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Abstract

For the first time, the dynamic behavior of a thermally coupled hydrogen storage and fuel cell system was studied using experimentally
validated models of a metal-hydride hydrogen storage system and a proton exchange membrane (PEM) fuel cell stack. Two specific situations
were studied: in the first scenario, the fuel cell and metal hydride bed were thermally coupled; in the second scenario, they were thermally
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ncoupled. The results from these simulations clearly exposed unique and subtle behavior associated with thermally coupled s
ould not be easily gleaned from simulating each device alone, as revealed from studying the uncoupled case. The most impo
xemplified the importance of providing waste (excess) energy from the PEM fuel cell to the metal hydride bed to facilitate the r
ydrogen during a discharge process. A detailed parametric study is forthcoming.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The use of hydrogen as an alternative to carbonaceous fu-
ls is of increasing interest. Hydrogen exhibits very attractive

eatures for use in applications such as hybrid electric vehi-
les[1], because it can be used essentially pollution-free and
roduced from renewable energy resources, thus eliminat-

ng the net production of greenhouse gases. Recent studies
ave also indicated that hydrogen costs are reasonable, which
ake it an ideal candidate to replace fossil fuels as an energy

ource[2].
Hydrogen storage has been the subject of intensive re-

earch for many years. There are currently three main tech-
ologies for storing hydrogen on vehicles: as a compressed
as, as a liquefied cryogenic fluid, and as a solid in a metal
ydride[3]. The automotive industry has given considerable

∗ Corresponding author. Tel.: +1 803 7773590; fax: +1 803 7778265.
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attention to storing hydrogen in metal hydrides becau
can be stored reversibly in the solid state at relatively
pressures and ambient temperatures[4–7]. The storage ve
sel typically contains a powdered metal (often an alloy)
absorbs hydrogen exothermically with the concomitan
lease of energy as the tank is filled with hydrogen u
pressure. The metal hydride desorbs the hydrogen end
mically by reducing the pressure and supplying some en
While many applications take advantage of these prope
including rechargeable batteries[8], and heating or coolin
systems[9], this paper addresses the application of m
hydride hydrogen storage for use as a fuel in energy co
sion systems such as fuel cells.

Fig. 1illustrates a typical hydrogen-fueled energy sys
that is used in a hybrid electric vehicle. The fuel cell st
together with the boost converter comprises the power
eration unit. The battery stores energy when the pow
sufficient and releases energy when peak power is ne
When accelerating the vehicle, both the fuel cell and
378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.09.029
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Nomenclature

Acell effective area of each cell in the fuel cell stack
(cm2)

Aex effective area of the fuel cell heat exchanger
(cm2)

bj(j = 1, 2) Henry’s law constant defined in Eq.(4)
(Pa−1/2)

bj0(j = 1, 2) temperature independent coefficient of the
Henry’s law constant (Pa−1/2)

CFC average heat capacity of the fuel cell stack,
(J kg−1 K−1)

CpH2 heat capacity of H2 (J mol−1 K−1)
Cps heat capacity of the metal hydride (J kg−1 K−1)
dj(j = 0, 1, 2) coefficients in Eq.(22)
D0 coefficient in Eq.(5)
Estack voltage of the fuel cell stack (V)
E0 standard potential of H2–O2 reaction (V)
f defined by Eq.(16)
F Faraday constant
h simulation step time (s)
hex overall heat transfer coefficient of the fuel cell

heat exchanger (J m−2 K−1 s−1)
hbed overall heat transfer coefficient of the metal

hydride bed heat exchanger (J m−2 K−1 s−1)
�H isosteric heat of adsorption of the hydrogen in

the metal hydride (J mol−1)
�H1 isosteric heat of adsorption below the switch

pressure (J mol−1)
�H2 isosteric heat of adsorption above the switch

pressure (J mol−1)
�Hs coefficient in Eq.(5) (J mol−1)
�Hc the heat of combustion of hydrogen (J mol−1)
I the current from the fuel cell (A)
kq mass transfer coefficient (s−1)
kρ defined by Eq.(18)
kCp defined by Eq.(19)
L length of the hydride bed (m)
mFC mass of the fuel cell stack (kg)
MMH average molecular weight of metal hydride

(kg mol−1)
N number of the cells in the fuel cell stack
m hydrogen flow rate out of the metal hydride bed

(mol s−1)
nj(j = 0, 1, 2) coefficients in Eq.(22)
ṅ hydrogen flow rate (mol s−1)
P pressure inside the metal hydride bed (Pa)
P0 pressure inside the metal hydride bed at the

initial state (Pa)
PFC pressure of the hydrogen in the fuel cell (Pa)
Ps equilibrium pressure of the hydrogen in the

metal hydride bed at the envelope (Pa)
q hydrogen concentration in the metal hydride

(mol mol−1)

q* equilibrium hydrogen concentration in the
metal hydride (mol mol−1)

qmax maximum equilibrium hydrogen concentration
in the metal hydride (mol mol−1)

q0
* equilibrium hydrogen concentration in the

metal hydride at the initial state (mol mol−1)
qs saturation hydrogen concentration in the

metal hydride at the low concentration phase
(mol mol−1)

Q rate of energy exchange with the metal hydride
bed (J s−1 m−3)

rj(j = 0, 1, 2) coefficients in Eq.(22)
R ideal gas constant (J mol−1 K−1)
Ri radius of the metal hydride bed heat exchanger

tube (m)
Ro radius of the outer wall of the metal hydride

bed (m)
t time (s)
T average temperature of the hydrogen inside the

metal hydride bed (K)
Tamb the temperature of the ambient (K)
T0 average temperature of the hydrogen inside the

metal hydride bed at the initial state (K)
Tm temperature of the heat transfer medium for the

metal hydride bed (K)
TFC the bulk temperature of the fuel cell stack (K)
Vb volume of the metal hydride bed (m3)
Ẇamb thermal power transferred from the fuel cell to

the ambient environment (W)
Ẇe electrical power released from the fuel cell (W)
Ẇth thermal power generated by the fuel cell (W)

Greek symbols
ε metal hydride bed porosity, dimensionless
ρs density of the metal hydride (kg m−3)
v1 rate of pressure change inside the metal hydride

bed (Pa s−1)
v2 rate of average temperature change of the hy-

drogen in the metal hydride bed (K s−1)
v3 rate of H2 concentration change inside the

metal hydride bed (mol mol−1 s−1)

Fig. 1. Block diagram of a typical hydrogen-fueled energy system that is
used in a hybrid electric vehicle.
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battery provide electrical power to the permanent magnet
(PM) synchronous motor through the PWM inverter. When
decelerating the vehicle, the motor acts as a generator and the
generated power is used to charge the battery. The hydrogen
storage system provides hydrogen for the fuel cell stack as
necessary.

When hydrogen is released from the metal hydride bed,
the endothermic desorption process causes its temperature to
decrease[10]. In turn, this decrease in temperature greatly di-
minishes the rate at which hydrogen can be released from the
bed. To ameliorate this undesirable effect, some of the excess
heat naturally produced from the fuel cell during the genera-
tion of electricity can be transferred to the metal hydride bed
to increase its temperature. In other words, the metal hydride
bed can be thermally coupled to the fuel cell stack, which not
only facilitates the release of hydrogen from the metal hy-
dride bed, but it also helps remove excess (waste) heat from
the fuel cell stack.

The objective of this paper is to study, for the first time,
the behavior of a thermally coupled hydrogen storage and
fuel cell system. This system level simulation is carried out
using a very friendly computational environment refereed
to as the virtual test bed (VTB)[11–14], along with suit-
able models that describe the dynamic performances of the
metal hydride bed and fuel cell stack with enough rigor to
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priate assumptions are made so that the distributed thermal
and mass transfer phenomena that occur within this vessel
are described by lumped approximations that still allow for a
realistic but less complicated description of this complex pro-
cess. First, it is assumed that the system is symmetric around
the bed axis and that all the variables vary along the bed ac-
cording to plug flow conditions, i.e., with no radial gradients.
Similarly, axial gradients of temperature and pressure are ne-
glected while the gas molar flux in the bed is assumed to vary
linearly from a value of zero at the closed end of the bed.
Identical temperatures are assumed for both the solid and gas
phases. The external surface is assumed to be perfectly insu-
lated, and heat transfer between the bed and the internal heat
exchanger is described by an overall heat transfer coefficient.
The temperature inside the heat exchanger is assumed to be
constant along the bed and throughout the hydrogen desorp-
tion process. The mass transfer resistance in the solid phase
is described by a linear driving force (LDF) approximation,
using a mass transfer coefficient that is assumed to be inde-
pendent of temperature. The desorption process starts from a
fully charged, equilibrium state at a given initial temperature
and pressure. Throughout the process, it is assumed that the
flow rate at the discharge end of the bed, i.e., the molar flux, is
defined either as a constant or as a time dependent function.

Based on these assumptions and assuming ideal gas be-
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or. Although many detailed models of a metal hydride
ave been developed to study the dynamics inside the

10,15–17], only that developed recently by Gadre et al.[10]
as been validated against extensive experimental data
imple enough for system level studies[10]. For similar rea
ons, a relatively simple proton exchange membrane (P
uel cell model is chosen here for these system studies[18].

First, the inherently nonlinear model equations that re
ically account for heat and mass transfer resistances a
ted with the discharge of hydrogen from a metal hydride

10] are reformulated in a resistive companion (RC) form
fficient solution in the VTB platform[13]. Then the PEM

uel cell model[18] is dynamically coupled to the RC for
f the metal hydride bed model in the VTB environme
ystem-level simulations of the resulting integrated m
ydride hydrogen storage and fuel cell system are then
ied out for both thermally coupled and uncoupled sce
os. These two scenarios expose the advantages of pro
aste or excess energy from the PEM fuel cell stack to
etal hydride bed to facilitate the removal of hydrogen.

. Metal-hydride hydrogen system model

The metal hydride bed under study consists of a c
rical container of radiusRo filled with a metal powder tha
hemically absorbs the hydrogen under pressure. This
ainer also has an internal co-axial heat exchanger of radRi
hat supplies the energy needed to release the hydrogen
ischarge and carries away excess heat during charge. A
 -

avior, the one-dimension mass balance is governed by
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(1)

hereP is the pressure inside the bed,T the average temper
ure of the hydrogen in the metal hydride bed,R the universa
as constant, ˙n the hydrogen flow rate demand,Ri the radius
f the heat exchanger tube,Ro the radius of the bed,L the

ength of the bed,ε the porosity of the metal hydride bed,ρs
he density of the metal hydride,MMH the average molecul
eight of the metal hydride, andq is the hydrogen concentr

ion in the metal hydride. The corresponding energy bala
ncluding expansion/compression effects, but ignoring
ection effects (as it contains no spatial gradients), is wr
s

P

RT
CpH2 + 1 − ε

ε
ρsCps

)
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+ ∂P
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+ 1 − ε

ε

ρs�H

2MMH

∂q
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+ 2hbedRi

ε(R2
o − R2

i )
(T − Tm) = 0 (2)

hereCpH2 is the heat capacity of the hydrogen,Cps the hea
apacity of the metal hydride,�H the isosteric heat of adsor
ion of the hydrogen in the metal hydride,hbedthe overall hea
ransfer coefficient of the metal hydride bed heat excha
ndTm is the temperature of the metal hydride bed hea
hanger exchange medium. The intraparticle mass tra
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mechanism is based on the following LDF expression:

∂q

∂t
= kq(q∗ − q) (3)

whereq* is the concentration of hydrogen in the metal hydride
in equilibrium with the gas phase atP andT, andkq is the
mass transfer coefficient.

The thermodynamic relationship that describes the equi-
librium loading of hydrogen in the metal hydride as
a function of pressure and temperature, the so called
pressure–composition–temperature (PCT) relationship, can
be adequately represented by the composite Langmuir model
[10]. This thermodynamic model consists of two Langmuir-
type isotherms connected at a so-called switch point, i.e.,

q∗ =
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that can be inserted into a network without regard to causal-
ity [13,14]. Natural conservation laws are automatically en-
forced where appropriate. As shown above, Eqs.(1)–(3) are
nonlinear differential equations. The construction of the RC
model for the metal hydride bed begins by introducing three
intermediate variables to replace the derivative terms in the
system equations by defining

v1 = ∂P

∂t
(7)

v2 = ∂T

∂t
(8)

v3 = ∂q

∂t
(9)

wherev1, v2, andv3 are intermediate variables. Integrating
Eq.(7) over one time step, i.e., from time instant (t−h) to t,
allows it to be expressed in discrete form as,

[v1(t) + v1(t − h)]
h

2
= P(t) − P(t − h) (10)

wheret is the current simulation time, andh is the simulation
time step. Rearranging Eq.(10)yields

0 = P(t) − h

2
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[
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ndqs are the switch pressure and hydrogen concentrati
he metal hydride that correspond to the point on the isoth
here the phase transition starts. The switch variablePs is

elated toT according to

n(Ps) = Do + �Hs

RT
(5)

hereDo and �Hs are additional fitting parameters. D
o the composite nature of the Langmuir isotherm mo
he isosteric heat of adsorption of the hydrogen in the m
ydride is evaluated distinctively depending on whethe
ressure is below or abovePs, i.e.,

H =
{

2�H1 = �Hs , P ≤ Ps(T )

2
[
�H2 + (�H1 − �H2)

√
Ps√
P

]
, P > Ps(T )

(6)

o complete the description of the model, the follow
nitial conditions are needed: att= 0, P=P0, T=T0, and
=q0 =q0

* .
Eqs.(1)–(6) constitute a relatively simple mathemati

odel that realistically accounts for heat and mass tra
esistances during the dynamic discharge of hydrogen

metal hydride bed. It should be noted that this mod
simplified version of a complete set of validated equat

hat describe the dynamics of the hydrogen discharge pr
ver a wide range of hydrogen flow rates[10]. The main
ifference is that axial temperature gradients (i.e., conve
ffects) are ignored in this simplified version.

This resistive companion (RC) method was applie
he system of equations to yield a form of the model
s amenable to “natural coupling,” i.e., a form of the mo
Similarly, discretizing Eqs.(8) and (9) and rearrangin
ives the following equations:

= T (t) − h

2
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T (t − h) + h

2
v2(t − h)
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(12)

= q(t) − h

2
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q(t − h) + h

2
v3(t − h)

]
(13)

qs.(11)–(13)are in the standard RC form. Based on the
nitions given in Eqs.(7)–(9), Eqs.(1)–(3) are then converte
o three nonlinear algebraic equations as follows.

= kmv1

RT
− kmP

RT 2
v2 + kmkρv3 (14)

= kmε

(
P

RT
CpH2 + kCp

)
v2 + kmε v1 + kmε kρ �H v3

(15)

= v3 − kq(q∗ − q) = 0 (16)

hereQ is the rate of heat exchange between the meta
ride bed and its heat exchanger,m the molar flow out of th
ydride bed,Vb the volume of the metal hydride bed, andkρ
ndkCp are given by Eqs.(17)–(21).

= 2hbedπRi L(Tm − T ) (17)

ρ = 1 − ε

ε

ρs

2MMH
(18)

Cp = 1 − ε

ε
ρsCps (19)
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Fig. 2. Model predictions of the experimental pressure histories[10] in the
metal hydride bed for hydrogen flow rate demands of 5 and 10 SLPM.

km = π(R2
o − R2

i )L (20)

m = −ṅ (21)

The RC equations are written in matrix form, including the
conductance matrix and history vector. In this RC form, the
dynamic model of the metal hydride bed is easily imple-
mented in the VTB, with seamless integration between other
components and devices of interest, like the fuel cell stack.

Figs. 2 and 3, respectively, compare the experimental pres-
sure and temperature histories[10] with those obtained from
the RC form of the metal hydride bed model for hydrogen
flow rate demands of 5 and 10 SLPM (standard liter per
minute). The results inFig. 2 show that the dynamic pres-
sure behavior is predicted quite well by the RC form of the
model, especially during the periods where the pressure re-
mains relatively constant. The minor discrepancies observed
just before the pressure begins to level off are most likely

F
m .

associated with the one-dimensional model not accounting
for the convection of energy in the axial direction, as noted
earlier. This becomes more apparent in the prediction of the
temperature histories shown inFig. 3. The RC form of the
model does quite well in predicting the temperature history
for the 5 SLPM hydrogen flow rate demand, but begins to de-
viate a bit more at the higher hydrogen flow rate demand of 10
SLPM, but still less than 1 K. It can therefore be stated that,
for hydrogen flow rate demands on the order of 10 SLPM or
less, where the heat effects are not so drastic, the RC form of
the model is quite sufficient for use to study the performance
of dynamically coupled systems.

3. Proton exchange membrane (PEM) fuel cell model

The main power source of the integrated, hydrogen-fueled
fuel cell system is a 25-cell PEM fuel cell stack with the cells
organized in series. The voltage of each cell varies with the
current, temperature and pressure according to the empirical
equation shown below[18].
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ig. 3. Model predictions of experimental temperature histories[10] in the
etal hydride bed for hydrogen flow rate demands of 5 and 10 SLPM
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2
FC + n1PFC + n2)

I

Acell

)]
(22

hereE0 is the standard potential of H2–O2 reaction,I the
urrent from the fuel cell,Estack the voltage of the fuel ce
tack,N the number of cells,Acell the area of each cell,TFC
he bulk temperature of the fuel cell stack, andPFC is the
ydrogen pressure in the fuel cell. Constantsbi , ri , mi , and
i (i = 0, 1, 2) are coefficients determined empirically fr
xperimental data. This fuel cell model was also valid
gainst experimental data elsewhere[18] (also refer to th
nline document[11]).

The relationship between the hydrogen molar flow ran
nd the currentI generated by the fuel cell is given by

= 2ṅF

N
(23)

hereF is the Faraday constant. The thermal powerẆth
enerated by the fuel cell is given by the following formu

˙ th = ṅ�Hc − Ẇe (24)

here�Hc is the heat of combustion of hydrogen andẆe the
lectrical power generated by the fuel cell. Also, the the
ower released from the fuel cell stack is divided into
arts: some is transferred to the metal hydride bed, an
est is transferred to the ambient environment. This situ
s denoted by:

˙ th = Q + Ẇamb+ CFCmFC
dTFC

dt
(25)
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whereCFC is the average heat capacity of the fuel cell stack,
mFC is the mass of the fuel cell stack, andẆambis the thermal
power transferred between the fuel cell heat exchanger and
the ambient environment according to

Ẇamb = hexAex(TFC − Tamb) (26)

wherehex is the overall heat transfer coefficient of the fuel
cell heat exchanger andAex is the effective area of the heat
exchanger. The fuel cell stack voltage and current are related
to the electrical power generated by the fuel cell by

Ẇe = EstackI (27)

4. System level simulation in the VT environment

System level simulations of the hydrogen-fueled, fuel cell
system were carried out with and without the fuel cell be-
ing thermally coupled to the metal hydride bed. In both sit-
uations the metal hydride bed is connected to the fuel cell
through a pressure regulator to supply hydrogen at 1.0 atm
constant pressure. Air is also fed to the fuel cell at 1.0 atm
constant pressure. For the uncoupled simulations, both the
fuel cell and the metal hydride bed are configured to indepen-
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Fig. 4. Schematics of thermally uncoupled and thermally coupled hydro-
gen storage and fuel cell systems in the VTB environment: (a) thermally
uncoupled system and (b) thermally-coupled system.

In both the uncoupled and coupled simulations, a pulse
power load (̇We) draws 200 W for 0.25 h and then 100 W for
0.25 h alternately from the fuel cell for 4 h, as shown inFig. 5.
The corresponding voltage and temperature of the fuel cell
stack are given inFigs. 6 and 7, respectively.Fig. 8shows the
thermal power released from the fuel cell during operation of

Fig. 5. Pulsed power drawn from the fuel cell stack, alternating between
200 W and 100 W every 0.5 h for 4 h of operation, whether thermally coupled
to the metal hydride bed or not.
ently exchange heat with the ambient environment (i.e
emperature source). This integrated, but thermally un
led hydrogen storage and fuel cell energy system is s
chematically in the VTB environment inFig. 4a. The wate
irculating through the metal hydride bed and the fuel
eat exchangers (labeled 1 and 2, respectively) in this

s held constant at 296 K, the ambient temperature. Fo
oupled simulations, the metal hydride bed is configure
xchange energy with the fuel cell stack through a hea
hanger, since the fuel cell produces excess (waste) hea
ng operation.Fig. 4b shows the VTB environment schema
f this integrated and now thermally coupled hydrogen
ge and fuel cell energy system. Except for the heat tra
etween the metal hydride bed and the fuel cell being
led, the rest of the system is identical to that shown inFig. 3.
owever, in this case, the temperature of the recircula
ater is assumed to be equal to the bulk temperature o

uel cell. The values of all the parameters used in the m
quations are given inTables 1 and 2.

For the thermally coupled case, 11 equations, namely
4), (14)–(17), and(22)–(27), were solved simultaneously f
1 unknowns, namely,Estack, I, ṅ, P, q, q* ,Q, T, TFC, Ẇamb
ndẆth. Also, for this coupled case, the temperature of
etal hydride bed heat exchanger mediumTm in Eq. (17)
ecomesTFC. For the uncoupled case, the same set of e

ions and unknowns are solved simultaneously; howeve
25) is no longer valid becauseQ does not exchange ener
ith the fuel cell but instead with the ambient environm

n this case, Eq.(25) simply becomesẆth = Ẇamb and the
emperature of the metal hydride bed heat exchanger me
m in Eq.(17)becomesTamb.
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Table 1
Model parameters used in the fuel cell and metal hydride bed simulations
[10]

Parameter Value

Aex (cm2) 2.00E+2
Acell (cm2) 2.00E+2
b10 (Pa−1/2) 2.36E−6
b20 (Pa−1/2) 7.87E−6
CFC

* (J K−1 kg−1) 8.13E+2
CpH2 (J mol−1 K−1) 2.88E+1
Cps (J mol−1 K−1) 4.20E+2
D0 2.40E+1
E0 (V) 1.00E+0
F (C mol−1) 9.65E+4
hbed (W m−2 K−1) 7.57E+1
hex (W m−2 K−1) 1.70E+2
kq (s−1) 8.14E−3
L (m) 1.52E+0
mFC

* (kg) 1.72E+0
MMH (kg mol−1) 7.29E−2
P0 (Pa) 5.05E+6
PFC (Pa) 1.01E+5
qmax (mol mol−1) 9.84E−1
qs (mol mol−1) 1.25E−1
R (J mol−1 K−1) 8.31E+0
Ri (m) 2.00E−2
Ro (m) 4.50E−2
Tamb (K) 2.96E+2
Tc (K) 2.96E+2
T0 (K) 2.96E+2
ε 5.28E−1
ρs (kg m−3) 7.61E+3
N 2.50E+1
�H1 (J mol−1) −1.38E+4
�H2 (J mol−1) −206E+4
�Hs (J mol−1) −2.77E+4
�Hc (J mol−1) −2.42E+5

∗ Based on[19,20].

Fig. 6. Voltage of the fuel cell stack during pulsed operation of the fuel cell
while thermally coupled and uncoupled to the metal hydride bed.

Fig. 7. Temperature of the fuel cell stack during pulsed operation of the fuel
cell while thermally coupled and uncoupled to the metal hydride bed.

the fuel cell over the 4 h for both uncoupled and coupled op-
erations. The hydrogen flow rate demand and the cumulative
percentage of the hydrogen in the metal hydride bed con-
sumed over this 4 h period are shown inFig. 9. Figs. 10–12,
respectively, display the corresponding hydrogen loading in
the solid metal hydride phase, the metal hydride bed pressure,
and the metal hydride bed temperature histories for both the
uncoupled and coupled systems. Finally,Fig. 13shows the
thermal power transferred to the metal hydride bed from the
fuel cell over the 4 h for both the uncoupled and coupled
operations.

During the 4 h period of pulsed operation of the fuel cell,
with a load alternately drawing 200 W and 100 W every
0.25 h, the fuel cell operates at nearly a constant voltage of
22.5± 0.1 V (Fig. 6). The 0.1 V periodic swing is due to the
high and low power levels, with the higher voltage naturally
corresponding to the lower power level. The uncoupled sys-
tem also operates at a marginally higher voltage, most likely
due to the effect of thermal coupling on the fuel cell temper-
ature during pulsed operation.

Fig. 7shows that during this 4 h period, the fuel cell tem-
perature, initially starting from 296 K, exhibits essentially a

Table 2
Values of the polynomial coefficients used in the PEM fuel cell model[18]

C

d
d
d
r
r
r
m
m
m
n
n
n

oefficient Value

0 (mV K−2 cell−1) 3.09E−3

1 (mV K−1 cell−1) −2.05E+0

2 (mV cell−1) 4.60E+2

0 (# cm2 K−2 cell−1) 1.52E−5

1 (# cm2 K−1 cell−1) −1.00E−2

2 (# cm2 cell−1) 2.50E+0

0 (mV Pa−2 cell−1) 1.31E−11

1 (mV Pa−1 cell−1) −7.33E−6

2 (mV cell−1) 1.05E+0

0 (cm2 mA−1 Pa−2) −2.84E−13

1 (cm2 mA−1 Pa−1) 1.16E−7

2 (cm2 mA−1) −6.39E−3
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Fig. 8. Thermal power released from the fuel cell to the ambient environment
during uncoupled operation, and to the ambient environment and the metal
hydride bed during coupled operation.

saw tooth pattern and oscillates between 304 K and 300 K
corresponding to the high and low power periods, respec-
tively. It is noteworthy that a slightly higher temperature is
observed for the uncoupled operation especially during the
high power periods. This suggests that more energy is be-
ing removed from the fuel cell when the metal hydride bed
is thermally coupled to the fuel cell, a very positive but in
this case a very minor effect. This result is further substan-
tiated inFig. 8, which shows that during coupled operation,
slightly more energy is transferred from the fuel cell during
high power operation.Fig. 8 also shows that during the 4 h
period of pulsed operation, with the load varying between
200 W and 100 W, approximately 80 W and 40 W of power
are respectively converted into waste heat. This means that
60% of the energy obtained from the hydrogen is converted
into useful electricity. The other 40% of the energy is con-
verted into waste heat, with no other energy losses accounted

F initial
h ulsed
o not.

Fig. 10. Hydrogen loading in the solid metal hydride phase in the metal
hydride bed during pulsed operation of and while thermally coupled and
uncoupled to the fuel cell.

for in this system simulation. This brings up one of the main
questions addressed in this work: what is the effect of trans-
ferring some of this waste energy from the fuel cell to the
metal hydride bed.

Fig. 9shows that during the 4 h of pulsed operation the fuel
cell consumes a little more than 50% of the total hydrogen in
the bed, with the hydrogen flowing at constant but alternating
rates of 1.2 and 0.6 SLPM, respectively and proportionally,
corresponding to the high and low power levels. However,
the hydrogen consumption is the same whether the metal hy-
dride bed is thermally coupled to the fuel cell or not, which
is clearly reflected in the change in the hydrogen loading in
the metal hydride phase.Fig. 10shows that it decreases from
about 0.81 mol mol−1 to 0.43 mol mol−1. Hence, a little less
than half of the hydrogen in the solid (metal hydride) phase
is consumed during 4 h of operation; accounting also for the

F pulsed
o ll.
ig. 9. Hydrogen flow rate demand and cumulative percentage of
ydrogen in the metal hydride bed consumed over the 4 h period of p
peration of the fuel cell whether coupled to the metal hydride bed or
ig. 11. Gas phase pressure inside the metal hydride bed during
peration of and while thermally coupled and uncoupled to the fuel ce
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Fig. 12. Average bulk temperature of the metal hydride bed during pulsed
operation of and while thermally coupled and uncoupled to the fuel cell.

hydrogen in the gas phase brings the total hydrogen con-
sumed to a little more than 50% as stated above and shown
in Fig. 9. So, as may be expected, thermally coupling the
system does not affect the hydrogen flow rate, which is dic-
tated by the power requirements of the load imparted to the
fuel cell. It also does not affect the hydrogen loading in the
metal hydride phase, a result that is not so obvious but is
easily rationalized because this is the source of the hydrogen.
What thermally coupling does effect is the temperature of the
metal hydride bed, which in turn effects the pressure of the
bed. These effects are clearly observed inFigs. 11 and 12.
The different curves in these figures reflect the differences
observed when the metal hydride bed exchanges energy with
the ambient environment (uncoupled) compared to when it
exchanges energy with the fuel cell (coupled), as shown in
Fig. 13.

F am-
b uring
c

For the uncoupled case, the pressure inside the bed de-
creases from about 5.0× 105 Pa to about 3.3× 105 Pa. How-
ever, in the coupled case, the pressure inside the bed decreases
much less from about 5.0× 105 Pa to only about 4.1× 105 Pa
over the same 4 h of operation. This is due to the more en-
ergy, on average, being transferred to the metal hydride bed
when the bed is thermally coupled with the fuel cell (about
3 W, net) compared to when it is thermally coupled with the
ambient environment (about 1 W net), as shown inFig. 13.
This small amount of extra energy causes the temperature
and hence the pressure of the metal hydride bed to both in-
crease, with the temperature cycling between 297.6 K and
299.2 K. Although these temperatures are always above the
ambient temperature of 296 K, this is not the temperature of
interest for the coupled case; the temperature of interest is the
fuel cell temperature, which varies between 300 K and 304 K
(Fig. 7). Hence, the metal hydride bed is always operating
below the fuel cell temperature, which means that energy is
always being transferred to the bed (Fig. 13), a positive ef-
fect. In contrast, for the uncoupled case, the metal hydride
bed temperature is always below the ambient temperature,
cycling between 291.3 K and 293.5 K. In this case, the ambi-
ent temperature is the temperature of interest, and again with
the bed always operating below the ambient temperature, en-
ergy is being transferred to the bed (Fig. 13). However, the
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ig. 13. Thermal power transferred to the metal hydride bed from the
ient environment during uncoupled operation and from the fuel cell d
oupled operation.
igher operating temperature of the thermally coupled m
ydride bed translates into a greater time during which

uel cell may continue to produce 200 W and 100 W of us
ower. This is due to the pressure staying above the lo
elivery pressure of the fuel cell for a longer period of ti

n this case 1 atm. Of course, eventually the metal hyd
ed will begin to run out of hydrogen and the pressure
ecrease below this minimum operating pressure no m
ow high the temperature.

It is interesting that the temperatures of the metal hyd
ed for the coupled and uncoupled cases both exhibit

ooth patterns but oscillate 180◦ out of phase with each oth
.e., when the temperature is increasing in one case it i
reasing in the other case and vice versa. Not surpris
he thermal energy imparted to these beds also shows
pposite behavior, but with drastically different patterns.

he uncoupled case, the temperature of the metal hydrid
nitially decreases from 296 K to 291 K during the first h
ower cycle; thereafter, it exhibits 2 K swings in tempe

ure between 293 K and 291 K, always being below the
ient temperature of 296 K. Hence, energy is always b

ransferred to the bed, a favorable effect as explained b
he periodic decreases in temperature occur when the p
ower source draws 200 W from the fuel cell; in contr
hen only 100 W of power are drawn, the temperature
reases. The opposite behavior is exhibited by the the
ower transferred to the metal hydride bed from the am
nvironment. Initially, about 2.7 W are transferred at mo

he metal hydride bed and then the thermal power osci
etween 2.7 W and 1.5 W when the temperature of the m
ydride bed is lowest and highest, respectively. This cou



Z. Jiang et al. / Journal of Power Sources 142 (2005) 92–102 101

and 180◦ out of phase behavior between the temperature of
and the thermal energy transferred to the bed is explained
by the metal hydride bed cooling when it releases hydrogen
[12]. The greater this decrease in temperature, the greater
the driving force for heat transfer between the bed and the
ambient environment, the greater the power input to the bed.
So when the bed periodically heats back up to 293 K, the
driving force for heat transfer decreases, which causes the
power input to decrease. Nevertheless, the energy transferred
to the bed when only 100 W are being drawn from the fuel
cell is apparently enough to overcome the endothermic pro-
cess associated with the release of hydrogen at the lower flow
rate demand and cause it to heat back up to 293 K. However,
when the power source draws 200 W and the hydrogen flow
rate demand correspondingly increases to the higher value,
although the energy transferred to the bed increases, it is not
enough to overcome the endothermic process associated with
the release of this increased amount of hydrogen. Hence, the
bed cools during this period to about 291 K. This periodic
behavior continues over the 4 h of operation of the fuel cell.

Similar temperature change and corresponding driving
force arguments are made to describe the behavior of the cou-
pled system. However, in this case, the 3.7–2.7 W of power
imparted to the bed during high power operation is apparently
enough to offset the endothermic cooling effect mentioned
a ease
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system and a PEM fuel cell stack for easy implementation
in the virtual test bed (VTB) environment, a simulation plat-
form designed for carrying out systems level modeling like
the integrated fuel cell system.

An inherently nonlinear model that realistically accounts
for heat and mass transfer resistances associated with the
discharge of hydrogen from a metal hydride bed was refor-
mulated in a resistive companion (RC) form and success-
fully validated against experimental discharge data. The RC
form of the metal hydride bed model was then coupled with
a relatively simple, experimentally validated, PEM fuel cell
model. These coupled models were used to carry out dynamic
simulations of the integrated fuel cell system in the VTB en-
vironment. Two specific situations were studied: in the first
scenario, the fuel cell and metal hydride bed were thermally
coupled; in the second scenario, they were thermally uncou-
pled.

The results from these simulations clearly revealed unique
and subtle behavior associated with thermally coupled sys-
tems that could not be easily gleaned from simulating each
device alone as revealed from studying the uncoupled case.
For example, the results exemplified the importance of pro-
viding energy to the metal hydride bed to facilitate the re-
moval of hydrogen during a discharge process. Although a
substantial amount of energy in the form of waste heat tends
t per-
a ork
s eded
t f the
m rat-
i d for
t sitive
e bed.
T e uti-
l e bed
i e fuel
c to a
l tric
s

A

M
u con-
t 9-1-
0

R

hm,
, in:

03)
bove because the temperature of the bed actually incr
uring this part of the cycle. This necessarily causes the
al power transferred to the bed to decrease during the
eriod, because although the fuel cell temperature is at its
alue, it essentially remains constant during this period
he onset of low power operation, the temperature of the
ell decreases instantaneously to its low value (Fig. 7), which

owers the thermal power input to the metal hydride be
bout 0.5 W due to the small driving force for heat trans
his allows the endothermic effect to begin to dominate e

hough the hydrogen demand is low and the temperatu
he metal hydride bed begins to decrease. Nevertheles
hermal power input to the bed increases during this peri
bout 1.5 W because the driving force for heat transfer

ncreases due to the decrease in the metal hydride bed
erature with the fuel cell temperature essentially remai
onstant. This periodic behavior continues over the 4
peration of the fuel cell; however, the periodic behavio
learly and subtly different when compared to the uncou
ase.

. Conclusions

The overall objective of this paper was to study the
avior of a thermally coupled hydrogen storage and fue
ystem. An underlying and more specific objective wa
etermine the effect of transferring waste (thermal) en

rom the fuel cell to the metal hydride bed in a truly dyna
nd coupled fashion. These objectives were met by fo

ating dynamic models of a metal-hydride hydrogen sto
so be available from a PEM fuel cell to increase the tem
ture of the metal hydride bed during discharge, this w
howed that in some cases, very little energy may be ne
o make a substantial difference in the performance o
etal hydride bed. A relatively small increase in the ope

ng temperature of the metal hydride bed, which occurre
he thermally coupled scenario, had a significant and po
ffect on increasing the pressure in the metal hydride
his sustained higher pressure necessarily improves th

ization of stored hydrogen because the pressure of th
s able to stay above the lowest operating pressure of th
ell for a longer period of time. This, in turn, translates in
onger operating time for the fuel cell. A detailed parame
tudy is forthcoming.
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