains a significant hurdle to overcome. 
The metal hydride, at least the intermetallic kind, is still 
not yet a fully viable route but its promise remains alive. 
This work produced valuable insight into the effect that 
numerical grid sizing, supply pressure and bed thickness 
have on gas absorption for hydride operating.  
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