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Abstract

Being produced from renewable energy, hydrogen is one of the most efficient energy carriers of
the future. Using metal alloys, hydrogen can be stored and transported at a low cost, in a safe
and effective manner. However, most metals react with hydrogen to form a compound called
metal hydride (MH). This reaction is an exothermic process, and as a result releases heat.
With sufficient heat supply, hydrogen can be released from the as-formed metal hydride. In
this work, we propose an integrated power system of a proton exchange membrane fuel cell
(PEMFC) together with a hydride tank designed for vehicle use. We investigate different
aspects for developing metal hydride tanks and their integration in the PEMFC, using water
as the thermal fluid and a FeTi intermetallic compound as the hydrogen storage material.
Ground truth simulations show that the annular metal hydride tank meets the hydrogen
requirements of the fuel cell, but to the detriment of the operating temperature of the fuel

cell (FC).

Keywords: Fuel cell, Energy management, Hydrogen tank, thermal coupling

1. Introduction

Integrated systems composed of a PEMFC stack and metal hydride tanks have been
widely studied by researchers. Systems where the wasted heat generated in the fuel cell
is used to supply the heat required for desorption of hydrogen from the tank have been
investigated in [1-12]. Different modes of heat transfer such as direct [8], air [2], heat
transfer fluid [13] and heat pipes [10] are used to carry out the coupling. An important work
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in [8] considers high and low temperature of the FC. The authors suggest a direct transfer
of calories from the FC to the hydride tank for high temperature fuel cell. The calorific
power of the solid-oxide fuel cell (SOFC) is transferred mainly by radiation, convection, and
conduction to the hydride tank. As for low temperature FC, such as PEMFC, the authors
suggest an indirect transfer based on passive or active thermal bridges to transfer calories
from the FC to the storage system.

In [10], the authors propose a technology based on the use of passive bridges (heat pipes)
to minimize the dissipated thermal energy encountered in the active cooling technique. In
order to achieve a better heat transfer, a new system is proposed by Zhixiang et al. in[9],
which consists of directly integrate the hydrogen storage into the FC. This technology allows
a direct transfer of heat from the battery to the hydride tank.

In [14], Weiss et al. study a HT-PEM fuel cell stack (400 W) coupled to a sodium alanate
storage tank (300 g material). This study shows that the amount of heat produced by the
fuel cell stack is sufficient to desorb the necessary amount of hydrogen from the storage
tank. Furthermore, they demonstrate that the reaction rate of the sodium alanate required
to provide the hydrogen to the fuel cell stack was reached for a temperature of 160°C' and
for a pressure of 1.7 [bar].

Some other important studies considering active systems are suggested in [13, 15]. The
authors propose the use of heat exchangers for embedded and stationary applications.

Several simulation works have also shown important results for coupling and heat trans-
fer. For instance, Pfeifer et al. in[3] simulate the heat of a high temperature PEM fuel
cell and an alanate hydrogen storage tank by using the software package gPROMS. The
results show that the initial temperature has a considerable influence on the operation time,
due to the possible break-down of hydrogen pressure in the tank. The simulation has been
validated with a small tank.

The authors in [16] presented a new design of a MH hydrogen storage tank for fuel cell
utility vehicles. Thise solution consists in stacking several MH cassettes each comprising
several MH containers made of stainless steel tube with embedded (pressed-in) perforated
copper fins and filled with a powder of a composite MH material which contains AB2- and
ABb5-type hydride forming alloys and expanded natural graphite. Thi new design offre many
adventages such as adjustable high weight, compactness and a good dynamics of hydrogen
charge/discharge.

Another application of hydrogen storage as a solide form is presented in [17]. They de-
vlopped a high temperature Metal Hydride Water Pumping System (MHWPS) equipped
with a latent heat exchanger. The operating concept of the pump and the mathematical
model translating the heat and mass transfer within the pump was established. the simu-
lation results shown an improvement of the dynamic behavior of the system, a reduction in
the pumping time of about 90% and an increase of the efficiency of the pump of about 7.6
times.

Tong et al.[18] investigated a 2D axisymmetric numerical model of metal hydride tank
packed with LaNi5 and heated with phase change material (PCM) on Comsol platform, this
model was validated by comparing the simulation results with the experiment data from
other work. The Metal foam (MF) is composited into PCM to increase effective thermal
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conductivity. The results shown improved heat transfer and hydrogen storage efficiency.
Copper foam shows better performance of system than that with aluminium.

In [19], the authors carried out a comparative study between three different cooling
system ( natural convection, finned heat pipe and a heat pipe on the central axis). They
found that finned heat pipe has a significant effect on the hydrogen charge time, which
reduced by approximately 75% at 10 bar hydrogen supply pressure.

In the present work, we investigate an integrated system based on a thermal coupling
of a PEMFC and a metal hydride tank. In this system, the FeTi tank is heated through
convection by a PEMFC operating at a typical 500 W electrical power. We study the energy
balance between the PEMFC and the storage system. A heat exchanger is used to supervise
the heat exchanging between the PEM fuel cell stack and the metal hydride tank. We derive
the analytical expressions for the thermal power produced during PEMFC operation and the
corresponding thermal power required for hydrogen desorption from the tank as a function
of the mass flow rate, the operating temperature of the fuel cell, and the MH enthalpy of
desorption. Based on these calculations, we develop a mathematical model that accounts
for heat transfer in the integrated system, as well as mass transfer and desorption kinetics in
the tanks, and solve for the dynamics of the coupled system at typical operating conditions.
This paper is organized as follows: Section 2 consists of describing the energy management
system. In section 3, we detail the control system. Section 4 presents the simulation results
and a discussion, and section 5 presents a general conclusion.

2. Energy management

2.1. System modelling

A typical architecture of a benchmark system used in a hybrid electric vehicle is illus-
trated in Fig 1. The system includes a metal hydride tank, a PEM fuel cell, a pump, a
heat exchanger, a flow meter, a valve and a servomotor. This system allows for the study
of the thermal coupling of a PEM fuel cell and a metal hydride tank. The operation of this
coupling consists of using the heat exchanger to supervise the heat exchanging between the
PEM fuel cell stack and the metal hydride tank. In this topology, the transmitting calories
produced by the fuel cell to the hydride tank is made by the circulation of a liquid cooling
through a heat exchanger.



Valve . Electrical load

Hydride tank > L

] PEMFC |

."[[U)1Z€)

dumg
)\
N\%

Heat exchanger

1o

Thermocouple sensor
N T(f 7—(:(: n 28

3

(&

= [ flowmeter Ty

Servomoteur

Figure 1: Synoptic schema of system

2.2. PEMFC modelling

The primary objective of modelling the fuel cell is to calculate the amount of heat
produced by the stack at any operating point. The cell voltage of a PEM fuel cell (V) can
be represented by a polarization curve, which can be calculated as shown in the following
equation (1) by calculating the Nernst equations(Fyemst) and the losses including activation
losses Vi, ohmic losses Vohm, and mass transport losses, V., [20, 21]. Each of these losses
affects the cell voltage at different region in the polarization curve [22].

The cell voltage at different region in the polarization curve.

‘/;ell - Enernst - Vact — Vohm — ‘/;On (1)

The Nernst equation represents the open circuit voltage Eens Which is governed by a
chemical potential

Erernst =1.229 — 0.000845(Ty. — 298.15)+
0.000431 T}, In( P, P?)
where Py, and Pp, are the partial pressures at the cathode and the anode respectively.

T}, is the temperature of the fuel cell. The two pressures are calculated as a function of the
load current (if.) and the temperature of the fuel cell.

(2)

PCCL

Po, = ; - Iirc;to <3>
1.636 Lfe
erp T}'334
Pan
Py, =0.5 — pd (4)

4 H>0
1.636 lfe
exrp T}'334
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Pfgo is the saturation pressure which is a function of the temperature of the fuel cell
[23], given in the following equation:

logio(Piy) = —1.69 107" T}, +3.85 10" T}, —
3.39 107" T7, 4 0.143 Ty, — 20.92

According to Tafel equation, the activation loss can be expressed as follows [21]:

Vohm = ifc Rohm <6)
‘/con = Z.fc(a';fc )b (7)
lim

The parameters "a” and ”b” are computed by a nonlinear regression proposed by Pukrush-
pan et al [23]

2.3. Hydride tank modelling

The metal hydride bed is considered as a uniform mixture of a solid porous phase and
a gaseous phase. This model incorporates the heat and mass balances that are applied to
both metal hydride and hydrogen gas within the tank, considering the heat transfer from an
external circulating water channel with a heat transfer coefficient assumed constant. This
model was validated in our previous work [24]

To simplify the model, the following assumptions are considered:

The gas phase is ideal, from a thermodynamic point of view;

The media are in local thermal equilibrium between gas and solid;

The solid phase is isotropic and has a uniform and constant porosity;

The radiative transfer in the porous medium are neglected;

e The reactor is considered in two dimensions;

2.3.1. Mass balance
The hydrogen concentration distribution in the MH bed and its evolution as a function
of time is given by the mass balance law which is expressed as follows:



for the gas.

Ip .
Ea_tg = _nd - mHQout (8)
where my, ., is the mass flow demand for a fuel cell which is given as following :
. MH2 Pfc
MHsout = oF Vfc (9)

where Py, is the electrical power given by the following equation:

Pre =N If. Ve (10)

Assuming the solid volume is fixed, the mass balance for the solid is:

(1—6)8515 = ng (11)

2.3.2. Kinetic reaction
The hydrogen mass desorbed per unit time and unit volume,ng,, is given by the following

expression:
—F, P,—P.
nd:Cd(RTd> < gP q) (ps — po) (12)

eq

where P, is the equilibrium pressure that is given as a function of the temperature of
the and the hydrogen-to-metal atomic ratio (HM). It is calculated using experimental data
as follows:

P = f ey (-0 (7 - Tif)) (13)

where f (wt%)is the equilibrium pressure at the reference temperature Tref . This function
is given by fitting the experimental data of the PCT curve (Figure 2) that has been obtained
by Chabane et al in [25].

The hydrogen concentration in the solid is given as follows:

7’I’LH2

wt% = 100 (14)

my +my,



Peq [bar]

0 0.2 0.4 0.6 0.8 1 1.2
wt[%]
Figure 2: PCT curve of FeTi at 21°C

The best fitting is obtained with a polynomial function of order 7. The coefficients of
this polynomial for the desorption case are given in Table 1.

£ (wt) = i a; (wt%) (15)

Table 1: Polynomial function of equilibrium pressure

ao aq (05} as

10% | -0.001 | 0.0386 | -0.388 | 1.8642
ay as ag ary

10% | -4.6387 | 6.14 -4.0849 | 1.0748

2.4. The heater modelling

Hydrogen molecule extraction from interstitial sites requires heat in order to split the
chemical bonds between the hydrogen and the atom of the alloy and therefore supply the
fuel cell by hydrogen. The thermal power produced by the cell can be used to maintain
the hydride at equilibrium conditions (pressure and temperature) and therefore ensures the
continuity of the desorption reaction. The thermal management of a PEM fuel cell coupled
to a metal hydrogen storage system is carried out by thermal bridging (heat exchanger)
between the two sources. In the current work, the choice of exchanger technology used to
achieve the thermal bridge is counter-current heat exchanger. This choice of this technology
is justified as follows:

e The temperature differences for this technology are almost constant (uniform) along
the heat exchanger



e The exchange coefficient is substantially greater than that of a co-current exchanger,
which promotes heat exchange.

In order to model the heat exchanger, we consider the following assumptions:
e No heat loss, the separation surface is the only exchange surface;

e The physical properties of the two fluids are constant;

e The transfer coefficient h is constant in the exchanger;

e The two heat transfer fluids are of the same nature.

By carrying out a heat balance, the heat flow exchanged between the hot and cold fluids
and the temperatures at the outlet of the heat exchanger are determined by the following
equation:

dT .
mepfd—tf = 1y Cpy (Tye — Ty) + hA (T, — T¥) (16)
dl. .
mcC’pcﬁ = 1m.Cp. (Tee — 1) — hA (T, — T})

Where :

e my, m. are respectively the masses of the cold fluid and the hot fluid [kg].

Cpy,Cp. are respectively the heat capacities of cold and hot fluids [J/kg/K];

Tye, T.. are the input temperatures of the cold and hot circuits [K];
e T, T, are respectively the output temperatures of the cold and hot circuits [K];

e 1y, 1. are the mass flow rates of the cold and hot circuits [kg/s];

A is the heat exchange surface [m?];

e /1 is the heat transfer coefficient [W/m?/K].

According to equation ((16)) the heat exchanger is nonlinear, therefore, using a linear
control will lead to ineffective control. The objective of this section is to accurately model a
heat exchanger loop and to use this model to develop a linear control law with a minimum
number of tuning parameters.

t1r=cxTe—clxx) —cygx Kex Ax (x1 — x9) (17)
g =c3*xTpexu—cykuxro+cdsx Kox Ax (11 — 29)

Where z; is the output temperature of the hot circuit (primary circuit), x5 is the output
temperature of the cold circuit (secondary circuit). The u command is the cold circuit

8



flow and Tce is the PEMFC output temperature which is considered to be the disturbance.
c1...c4, K, and A are the system parameters defined as follows :

Mme 1
“T 27 nCp
1 1
c3 = m_f cy = i Cp
Ke = heat exchange coef ficient A = exchange area [m?]

In order to determine a linear model of this heat exchanger, the following steps should
be considered:

e Determination of the points of equilibrium;
e Definition of the state space model;

e Modelling in the Laplace domain (open loop transfer function).

Before linearizing the model to find the state space, we compute the values of state
variables in the steady state. The operating point is 7'c = 21°C. The values of the stationary
states are defined by simulation. The equilibrium points are:

71 = 294.153 [K]
T = 286.42 [K]

The linearization of a non-linear system around an operating point is obtained by esti-
mating the Jacobian at equilibrium points. Let the following be a non-linear system:

gt:f(m,u)

y:g(x=u> (18)

where:

Z: is the variation of the two temperatures at the exit of the heat exchanger;
y is the thermal power exchanged between the two heat transfer circuits of the heat ex-
changer.

With this linearization around a rest point, the system can be described by the following
linear state mathematical model:

z = Az + Bu

y=Cz+ Du (19)

9 00 9,0

where ”x” is a measurable system state vector, "y” is the system output, "u” is the
control input, ” A” is the drift dynamic of the system, ” B”” is the input matrix , 7C” is the
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output matrix and " D” is the action direct matrix [26].

of, Oh of;

ory (z) 0z () - oz, (z)
A= O0xq
0. dfn
) @ )
01 O og
or, ) o, o,
%(m .
B = Oxq
(9977; 8977;
e () - . (x) -
dgy
—u(ﬂﬁ)
g2
C = ou ()
O
E(x) |z=z0;u=u0

the linearization of this model gives :

A —0.008258000848966308 0.002702445293410753
| 2.152485299411193e — 7 —0.4000002152485299

B 0
| —0.3503333333333387

C = [ 33.929200658772 —33.929200658772 |

D =10]

The open-loop transfer function, (G(s)), describing the relationship between the flow
rate of the secondary circuit of the exchanger and the amount of calories exchanged for a
constant flow rate of the primary circuit is obtained as follows:

20.46s + 0.06818

G8) = 3 0.01411s + 4.01090

(20)
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The stability of the system is verified by calculating the eigenvalues of the matrix A,
these parameters are found to be:
A1 = —0.0083 Ao =—04
The poles of the open loop transfer function (FTBO, the two eigenvalues of the matrix
A) are all real and negative. Moreover, the order of the polynomial in the numerator is
lower than that of the denominator in each case, therefore, the obtained model is stable.

2.5. Components modelling

In this section we summarize the models of the components used to achieve the thermal
coupling.

e Valve : 5
(s = 55531 (21)
e Servomotor : 0.314
Hom(s) = (0.25 + 1)2 (22)
e Flowmeter : 5
Hao(3) = 50157 - 0.0007s 1 (23)
Therefore, the open loop transfer function of the flow control is:
H(s) 0.942 (24)

~ 0.00025° + 0.0024945* + 0.0301353 + 0.25422 + 0.9047s + 1

2.6. Energy balance

The thermal power to be supplied to the hydride reservoir during the desorption is
proportional to the hydrogen flow required by the FC, which depends on the electric charge
current. This is the maximal power given as follows:

AH
=1m 25
Q@ 2y (25)
As a function of the current of the fuel, cell, this power can be written as follows:
NCE ‘[ ac M

2F
with :

e 1po: is the mass flow rate [kg/s];
e AH: is the enthalpy of formation [J/kgl;

e Mypys: is the molar mass of hydrogen [kg/mol];
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e [ is the Faraday constant;

e N, is the number of cells ;

® [, is lhe load current;

The heat produced by the fuel cell is calculated as follows:

Qpe =1 N(1.45 — Veen) (27)

The power exchanged between the fuel cell and the heat transport is given by the fol-
lowing equation 28:

Qu20 = Mu20CPH20 (Towt — Tin) (28)

Assuming that all the heat produced by the cell is transmitted into the heat transport
circuit, the temperature of the cell is given by:

_Cpac

Toae = Tpac,, + —
P TP o Cp

(29)
where:

e 1poo: is the mass flow rate of the cooling circuit [kg/s];
e Cpuoo: is the heat capacity of water[.J/kg/K];

® Touput and Tyt are respectively the input and output temperatures of the internal
heat transfer circuit of the FC [KT;

e V..y: is the voltage of a cell in the stack of FC [V].

By performing a power balance between the power produced by the PEMFC and the
power required during the desorption for a battery consumption profile (Figure 1), the
amount of heat that the cooling system must evacuate and the temperature at the tank
inlet are:

Qech = Qpac - QMH (30)
Qech

: 31
mp20Cp ( )

TTankm - Tpac -
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3. System control

As discussed, the studied system consists of a heat exchanger, supplied with two actuators
and three sensors:

e a valve for the secondary circuit of the exchanger whose characteristics are a gain in
flow K, = 3 [l/s/rad] and a time constant 7, = 0.5 [s].

e a servomotor for controlling the water intake valve, consisting of an electromechanical
system whose transfer function between the control voltage and the output angle
is characterized by a gain in the position G = 7/10 [rad/V] and a time constant
T=0.2[s].

e a flow meter for measuring the flow of water flowing in the secondary circuit of the
exchanger.

The PI controller (Proportional Integral) is known for its simplicity of design and imple-
mentation. However, due to the strong nonlinear character of the system (heat exchanger), it
is necessary to linearize the system around an operating point before reaching the functional
control scheme given in Figure 3.

TT‘(?f Flow Heat

Rl(s)?—RQ(s) loop T exchanger

Figure 3: Closed-loop system representation

The characteristics of this block diagram are:

o T,.r is the inlet temperature of the tank [K], which is fixed to 21°C. This value
corresponds to the experimental value.

o T, is the temperature of fuel cell [K];

e ()yrp is the thermal power supplied to the hydride by the heat transfer circuit [Watt].

The input to regulator R2(s) is the output signal of regulator R1(s). The output of R2(s)
supplies the control variable which acts on the servomotor for controlling the intake valve of
the secondary circuit of the heat exchanger. This is done by controlling the opening angle
of the valve. The output quantity of the exchanger is the heat flux exchanged between the
two circuits (hot/cold). The cold circuit makes it possible to calculate the exit temperature
of the exchanger as a function of the flow of the circuit.

13
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Figure 4: Closed-loop Control of mass flow
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Figure 5: Closed-loop Control of water temperature

The open-loop transfer function, H(s), of the flow control is equal to the product of
the different transfer functions of the components constituting the direct chain (servomotor,
valve and flowmeter). PID (Proportional Integral Derivative) controllers are sufficient to
solve a large number of control problems, especially for systems that are characterized by
slow dynamics. Several methods are reported in the literature for the parameterization of
PID correctors, including the Test-Error Method [ref], the Ziegler and Nichols Method [ref]
and the Cohen and Coon Method [27-31]. These methods are widely used in the industry.
Another method rarely used, the Magnitude Optimum (MO) technique, provides a non-
oscillatory, closed-loop response for a large class of process models. However, this technique
is based on a transfer function model that requires precise identification of processes and
in-depth calculations.

Suppose that the present process can be described by the following rational transfer function:

1+ b1s+bas® + -« + by s™ 5T
P14 ars+ags? + -+ -+ aps”
where K, is the static gain, a; and b; are the parameters of the transfer function (m legn)
and Ty is the pure delay of the system. The PID corrector is described by the following
transfer function:

Gp(s) = (32)

K; K
7 K—f- Si\g
S 1+ sT%

(33)

Where K;, K, K4 and Ty represent integral gain, proportional gain, derivative gain, and filter
time constant. The main goal of this method is to find parameters that meet a criterion
that has a closed-loop system amplitude response, Gy, closer to 1 over a wide bandwidth.
This requirement can be expressed as follows:

14



Gp(s)Ge(s)
1+ G,(s)Ge(s)
In order to calculate the parameters of the PID according to the MO criterion, Va-

ronique et al in [26] propose to put the transfer functionGy, in a polynomial form using the
development of Taylor which is expressed as follows:

|Gor| = | |~ 1 (34)

Gbo = AO — AlS + A282 — A383 + - (35)

Where A;(1,2---k) are the integrals of the impulse response of the system that are determined
using the repetitive integration method [26] as follows:

Ao - Kpr

Al = Kpr(al - bl + Tdel)
Td26l
Ay = Ky |by —ag — Tyeby + = | + Avay

k Ti b k—1
_ k+1 k+1 -+ delVk—1 k4i—1
A, = K,y [(—1) (ax — bk) + Zl(—l) T] + 2(—1) Aayi
K; —A; A 0 T -05
K = —A3 A2 —Ag — TfAO X 0 (37)
Ky —A; Ay —As—TrA, — TJ?Al — TJ?AO 0

In our case, there is no pure delay, Ty, = 0 and 7% is the filter time constant which is
expressed as follows:

KN
The value of T is determined by solving the following equation [26]:

Ty (38)

T{NAgAs + T} NAjAs + TFN (A2 Az — AgAs) + TyN (A5 — A1 As) + AsAs — A3 Ay = 0 (39)

The value of N is typically between 8 and 20 according to [32].
The following method is used to determine the parameters of the two regulators: the
controller of the mass flow

K; 0.347
K 0.162
Ks |~ | 00551 (40)
Ty 0.703

15



the controller of the heater :

K, —0.00146
K —0.167

K, |~ | 00558 (41)
T 0.369

4. Simulation and discussion

The inlet temperature of the heat transfer circuit is used as a reference for controlling
the flow rate of the cold circuit of the exchanger. Driven by the servomotor, the valve will
regulate the flow of the secondary circuit of the exchanger which will condition the heat
exchange and the input temperature of the hot circuit in the tank. The simulation block
diagram is executed in MATLAB/Simulink, depicted in Figure 6.

' Courert ce charge
Clock ToWorkspece
densité_de_Courant PaC Aquistion

Thermocouple

Boucle de cébit Tf_mes —{mi
Echangeur de chalewr gyt TH0w  Réseairahydnre  TH20_owr ——H{TH20n
bouclz de cébit
¥ Tpec
PEMFC 1420 per_out
,—L echangzur
Themacouple Réservor
Courart_densi
Thematouoe -_’ sy
Fromd
*L PEMFC
Refard ¢

Trengfer Fer

Figure 6: Simulink model of the thermal coupling of fuel cell and metal hydride tank.

Figure 7 illustrates the PEMFC demand for hydrogen flow corresponding to the profile
used to supply the fuel cell.
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Figure 7: Profil Of hydrogen mass flow

The response of the system is illustrated in the figures 8 and 9.
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Figure 8: Water temperature variation vs.time
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Figure 9(a) depicts the time-dependent changes of hydrogen to metal (H/M) ratio. At
the beginning, the hydrogen discharge rate of the tank drops without the addition of heat
to the hydride tank. This is due to the presence of gaseous hydrogen present. During this
phase, the temperature of the metal bed decreases abruptly, followed by an increase to reach
the equilibrium temperature, as shown in figure (9(d)). The full discharge time occurs at 31
h. Tt can be also be observed that the total hydrogen capacity (which is 1.18 wt %) stored
in the tank was desorbed.

The mass of the hydrogen extracted from the hydride is inversely proportional to the
desorption kinetic (9(c)). The total mass of hydrogen released from the hydride is about
145 g.

As shown in figure9(d), the operating temperature of the PEMFC is never reached be-
cause of the direct coupling of the battery to the tank (same heat transport circuit). It can
be seen that the coolant circuit limits the evolution of the temperature of the FC towards
its operating temperature (65 C'), because it is cooled in a constant manner by the temper-
ature of the cooling circuit at the outlet of the tank. The temperature of the outlet of the
tank is always less than 21°C, thus making the evolution of the temperature of the stack
very limited. In this topology, the control carried out does not allow for the control of the
temperature of the FC, thus affecting the energy efficiency of the two sources. In order to
maintain the operating temperature of FC, another topology of heat exchange management
is studied in the next section.

Figure 9(e) shows the time evolution of the temperature at the inlet and the outlet of
the heat transfer circuit of the internal exchanger of the tank. As can be seen, only the
temperature at the exit varies with time and it depends on hydrogen flow rate required by
the fuel cell. This induces a variation of the amount of hydrogen in the tank, thus generat-
ing a fall in temperature which will in turn gradually increase towards the inlet temperature.

The various thermal powers implicated in this coupling between the different sources are
reported on the Figure 9(f). The heat consumed by the FeTi alloy to desorb the hydrogen
at the hydrogen mass flow required by the fuel cell is about 65[Watt], where the power
produced by the fuel cell is about 330 [Watt]. As suggested by figure 9(f), only about 20%
of the total heat produced by the fuel cell should be transferred to MH tank using the
heat exchanger to maintain the temperature of the tank at 21°C. The excess of the power
produced is removed to the secondary circuit of the heat exchanger, which is represented in
figure 9(f) by the black line.

5. conclusion

In this work, we investigate a thermal coupling potential between a FeTi alloy tank and
a PEM fuel cell, using a heat transfer fluid to manage the thermal exchanges between these
two sources in order to maintain hydrogen desorption at a constant temperature. The re-
maining thermal power is then transmitted to the environment by a secondary circuit of

19



the exchanger, using an appropriately adjusted excess of water rate. We propose a generic
physical model that accounts for heat transfer in all the components of the integrated sys-
tem (fuel cell, metal hydride tank and tubular exchanger), as well as hydrogen desorption
kinetics and flow in the tank. Based on this model, we study the dynamics of the coupled
storage/usage system in terms of the hydrogen pressure in the tank, and the temperatures
in the tank and the fuel cell. The simulation results showed that the FC efficiently covers
the required power of the reservoir. The series coupling induces a limitation of the evolution
of the temperature of the FC: the operating temperature of the FC is never reached. For
this type of configuration, the temperature of the hydride imposes the thermal behaviour of
the fuel cell.
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