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ABSTRACT

This paper presents a zero-dimensional (0D) model of hydride tank. The model aims to
study the dynamic heat and mass transfers during desorption process in order to inves-
tigate the thermal-fluidic behaviors of this hydride tank. This proposed model has been
validated experimentally thanks to a tailor-made developed test bench. This test bench
allows the hydride characterization at tank scale and also the energetic characterization.
The simulation results of the heat exchanges and mass transfer in and between the
coupled reaction bed, show good agreement with the experimental ones. It is shown that
the heat produced by a Proton Exchange Membrane Fuel Cell (PEMFC) (estimated starting
from an electrical model) is enough to heat the metal alloy (FeTi) and therefore release the
hydrogen with a sufficient mass flow rate to supply the PEMFC. Furthermore, the obtained
results highlight the importance of the developed model for energy management of the

Experimental coupling of fuel cell and hydride tank system.
© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
N on fossil fuels. Hydrogen has a very high energy content of
Introduction

243 [kJ/mol], which makes it a very attractive, lightweight en-
ergy carrier. Aside from being the most abundant element in

Fossil fuel reserves depletion and the adverse effects of
climate change have attracted global attention and pose
serious threats to mankind. The development of new energy
technologies based on new materials is vital if the world is to
arrest the adverse effects of climate change and secure the
global energy security based on sustainable and renewable
energy sources. Among the various possible solutions,
hydrogen appears as a very attractive energy carrier to pro-
gressively establish itself in the economy that is today based

the universe, hydrogen is lightweight, and can be produced
from all primary resources such as fossil fuels, natural gas and
coal, as well as renewable resources, such as biomass and
water with input from renewable energy sources (solar, wind,
wave or hydro-power ...). Because hydrogen is not available
anywhere as a separate element, it needs to be separated from
the above mentioned sources, for which energy is necessary
to do this disassociation. A variety of process technologies can
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be used, they are classified in five main categories: thermo-
chemical, electrolytic, photolytic, biological and chemical.

The experience accumulated from over a decade through
different research, development and demonstration projects
confirm that both fuel cell and hydrogen (H,) technology has
a significant role to play a significant role in the green energy
systems regarding the reducing addiction on fossil fuel,
inhibiting pollutant and greenhouse gas emissions. A future
hydrogen based society in which hydrogen will be one of the
primary energy vectors will soon become a reality. The major
components in the expected Hydrogen Economy involve
production, storage and final use of hydrogen, e.g. in fuel
cells, all of these facing considerable technological chal-
lenges. However, for the societal acceptance of these new
technologies, several technical difficulties must be over-
come. Therefore, it is necessary to develop news hydrogen
storage devices with a high capacity, fast kinetics, long cycle
life, favorable thermodynamics, controllable reversibility,
cheap and high safety. There are currently three main tech-
nologies for storing hydrogen: compressed gas, liquefied
cryogenic fluid, and solid in a metal hydride [1,2]. For auto-
motive applications, using the liquid hydrogen technology as
an embedded storage leads to major problems mostly due to
the high energy cost of the hydrogen liquefaction process,
which today can lead to 50% of the initial cost of the H,
production [3—5]. The major drawbacks related to hydrogen
gas storage under high pressure [300 — 750 bar] are security
and societal acceptance. Otherwise, the metal hydride stor-
age offers the possibility to operate at very low pressure [1 —
10 bar] with a very good energy efficiency and it provides a
safe way to handle hydrogen. Therefore, an important
number of studies has been carried out to develop this
technology in the last years [6—11]. For any hydrogen storage
application, the optimum system design will vary based on
operational environment, acceptable cost, and the safety and
performance demands.

The information about these hydrides is generally inferred
from Pressure Composition Temperature (PCT) isotherms that
describe the dependence of the hydrogen equilibrium pres-
sure to the amount of hydrogen introduced in/or extracted
from the hydride at fixed temperatures. The thermodynamic
parameters of the hydride-dehydride process can be obtained
from the PCT. There are several methods of determining PCT
properties ranging from thermogravimetric to volumetric
measurements obtained by using classical Sieverts-type
apparatus, chromatographic, dielectric and the method pro-
posed in the previous work [12].

Review of modeling approaches related to hydride tank

The absorption and desorption process in porous media of
hydrides materials are considered by various mathematical
models [13—18] developed in particular to meet control and
design needs. The state of the art shows that the hydride bed
has been studied by different research teams. From the early
1980s, a number of mathematical models including one-
dimensional hydride tank [19-21] were presented to
describe the thermal behavior and the mass transfer under
both absorption and desorption process for various geome-
tries of the tank.

Muthukumar P. et al. [18] presented a parametric study of a
hydrogen storage device in an annular cylindrical tank device
filled within MmNi, ¢Alo 4 alloy. They studied effects of various
bed parameters on the storage performance such as hydride
bed thickness and overall heat transfer coefficients. They
observed that the average temperature of the hydriding bed
and hydrogen storage capacity at different supply pressures
showed good agreement with the collected experimental data.

Most of the models presented in the literature are based on
2D modeling (symmetrical with respect to the tank axis). The
first two-dimensional numerical studies of a hydrogen reactor
were performed by U.Mayer et al. [21]. The calculated tran-
sient behavior of reaction beds (pressure, temperature, and
concentration) shows very good agreement with experimental
data. The same approach has been used by A. Jemni et al. [22].
The results showed the effect of the geometry, of the inlet
pressure and were used for the choice of the cooling temper-
ature on the thermal behavior of the metal hydride. A math-
ematical model for a solid hydrogen storage was modeling by
Y.Kaplan et al. [23]. In conclusion of their work, they found
that the increase in temperature leads to the decreases of the
hydrogen rate. Therefore, the system must be efficiently
cooled in order to allow a fast and complete charging of the
tank. In another study carried by Minko et al. [13], the authors
perform the analysis of a model of a cylindrical metal hydride
tank. They concluded that the concentration gradient in the
bed was the main driving force of the hydrogen flow. Marty
et al. [24|provided an experimental validation of numerical
simulations of a metal hydride tank for a stationary co-
generation system. Their goal was to achieve better perfor-
mances against the compactness objectives.

Tsutomu et al. [25] provided a numerical model which was
validated experimentally for a metal hydride vessel based on a
plate-fin type heat exchanger. During the hydriding process,
the model and the experimental results present a good
agreement but during the dehydriding process, a big differ-
ence was observed concerning the calculated hydrogen
desorption rates and the measured ones. This result was
attributed to differences of heat transfer characteristics such
as thermal conductivity of metal hydride particles and
porosity between actual and assumed ones.

The absorption and desorption process are exothermic and
endothermic reactions respectively, heat of reaction during
absorption process may be stored and further used in
desorption process. Therefore efficient ways are needed to
supply the heat. Use of Phase Change Material (PCM) which
can store latent heat is a recent and an attractive solution to
resolve this issue. Mellouli et al. [26] presented a two-
dimensional model describing the heat and mass transfer in
metal hydride bed coupled to a PCM for storing heat. The
model was made to compare two types of tank (cylindrical and
spherical). The results showed that the latter exhibiting su-
perior performance. The same model was investigated for
laNis alloy by Rabienataj et al. [27] for charging and discharg-
ing processes. They found that inserting metal foam in the
PCM jacket enhances the heat transfer by increasing the
thermal conductivity, and significantly reduces the charging
and discharging time. In another work, Mellouli et al. [28]
developed a 3D mathematical model to investigate the influ-
ence of heat transfer fluid (HTF) and its mass flow rate on
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hydrogen filling time for three various configurations of metal
hydride tank (MH) (type 1: MH tank containing PCM heat
exchanger, type 2: MH tank containing PCM heat exchanger
and open HTF pipe and type 3: MH tank with PCM heat
exchanger in which the HTF pipe was considered closed).
They found that the type 2 was the most optimal regarding the
hydrogen filling time and the HTF circulated with a higher
mass flow rate has a favorable performance of the MH-PCM
tank. BenMaad et al. [29] developed a two-dimensional (2D)
mathematical model for a high temperature metal hydrogen
reactor integrating a MgeoZnygAls PCM. This solution was
adopted to store efficiently the heat produced during
hydrogen absorption process in order to reuse it during
desorption. The obtained results showed that the new
composition of PCM, which investigated by Garrier et al. [30] is
the appropriate that met the requirements to store the heat
released from the Mg,Ni alloy and the time required for the
reactor to desorb all the hydrogen do not exceed 2.5 h. The
same PCM was used by Marty et al. [31] in order to study some
modeling tools for the prediction of the time evolution of the
various physical parameters such as front position, tempera-
ture, stored hydrogen volume, and fraction of the PCM which
has been melted. A numerical study of the heat and mass
transfers in an annular reactor has also been conducted in
Ref. [32]. The results showed that the use of fins enhanced
heat transfer and consequently lead to 40% improvement of
the time required for the full charging of the hydride tank
compared to the case without fins. Melnichuk et al. [33]
focused on aluminum fraction optimization of heat
exchanger fins for a LaNi5 hydride tank cylindrical, for
different radius and at different absorption times. A two-
dimensional axisymmetric model was developed by Ref. [34]
to study the phenomena related to mass and heat transport
inside a metal hydride canister. The model was validated
experimentally. They concluded that the charging perfor-
mances are strongly influenced by thermodynamic parame-
ters: activation energy, thermal conductivity, absorption rate
constant, and hydride porosity.

On thermal engineering, the application of Computational
Fluid Dynamics (CFD) methods is frequently used to develop
and design heat exchangers. R.Shaheen et al. [35] used this
method to study numerically the hydrogen storage in metal
hydride bed. They found that the amount of hydrogen
adsorbed is greater than that of compressed hydrogen gas. A
3D modeling under Comsol Multiphysics of a cylindrical tank
was carried out by Freni et al. [36]. Their study focused on the
parameters to be optimized for a better hydrogen storage.
Their results showed that the most relevant parameters were
the hydrogen supply pressure, the permeability and the
thermal conductivity of the hydride. The same observation
was made with a 2D model developed by D.Chabane et al. [37]
using Comsol Multiphysics. The same software was used by
Bao et al. [38] to investigate a three-dimensional multiphysics
model for metal hydride reactors, in which the velocity field of
the heat transfer fluid was obtained by solving the
Navier—Stokes equations. They studied effects of some pa-
rameters on the performance. A three-
dimensional(3D) hydrogen desorption model was developed
by Kyoung et al. [39] to rigorously account for the principles of
mass, momentum, energy conservation and hydrogen

reactor

desorption kinetics. The validity of their model was tested by a
comparison with the experimental data reported by Jemni
et al. [22]. Bhogilla et al. [40] developed a 3D numerical model
for predicting the hydrogen absorption process performance
of cylindrical metal hydride tank (MHT) filled with AB alloy
type. A helical coil internal heat exchanger in the powdered
metal hydride bed was used to control the heat exchanger
between the MHT and the heat transfer fluid. The model was
validated with the experimental data available in the litera-
ture. Elmas et al. [41] studied the effects of various parameters
on the hydrogen absorption processes for three different
metal alloys (MmNigzgAlps, LaNigzsAlpps and LaNis). They
concluded that the maximum amount of hydrogen mass to be
stored was obtained by using LaNis but at the expense of the
time charging. Keshari et al. [42] studied the transient
behavior of sorption process inside the reactor using COMSOL
Multiphysics 4.4. The model was compared to the experi-
mental data obtained from the literature. Influence of various
operating and geometric parameters on the total absorption
time of the reactor has been investigated. The results showed
that the most influencing factor to increase the absorption
rate of hydrogen is the supply pressure.

Numerical study was carried out by Ref. [43] in order to
optimise the geometrical parameters of both the hydride tank
and exchanger using a COMSOL-MATLAB interface for three
different designs. Brown et al. [44] developed a mathematical
model describing the process of hydrogen storage in a com-
mercial tank loaded with a metal hydride AB2 type. The ob-
tained results allowed validating both the experimental
measurements and the assumptions made for the modeling
process. In the work by Artemov et al. [45], a numerical study
concerning the hydrogen absorption process in rectangular
metal hydride tanks have been done and validated experi-
mentally for two types of reactors were - with and without
aluminium foam. Results showed that the use of aluminium
foam allows to perform a more effective system for hydrogen
purification from impurities, compared to a case without
aluminum foam.

More recent work on the hydride tank modeling is pre-
sented by Cui et al. [46]. They proposed a 3D model to study
the heat behavior in thin double-layer annular ZrCo bed. The
effects of conversion layer thickness, thermal conductivity,
cooling medium and its flow velocity on the efficiency of the
heat transfer were analysed by simulation.

All the models described in the literature review are typi-
cally developed and used to determine transport properties,
reaction kinetics of metal-hydride systems, equilibrium con-
ditions (pressure and temperature), and to study the technical
aspects of the tank and cooling system designs. They are also
used to investigate the effects of parameters on the thermo-
dynamic behavior of the tank. Usually, Computational Fluid
Dynamics (CFD) methods are used to solve these models.
These methods require significantly more time and
computing capacity to run. Anyway, there are several review
articles which have addressed various aspects of hydride tank
technologies, but to our knowledge none has specifically
considered the energetic issues, which is the focus of this
work. A 0D hydride tank model is well-suited for an energetic
study and it allows fast simulation times (which is required for
the future definition of energy management laws).
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In this paper, the dynamic response of the hydrogen
discharge from a hydride tank is studied to supply a 500 Watt
fuel cell (PEMFC) generator. To this aim, a 0D simulation was
performed with the MATLAB/Simulink software. After
explaining the model principles and providing mathematical
equations governing the heat and the mass transfer in the
hydride tank, the model of the studied system is presented.
Then, the experimental validation study of the hydride tank
model is exposed. Finally, in order to demonstrate a possible
dynamic interaction between the fuel cell generator and the
hydride tank, especially in terms of heat and hydrogen pres-
sure, key-results are presented and discussed.

Mathematical modeling of the interaction
between the hydride tank and the fuel cell

Studied system

Many different kinds of models was proposed to describe and
simulate the reaction kinetics, equilibrium conditions, heat
and mass transfer inside the tank during absorption and
desorption process [47—49]. A simplified sectional view of the
hydride tank is shown in Fig. 1. The total length is 0.6[m], the
outer diameter is 0.13[m], the inner diameter is 0.11jm] .
11.5[kg] of FeTi metal hydride alloy was contained in the tank.
A tube type heat exchanger, made of copper, was installed in
the tank with an outer diameter of 0.012[m)].

The reversible interaction between the alloy with hydrogen
gas can be expressed by the following equation [50]:

absorption

M + ~H, hscale345% = MH, + Q (1)
2 desorption
where M is the intermetallic matrix, H is hydrogen and Q is
heat generating or providing by/to the metal hydride MH, and
x is the ratio of hydrogen to metal. The reaction is reversible
and the direction is determined by the pressure (and tem-
perature) of the hydrogen gas. If the pressure is above a
certain level (the equilibrium pressure), the effect proceeds to
the right to form hydride, whereas below the equilibrium
pressure, hydrogen is liberated and the intermetallic matrix
returns to its original state. The equilibrium pressure, itself,

depends upon temperature.
Ty Peq Ps .
/ m/HQ.uut
/)g —_—
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Fig. 1 — Synoptic of the model.

Dynamic model of the hydride tank

In most cases, the first step of a mathematical modeling is to
identify the appropriate assumptions to simplify the govern-
ing equations and enable them to be solved either analytically
or numerically.

Assumptions of the model
The metal hydride bed is considered as a uniform mixture of a
solid porous phase and a gaseous phase. This model in-
corporates the heat and mass balances that are applied to
both metal hydride and hydrogen gas within the tank. The
heat transfer from an external circulating water loop is taken
into account.

Owing to the complexity of heat and mass transfer process,
the following assumptions have been made to simplify the
model formulations:

o the gas phase is ideal from the thermodynamic view point;
e there is a local thermal equilibrium between the gas and
solid particles in the porous medium;

the solid phase is isotropic;

natural convection within the hydride powder is negligible;
the radiative transfer in the porous medium is neglected,;
thermophysical properties are constant;

the heat transfer coefficient assumed constant;

mass flow rate of the water assumed constant.

The mathematical model describing the heat and mass
transfer in porous media is based on the methods that are
traditionally used in the continuous media of fluids mechanic.
These methods consist of determining the local expression of
conservation laws, namely: mass conservation, momentum
conservation, and energy conservation.

Considering the previous assumptions, the behavior of the
hydride in the tank is described as below.

Mass balance

According to the mass conservation law, the hydrogen (Hy)
concentration distribution in the metal hydride bed and its
evolution as a function of time is expressed by:

U ap m

where nq is the amount of desorbed hydrogen per unit volume
and unit time which denotes the reaction rate for desorption,
py is the gas density desorbed, ¢ denotes the porosity of the
metal bed, which is assumed to be constant and uniform over
the metal bed. The porosity € = 0.5 was assumed uniform over
the metal bed. The porosity values reported in literature
generally vary from 0.43 to 0.63 for FeTi[51—53]. Uian represents
the volume of the tank and vy is the volume occupied by the
alloy which is 70% of the tank volume. This ratio makes it
possible to take into account the filling or not of the hydride
tank. It represents a control volume. The straight term of the
equation implies that the mass of hydrogen gas in the tank
increases when hydrogen is desorbed from the hydride. This
equation is reduced to its traditional form when the reservoir
is filled with hydride.
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My, is the mass flow rate demanded by the PEMFC which can
be calculated using the fuel cell modeling and through using
the following equation by considering a hydrogen stoichiom-
etry Ay, of 1. The latter is defined as the ratio between reactant
feed (into the fuel cell) and reactant consumption (inside the
fuel cell).

; My, Npe I
M,y = At~ szl—"fc . ©)
MHZ Pfc
_ e 6
HT2F Vg, ()

where )y, is hydrogen stoichiometry, My, denotes hydrogen
molar mass, Ny is the number of cell in the PEMFC, I, is the cell
current (A), F is Faraday's constant, Vj is the cell voltage (V)
and Py is the electrical power that is expressed as:

Pe = Npe Ie Vie )

Over time, the density of the metal powder (p;) changes due
to hydrogen desorption. Therefore, a source term is added to
the right-hand side in the mass balance equation of the solid
(FeTi alloy) indicating the amount of hydrogen which is
removed by the solid with time. The mass balance for the
metal alloy (FeTi) is:

(1-o) % =n ®
Kinetics reaction

The amount of the hydrogen desorbed by the metal as a
function of time is directly related to the reaction rate of the
dehydriding (hydrogen desorption) process. The hydrogen
desorption kinetic is strongly influenced by the thermody-
namic conditions in the tank. It is expressed as follows:

—E P, — P,
ng = Cq exp <RTM1) <9qu) (ps = po) ©)

where C; and E; are the desorption rate constant and
desorption activation energy respectively, R is the gas con-
stant (8.314472 [J/mol/K]), p, is the density of the metal hydride
alloy when it has desorbed all of the hydrogen gas that can
reversibly be desorbed. P, is the pressure of the hydrogen gas
and P, is the equilibrium pressure.

According to the ideal gas assumption, the hydrogen
pressure in the tank is as follows:

P — pgRTMH
7 My

(10)

The equilibrium pressure can be described as a function of
the temperature by vant Hoff equation [54—56]. Usually, it can
be taken in the central of the equilibrium plateau of the PCT
curve [12].

P,\ AH —AS

where P, is atmospheric pressure, AS and AH are entropy and
enthalpy changes of the dehydriding reaction, respectively, T
is the absolute temperature. For any hydride solid, the change
in entropy is approximately equivalent [1]. The thermody-
namic parameters (enthalpy and entropy) of the hydride
decomposition process can be obtained from the so-called
vant Hoff plots that represent a variation with temperature
of the equilibrium pressure logarithm derived from the PCT
isotherms [12].

Another variant of this equation consists to express P, as a
function of the hydride temperature and the Hydrogen-to-
Metal atomic ratio (H/M), where H and M are, respectively,
the number of hydrogen and metals atoms in the unit cell. Itis
calculated using experimental data as follows:

Py = fMexp(~ I (7)) (12
where: f(H/M) is the equilibrium pressure at the reference
temperature T,y. This function is given by fitting the experi-
mental data of the PCT curve (Fig. 2) available in Ref. [12]. As
shown in Fig. 2, the length of plateau translates the amount of
H, that can be stored reversibly with a small pressure
variation.

The hydrogen desorbed is typically expressed as gravi-
metric storage capacity, wt%, referred to the mass of the
desorbent (my) and of the desorbed hydrogen, my,, from a
technological point of view, the capacity presentation in wt%
is very useful, because it gives direct information on how
much of hydrogen can be stored in a material.

Mt 109 (13)

wt¥% = ——
my + My,

Eq. (14) gives the mass of hydrogen desorbed from the
metal hydride tank:

My, = Mo + Umn / ng dt (14)

With my is the initial mass of hydrogen which in our case is
equal to 0.1278[kg].

The gravimetric storage capacity can also be calculated
from the ratio of the mass of hydrogen stored within the metal
or compound to the mass of the host material including the
absorbed hydrogen [57].

[H/M]Ms,

wtle =——"—7—2
My + [H/M]My,

100 (15)

where.

14
=12y

- Experimental data
—T7th degree

Pressure [bar

-_—
ON B~ O OO

0 0.2 0.4 0.6 0.8 1 1.2
Atomic ratio [H/M]

Fig. 2 — PCT curve of FeTi alloy at.21°C
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e H/M: the hydrogen-to-metal ratio.
e My,: the molar mass of hydrogen.
e My: the molar mass of metal.

Where, the hydrogen to metal ration is defined by Eq. (16)
[58].

(ps = Po)Mm
H/M|=2—"— 16
/M) =20 (16)
Finally, the equilibrium pressure for hydrogen desorption
on FeTi is approximated as a 7th order polynomial function.
Its coefficients are given in Table 1.

flwt) = Z a;(wt%)' (17)
i=0

Energy equation

The desorption reaction is an endothermic process and it re-
quires the following energy input to accomplish the desorp-
tion reaction:

0Twn
ot

(epsCpy + (1 = e)psCps) KeV?Tagss + Q + St (18)

where Cp, and Cp; are specific heat of the gas and solid phases
respectively, the Laplacian temperature (V?Tyy) will be
neglected by the assumption of a uniform distribution of
temperature in the tank. Although the uniform temperature
assumption does not accurately describe real phenomena, the
difficulty of estimating the exact value of the heat transfer
coefficient K, is also present in multidimensional numerical
modeling. The second term to the right of the equation above
represents the amount of heat supplied by the heat transfer
circuit to heat the hydride and bring it back to its equilibrium
temperature. The third term reflects the internal heat source
that is due to the endothermic reaction which is expressed as
follows:

AHdes

H2

STH =14 (19)

The total heat flux exchanged between the hydride and the
heat transport circuit through the exchange surface element
ds, as shown in Fig. 1, can be estimated by the following
thermal balance model:

dQ = HdS(T — Tyu) = —MuCpydT (20)

where H,m,, and Cp,, are the effective heat transfer coefficient
[W/m?], mass flow rate of water [kg/s], and the specific heat of
the water [J/kg/K] respectively.

By integrating (20) with the hypothesis of the uniformity of
the temperature in the tank, the temperature at the exit of the
heat transport circuit will be given by the following formula:

Twout = Tmu + (ijn - rl—‘MH) e (21)
Table 1 — Polynomial function of equilibrium pressure.
do aq ar as
10° —0.001 0.0386 —0.388 1.8642
da ds dg az
10% —4.6387 6.14 —4.0849 1.0748

where Ty, is the inlet temperature of the circulation water
channel which is set at 21°C. and:

_HaDL

= o (22)

where L and D are the length and the external diameter of the
internal exchanger respectively.

The quantity of heat exchanged between the hydride and
the heat transport circuit is obtained by per unit volume Q'
transferred from the heat transport circuit to the tank and it
can be expressed as follows:

my,C
Q=" (r T (1-e) (23)
UmH
Then, the thermal power exchanged between the water
circuit and the metal hydride is:

Q = Q' Vum (24)

Initial conditions

The numerical model was used to simulate the same condi-
tions experienced in the experimental work. Initial pressure
for modeling is the same as that recorded by the pressure
transducer during the experiments which is 15[bar|. For the
initial tank temperature, it is adjusted equal to the heating
fluid temperature 21°C. The hydride was assumed to be fully
saturated with hydrogen, therefore, the initial density of
metal alloy is considered equal to the saturated metal hydride
density [59].

Experimental validation of the hydride tank
model

A test bench composed of ten main parts developed in the
laboratory as shown in Fig. 3: (1) Climatic chamber, (2) Hydride
tank, (3) Circuit of heat transport system, (4) Hydrogen line, (5)
PC for system monitoring, (6) Acquisition card, (7) Hot/Cool
generator, (8) thermocouple sensor (type K), (9) Check valve,
(10) Vacuum pump, (V1 and 2) Valve and (RD) Flowmeter
(Brooks 5850S). It allows the control and measurement of
different operating parameters, such as a hydride tempera-
ture, temperature of the cooling water at input and output of
the hydride tank, The hydrogen pressure, the mass flow rate.

PCT process

The tank is installed in a climatic chamber to control the
ambient temperature (Fig. 3a). Initially, the tank is heated to a
temperature of 21°C (gas valve closed). When the temperature
in the tank is homogeneous, the gas exhaust valve is opened.
The method consists in browsing the PCT pressure charac-
teristics curve with a decrement factor of 5g (variation of the
hydrogen mass amount). At first, at the start of the experi-
ment, the hydrogen flow rate is fixed at 1 [Nl/min] (Fig. 3b). The
temperature variations of the reservoir are then slow, of low
amplitude and, consequently, of little significance in terms of
measurement resolution for the energy characterization.
Then a higher hydrogen flow of 4 [Nl/min] is selected. It cor-
responds to the rate at which a 500 Watt Proton Exchange
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(b) PCT experimental process

Fig. 3 — Experimental set-up used for doing the PCT and energetic characterization of the hydride tank.

Membrane Fuel Cell (PEMFC) will be fed. Heat is supplied to the
tank through the heat transport circuit (water) which passes
through the hydride bed of the tank with a constant flow rate
of 1[1/min]. By imposing the amount of hydrogen desorbed, the
system undergoes a decrease in temperature and pressure.
Once the 5g threshold is reached, we stop the extraction of
hydrogen, then we wait that the system return to equilibrium.
The process is repeated until the complete extraction of the
hydrogen from the tank.

The circuit supply/exhaust of hydrogen to/from the hy-
dride tank is indicated in Fig. 3a at the left. During the ab-
sorption, the hydrogen is supplied to the tank through the first
way (red line). During this phase, the valve V1 and V2 are
closed. The second way (blue line) is used during the dehy-
driding process. For this characterization, two steps are
considered depending on the hydrogen pressure at the outlet
of the tank. If the hydrogen pressure is greater than the at-
mospheric pressure, the valve V1 is open and the valve V2 is
closed. To characterize the hydride below the atmospheric
pressure during the discharge, once the latter is reached (the

measurement is made by the differential pressure sensor), the
hydrogen is channeled by the solenoid valve V2 to a buffer
maintained in depression via a vacuum pump.

Energetic process

The test will consist in scanning the characteristic PCT curve
in the direction of desorption by quantifying the energy ex-
changes involved. Heat exchanges are carried out using a hot/
cold group (Fig. 3). The latter makes it possible to regulate the
characterization temperature of the hydride. Two thermo-
couples are integrated into the heat transport circuit to mea-
sure the temperature variations at the tank inlet and outlet.
The thermal power consumed by the hydride is expressed as
follows:

Q = mwcpw (Twin - Twout) (25)

The control of the overall process is implemented on a
National Instrument PCMCIA/SCXI platform using manual
and/or automatic control software developed in the Labview
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environment. The software interface allows the user to
choose the running mode (absorption or desorption) and the
parameters to be controlled. An interface panel allows the
various available measurements, and sensor states to be
checked. The measurements displayed and stored are the
temperatures on the body of the tank, the ambient tempera-
ture, the pressure in the tank, the ambient pressure, the mass
flow rate to calculate the amount of hydrogen absorbed or
desorbed.

Simulation of the hydride tank-fuel cell
interaction

Implementation of the simulation program

The aforementioned governing equations with the parame-
ters from Table 1 are implemented under the MATLAB/
Simulink software to simulate the dynamics of hydrogen
discharge processes. The different blocks of Fig. 4 are related
to the different governing equations (mass balance, kinetics
reaction, and energy equation).

Hydrogen desorption is an endothermic process, which
means that the hydrogen release process requires external
energy input to accomplish the desorption reaction at a tem-
perature equilibrium. In this study, the tank is heated by a
water channel with a constant mass flow so that the tem-
perature at the channel inlet is considered constant. The
values of the parameters involved in the model (e.g. parame-
ters related to the physical properties of the FeTi, with the
modeling of the hydrogen line) are summarized in Table 2.

Results and discussion

The experimental study focuses on the behavior of the hy-
dride tank in order to validate the model included in Fig. 4. The
fuel cell experimental will be considered in a future work.

In this work, some assumptions are made regarding fuel
cell stack as:

e the hydrogen consumed is (according to the Faraday's law)
directly proportional to the load current;

o the H; is supplied to the tank with a stoichiometry rate of 1;

o the fuel cell temperature is constant;

Pg
m Hy Tw o
Mass balance s I
Energy equation _Q.
Py
L . Tnm
Kinetics reaction
. —
Ty

Fig. 4 — First layer of the Simulation diagram of hydrogen
discharge processes implemented in MATLAB SIMULINK
environment.

Table 2 — Parameters of the model.

€ 0.5

Uc 0.65 [m]

€ 2.6 [59] [1/87]

Eq 19.87e3[59] [J/mol|
My, 2¢3 [kg/mol|
My 103.7¢3 [kg/mol|
My 11.5 [kg]

o0 6530 lkg/m?]
Tyt 21 °Cl

R 8.314 [J/(mol«K)]
Cpy 14890 I/ (kg+K)]
cps 168 J/(kg+K)]
Cpw 4185 U/ (kg+K)]
AH 27.6e3[59] [J/mol|
My 1 [I/min]
Tw,in 21 [0 C]

H 600 [W/(m2+K)]
D 1.2¢72 [m]

Diank 13e2 [m]

L 60e2 (m]

Ty 65 C

Np. 5

An, 1

e the number of cells in the stack is 5.

Fig. 5 depicts the Hymass flow rate consumed by the 500
Watt fuel cell (PEMFC). This scenario is considered as the inlet
of our model.

According to the hydrogen mass flow profile applied to the
hydride tank, the total amount of the hydrogen desorbed from
the hydride tank is 128 g as shown in Fig. 6a. This value is in
agreement with the results found experimentally in our pre-
vious work [12]. As it can be seen, there is a gradual increase of
the extracted hydrogen over time until the complete discharge
of the tank, which is subordinated to the heat input. Fig. 6b
represents the desorption kinetics of the hydrogen. This
characteristic is an intrinsic characteristic of the metal hy-
dride, but its evolution over time is strongly impacted by the
consumption scenario of the fuel cell. As shown in Eq. (27), the
heat produced by the fuel cell is related to its load current
which is itself linked with the H, mass flow rate consumed. In
the same time, heat is used during the hydrogen desorption
reaction, which is endothermic in nature. This heat has a
direct impact on the kinetics reaction, therefore it's necessary
to improve the heat transfer to achieve high dehydrogenation
rate.

Fig. 5 — Profile of hydrogen mass flow.
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Fig. 6 — Experimental and simulation results.

Fig. 6c shows the isotherm variation of the pressure con-
centration during the desorption process corresponding to the
hydrogen mass flow extracted from the hydride tank. Since
the unloading process is endothermic, the temperature in the
hydride bed drops quickly (Fig. 6d). The drop observed at the
beginning of the test (Fig. 6d) is caused by the evacuation of
the hydrogen (through a valve opening) that was inside the
tank in gaseous form. This opening of the valve induces a
quick decreasing of the hydrogen pressure. Then, it continues
to decrease up to reach the equilibrium pressure, which is
1.8 bar in our case as shown in Fig. 6¢c. At this value, the
hydrogen desorption reaction will be started. The pressure
oscillations result in changes in the temperature of the metal

hydride (Fig. 6d).These oscillations are induced by the dy-
namic variations of the hydrogen mass flow rate consumed by
the fuel cell. In Fig. 6e, the temperature of the outlet of the
heating water over time is shown. It can be seen that the
heating temperature decreases to a value of 20C throughout
operation, also a downward spike can be seen for each cycle.
This is caused by the sensible cooling that has to be done to
heat the material to desorption temperature.

The accuracy of the proposed model was verified by
measuring the Mean Absolute Percentage Error (MAPE) be-
tween the results of the proposed model and those obtained
experimentally. It is defined by Eq. (26). The calculated MAPE
value is 1.53% which indicates the good accuracy of the model.
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However, we find that the model presents a dynamic more
important than reality. There are surely some elements to
refine because these strong temperature dynamics must
result in strong power demand which may ultimately have an
impact in the energy balance.

MAPE =

100% Z A — Fy| 26)
i=1

N Aj

where A; and F; denote the experimental and calculate values
at data points respectively and N is the number of data points.

The heat generated by the fuel cell during the electro-
chemical reaction can be calculated using the following
equation:

Qe = Iie Ne (Ve — Vi) (27)

where I, is the current of the fuel cell, Ny is the number of cells
in the stack, V,. is the open circuit cell voltage and V. is the cell
voltage. V,. would be 1.48 V (if the water product is in liquid
form) or 1.25 V (if the water product is in vapor form) [60].

The heat produced by the fuel cell and the heat consumed
by the hydride in order to desorb the hydrogen is represented
in Fig. 7. The simulation results show that the heat needed by
the hydride to continue with the desorption process can be
provided by the fuel cell. The maximum heat consumed by the
hydride is about 70[W] and the heat that can be drawn from
the fuel cell is about 300[W]. At the beginning of the desorption
process, a rapid and significant amount of heat is consumed
by the hydride. This system behavior is due to the quick fall of
the tank pressure thus inducing a drop-down in the hydride
temperature. In order to allow the continuity of the desorption
process, a high consumption of calories by the hydride is
required to break the bonds of the hydrogen with the metal.

Fig. 8 depicts the total energy used for hydrogen desorption
wish is 3.7 [MJ]. This energy is representative of that measured
experimentally. The theoretical energy for the same kind alloy
is 1.7526 [MJ] according to [61,62]. There is a difference be-
tween these two values which can be explained as follows: the
experimental value includes all measurement losses and er-
rors on the different heat exchange circuits between the heat
transfer unit, the hydride and the external environment, the
error made in the determination of the limits of the two
phases (@, B), and a lack of knowledge of the exact composition
of the hydride characterized (which has a direct impact on the
concentration of hydrogen in the hydride).

o
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Fig. 7 — The heat produced by the fuel cell Q; and
consumed by the metal hydrideQuy.
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Fig. 8 — The energy consumed during the dihydriding
process.

Conclusion

The objective of the work was to develop an energetic model
of tank that would be tractable in a simulation environment. A
zero-dimensional model was developed for a MH tank for
hydrogen storage, based on linked modular mathematical
models in Matlab Simulink. The model was validated experi-
mentally for a scenario of hydrogen consumption demand by
a fuel cell system. Results are very close to those found
experimentally, with maximum of 1.53% of error that is con-
firming the reliability of the mathematical model used to
represent the performance of the metal hydride tank created
in MATLAB. Also, the simulation results obtained with this
model highlight the possibility of recovering the heat deliv-
ered by a PEMFC stack to extract the hydrogen from the hy-
dride tank. Also, the simulations show and the strong
dependence of the thermal behavior of the tank with the load
profile imposed by the connected fuel cell generator.

Moreover, the results indicated a well-suited fluidic/ther-
mal architecture as well as a good strategy of energy man-
agement need to be implemented in order to achieve an
efficient thermal coupling between the fuel cell and the hy-
dride tank. In future works, the proposed model can be used to
achieve such an energetic control, and also examine the dy-
namics of fuel cell system performances incorporating
enhanced control strategies of hydrogen supply with opti-
mized control parameters.

This model can be also adapted for hydrogen absorption
process, different alloys and experimental conditions.

Acknowledgments

This research work is carried out thanks to two projects:
MobyPost project funded under the Grant Agreement
No.256834 by the European Union’s seventh Framework pro-
gram (FP7/2007e2013) for the Fuel Cell and Hydrogen Joint
Technology Undertaking (http://mobypostproject.eu/) and
OenVHy project funded by the Bourgogne-Franche-Comt re-
gion-France.

Nomenclature

Physics constants

Please cite this article as: Chabane D et al., Energetic modeling, simulation and experimental of hydrogen desorption in a hydride tank,
International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2018.11.024



http://mobypostproject.eu/
https://doi.org/10.1016/j.ijhydene.2018.11.024

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

11

AH

A

wn

TH

< <

Subs
0

out

ref

heat of reaction [J/mol]
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