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Abstract

This work presents a novel systematic approach for the optimal design and control of metal hydride beds used for hydrogen
storage. A detailed 2-D mathematical model is developed and validated against experimental and theoretical literature results.
Based on recent advances in dynamic optimization, the objective is then to find the optimal process design (e.g. cooling
systems design) and operating strategy (e.g. cooling fluid profile over time, hydrogen charging profile, etc.) so as to minimize
the storing time, while satisfying, a number of operating constraints. Such constraints account for pressure drop limitations,
cooling fluid availability and maximum tank temperature. Optimization results indicate that almost 60% improvement of the
storage time can be achieved, over the case where the system is not optimized, for a minimum storage capacity of 99% of the
total bed capacity. Trade-offs between various objectives, alternative design options and optimal cooling control policies are
systematically revealed illustrating the potential offered by modern optimization techniques.
� 2005 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Environmental problems related to the emission of
greenhouse-effect gases and to the depletion of fossil-fuel
natural resources, have led to significant research effort on
alternative and cleaner fuels. The simultaneous growth of
the world population and of air-pollutant emissions pro-
duced by carbonaceous fuels, impose the replacement of
gasoline by cleaner, renewable fuels such as hydrogen,
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which is especially attractive for electric vehicle use [1,2].
The need for a worldwide conversion from fossil fuels to hy-
drogen requires the elimination of several barriers imposed
along the different steps involved in hydrogen technology.
One of the main problems in large usage of hydrogen energy
in automotive industry is the storage problem. Conventional
storage methods such as gas compression and liquifying are
impractical since the former requires very heavy gas tanks
and the latter is too expensive to be employed in public vehi-
cles. Storing hydrogen in metal hydrides beds as a chemical
compound appears to be a promising, cost-effective and safe
method of hydrogen storage in the near future [3]. This can
be attributed to the reduced operating pressure compared
to compress gas technology, thus ensuring less weight and
better security.
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Nomenclature

Biz dimensionless axial Biot number
Bir dimensionless radial Biot number
HM∗ dimensionless hydrogen to metal atomic ratio
kz dimensionless axial permeability
kr dimensionless radial permeability
L total bed length
Le dimensionless Lewis number
Ms molecular weight of the metal hydride
Mt total amount of hydrogen stored in the tank
P pressure
P0 pressure at the bed inlet
Pet,z dimensionless axial thermal Peclet number
Pet,r dimensionless radial thermal Peclet number
Pem,z dimensionless axial Peclet number
Pem,r dimensionless radial Peclet number
P̂eq dimensionless equilibrium pressure
r dimensionless radial distance
R total bed radius
tres residence time
T0 temperature at the bed inlet

û superficial gas velocity vector
u0 reference velocity
uf cooling fluid velocity
W0 dimensionless parameter
z dimensionless axial distance

Greek letters

� dimensionless parameter
�r radial thickness
� void fraction
�a dimensionless activation energy
�̂ dimensionless hydrogen density in the gas

phase
�0 hydrogen density at the bend inlet
�s dimensionless solid density
�̂sat “saturated” bed density
� dimensionless time
� dimensionless gas temperature
�c dimensionless constant cooling temperature
�f dimensionless temperature of the cooling fluid

The mathematical modeling of hydrogen storage in metal
hydride beds has received considerable attention over the
past ten years. Jemni and Nasrallah [4] presented a the-
oretical study of the mass and heat transfer dynamics in
a metal hydride reactor. The effect of several parameters
on the overall hydrogen storage efficiency was illustrated.
Some of the assumptions used in this work were validated
in a subsequent contribution [5]. Jemni et al. [6], presented
an experimental approach to determine the reaction ki-
netics, equilibrium conditions and transport properties in
LaNi5–H2 system. Heat and mass transfer effects were
also determined experimentally. Experimental data were
compared with model predictions from previous work.
Nakagawa et al. [7], presented a 2-D model for the transient
heat and mass transfer within a metal hydride bed. Several
conclusions were made regarding the effect of the under-
lying operating condition on the storing process. Mat and
Kaplan [8] developed a mathematical model to describe
hydrogen absorption in a porous lanthanum metal bed. The
model takes into account the complex mass and heat trans-
fer and reaction kinetics. Model predictions were found to
be in good agreement with experimental data. Aldas et al.
[9] and Mat et al. [10], presented an integrated model of
heat and mass transfer, reaction kinetics and fluid dynamics
in a hydride bed. An important conclusion of this work
is that the flow conditions do not significantly affect the
amount of hydrogen absorbed. Askri et al. [11] extended
the previous studies [4–6], by investigating the effect of
radiate heat transfer in LaNi5–H2 and Mg–H2 hydride
beds. Simulation results showed that radiation effects are
negligible on the sorption process in the LaNi5–H2 bed but

they play an important role in the case of Mg–H2 hydride
bed. Recently, Kaplan and Veziroglu [3] extended the work
of Mat et al. [10] and investigated numerically the hydro-
gen storage process in a 2-D metal hydride bed including
the full momentum balance equation, which is considered
to be important when large pressure gradients exist in the
system. The effect of the underlying operating conditions
on the hydride formation rate was investigated and several
conclusions were drawn up.

The operation of hydrogen storage tank using metal hy-
drides presents distinct challenges such as the possible ap-
pearance of a maximum in the temperature profile (hot spot)
and the possibility of temperature runaway. The occurrence
of excessive temperatures (often due to parametric sensi-
tivity) can obviously have detrimental consequences on the
storage management of the tank such as potential explosions,
limited storage capacity, etc. These considerations motivate
the need for effective heat management strategies for such
systems and novel design options (e.g. design of cooling
systems, tank diameter, etc.). In this vein, control strate-
gies that regulate the magnitude of the hot spot temperature,
while ensuring a maximum storage capacity at minimum to-
tal costs are of paramount important. Research indicates that
attempts to address this problem directly and systematically
are rather rare.

This work first presents a detailed 2-D mathematical
model describing the adsorption of hydrogen in a metal
hydride bed. Heat, mass and momentum transfer effects are
modeled in detail. The model is validated and found to be
in excellent agreement with theoretical and experimental
data from the literature [4–6]. Then, a cooling medium
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