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bstract

The Institute for Energy and Environment (IEE) at the University of Strathclyde has developed various fuel cell (FC) systems for stationary
nd vehicular applications. In particular the author is involved in the development of alkaline fuel cell (AFC) systems. To understand the dynamic
ehaviour of the system’s key element, the alkaline fuel cell stack, a dynamic model was developed allowing the characterisation of the electro-
hemical parameters. The model is used to forecast the behaviour of the fuel cell stack under various dynamic operating conditions. The so-called
ernst potential, which describes the open circuit voltage of the stack, is calculated using thermodynamic theory. Electrochemistry theory has
een used to model the sources of the electric losses within the FC, such as activation, ohmic and concentration losses. The achievable value of

his paper is the first publication of a detailed dynamic AFC based on mass balance, thermodynamics and electrochemical theory. The effects of
he load changes on various fuel cell parameters, such as electrolyte concentration and concentrations of dissolved hydrogen and oxygen were
overed in this investigation using the author’s model. The model allows a detailed understanding of the dynamic effects within the AFC during
oad change events, which lead to the experienced electric response of the overall FC stack.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The Centre of Economic Renewable Power Delivery
CERPD) at the University of Strathclyde has developed various
uel cell (FC) systems for stationary and vehicular applications
ver the last 5 years. The aim of the research is the design and
uild of reliable and cost efficient hybrid FC/battery systems,
hich could replace existing conventional technology in the near

uture. A domestic scale combined heat and power (CHP) alka-
ine fuel cell (AFC) system has been developed. The small AFC
tack (1–3 kWe) is used to satisfy the average load demand of the
omestic load profile of a stationary application. Whereas the
oad peaks are supplied by a battery system working in parallel
ith the AFC stack.
However, using an AFC for a highly fluctuating domestic

oad needs precise knowledge of the dynamic behaviour of the

uel cell system and consequently of its main component, the
uel cell stack. This paper describes a dynamic electrochemi-
al model of an alkaline fuel cell stack. The practical electric

∗ Corresponding author. Tel.: +44 141 548 4711; fax: +44 141 548 4872.
E-mail address: m.duerr@eee.strath.ac.uk (M. Duerr).
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osses of the fuel cell, such as activation, ohmic and concentra-
ion losses are considered and the variations of internal fuel cell
arameters, such as reactant concentrations and pressures, dur-
ng steady-state operation and dynamic load changes are shown
nd explained.

. AFC operation

An AFC operates by introducing hydrogen and oxygen (in
ase of the modelled Zetek stack provided as air) gases into the
as diffusion layers of the anode and cathode, respectively. The
ases subsequently diffuse into the catalyst layers of the elec-
rodes, where they partly dissolve into the KOH electrolyte. To
void gases entering the electrolyte layer the potassium hydrox-
de solution (KOH) in the electrolyte compartment has a slightly
igher pressure than the gases in the anode and cathode. The
ormal operating pressure of hydrogen and air for the FC were
et to 40 mbar above atmospheric pressure, whereas the KOH
ressure is set to 100–150 mbar. The oxidation reaction occur-

ing in the catalytic layer of the anode causes the hydrogen to
ecompose and yields electrons to the current collector and the
emaining protons react with the hydroxyl ions available in the
OH solution [1].

mailto:m.duerr@eee.strath.ac.uk
dx.doi.org/10.1016/j.jpowsour.2007.06.011
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Fig. 1. Variables affecting the d

At the cathode, the catalytic reduction of oxygen with water
f the electrolyte and electrons supplied from the anode, to gen-
rate hydroxyl ions. The electro-osmotic drag within the cell, the
lectrolyte concentration gradient and the movement of charge
articles in the electric field, moves the hydroxyl ions towards
he anode. The electrode reactions as explained are given in the
ollowing equations:

2 + 2(OH−) → 2H2O + 2e− (1)

2O + 0.5O2 + 2e− → 2(OH−) (2)

Hence, the overall reaction of the fuel cell can be expressed
s

2 + 0.5O2 → H2O (3)

. The AFC stack model

The AFC behaviour is complex and is influenced by a large
umber of parameters. The model parameters can be grouped
nto four categories:

1) Operating parameters: such as gas inlet pressures and tem-
perature, reference electrolyte concentration.

2) Electrochemical parameters: such as exchange current den-
sity of the electrodes, transfer coefficients of oxidation and
reduction processes.

3) Material parameters: such as composition of the electrodes
and the current collectors, porosity of the materials, con-
ductivity of electrodes.

4) Structural parameters: such as layer thicknesses, active area

sizes, number of cells.

Fig. 1 shows a summary of the most important fuel cell
ariables, which influence the dynamic stack performance.

3

e

ic behaviour of an AFC stack.

The detailed model developed is based on a combination of
he variables and parameters shown in Fig. 1, which are related
hrough mass balance, mass transfer theory, thermodynamics,
lectrochemical and electrical theories [2].

For the purpose of analysis the alkaline fuel cell was split
nto five layers, each of which was modelled separately. These
ayers are:

anode gas diffusion layer;
anode catalyst layer;
electrolyte layer;
cathode catalyst layer;
cathode gas diffusion layer.

Within each layer the appropriate state parameters, e.g. the
artial pressures of the gases within the diffusion layers, the
oncentrations of the reactant species within the catalyst layer,
ere determined. The different layers are linked through input

nd output parameters. The modelled single cell performance
as scaled according to the number of cells in the stack. It was

ssumed that all cells in the stack behave in a similar way. The
hysical structure of the AFC and a schematic of the top layer
f the fuel cell model are shown in Figs. 2 and 3, respectively.

The model has been developed within the simulation package
atlab/Simulink. The block diagram shows the sub-systems of

he anode and cathode gas diffusion layers, the anode and cath-
de catalyst layers and the electrolyte layer in the middle. The
nput parameter of the fuel cell stack model is the load current
emand Iload. The main output parameter is the FC stack voltage
stack.

.1. Model equations
.1.1. Gas diffusion layers
Each electrode possesses a gas diffusion layer, which is nec-

ssary to provide the process gases uniformly and extract the
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Fig. 2. Layer structur

roduct species. They are designed to prevent the electrolyte
rom weeping into the gas stream. Consequently, the model
ssumes that the hydrophobicity of the electrode will prevent
ny liquid from entering this region. Therefore, only hydrogen
as and water vapour will exist in the anode gas diffusion layer,

nd oxygen gas, nitrogen gas and water vapour will exist in the
athode gas diffusion layer.

The diffusion gas transport through porous material is
escribed by the one-dimensional Stefan–Maxwell diffusion

m
h

Fig. 3. The detailed alkal
he alkaline fuel cell.

quation:

dyi

dx
=
∑

j

RT

pD
g
ij

(yiNj − yjNi) (4)
The list of symbols is given in Appendix A. To describe the
ass balance in the gas diffusion layer the continuity equation

as been used. The general one-dimensional continuity equation

ine fuel cell model.
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s given by the following equation:

1

RT

dεGDLpi

dt
= −dNi

dx
+ R

p
i + Re

i (5)

Within the gas diffusion layer there occurs no chemical reac-
ion and no mass transport across a phase boundary (from gas to
iquid or reverse), hence R

p
i and Re

i equals zero. The continuity
quation becomes:

1

RT

dεGDLpi

dt
= −dNi

dx
(6)

The anode contains two species, hydrogen and water, whereas
he cathode is assumed to contain oxygen, nitrogen and water.

.1.2. Catalyst layers
The mass balances on anode and cathode are defined by the

ne-dimensional continuity equation. In the catalyst layers the
eaction gases hydrogen and oxygen dissolve into the liquid
lectrolyte. The rate that the hydrogen and oxygen gases dissolve
n the electrolyte is expressed by the mass transport rate over
he phase boundary R

p
i . In equilibrium the transport of species

across the phase boundary, i.e. the amount of gases dissolved
n the liquid electrolyte, can be described as follows

p
i = −dN

p
i

dx
= −agDl

i

(
Hipi − Ci

δ

)
(7)

The amount of oxygen and hydrogen that react in the catalyst
ayer is expressed with the electrochemical reaction rate Re

i .
he reaction interface area is not equal to the contact area of the
L and electrolyte layer; it is rather defined by the area where

he electrolyte is in contact with the active material within the
atalyst layer. This reaction area is expressed through al the
pecific area of catalyst–electrolyte interface. The reaction rate
an be represented with Faraday’s law:

e
i = −dNe

i

dx
= − sia

liloc

ziF
(8)

The gas transport is modelled using the Stefan–Maxwell
quation for gas diffusion in porous material (Eq. (5)) and the
ass transport of the liquid species was described by the one-

imensional Nernst–Plank equation:

l
i = −Dl

i

dCi

dx
− ziuiFCi

dΦ

dx
− Ciυ

ave (9)

The reactants on anode and cathode diffuse, in gaseous form,
hrough the ‘dry’ part of the catalyst layer, dissolve in the liquid
lectrolyte and react as stated in Eqs. (1) and (2) on the interface
rea within the catalyst layer. The electrochemical potentials of
node and cathode have been described by the Nernst equation.
ncluded in the model is the used current–overpotential equation
hich takes into consideration the electric losses under load
onditions (including the transport losses):

N = EN,0 − RT

ziF
ln

[∏(
Ci

Cref
i

)si
]

(10)

e
w
i
i

ources 171 (2007) 1023–1032

loc = iloc
0

⎡
⎣∏

i

(
Ci

Cref
i

)qi

eαaFη/RT −
∏
j

(
Cj

Cref
j

)qj

e−αcFη/RT

⎤
⎦

(11)

In the model Eq. (11) was expressed in the form of the Tafel
quation. Thus, the anode and cathode overpotentials are respec-
ively:

a = 2.303RT

zaαaF

(
log iloc

a − log iloc
0,a − log

[∏
i

(
Ci

Cref
i

)qi
])

(12)

c = −2.303RT

zcαcF

(
log iloc

c − log iloc
0,c + log

[∏
i

(
Cj

Cref
j

)qj
])

(13)

Additionally the double-layer capacitance Cd affects the elec-
ric response of the fuel cell. The double-layer capacitance of
he anode and cathode Cd,a,c were separately modelled with a
eed-back loop using the following equation:

dηi
a

dt
= i

Cd,a,c
= 1

Ra,cCd,a,c

(
ηi−1

a,c − ηi
a,c

)
(14)

The model calculates the ohmic losses within the catalyst
ayer. Two sources of ohmic losses have been considered:

The potential drop within the electrolyte solution defined by
the solution conductivity.
The voltage drop within the electrodes defined by the ohmic
resistance of the solid electrode materials and the current
collector.

The solution potential drop is described by

Φ = ixi

σ
(15)

The voltage drop within the catalyst solid material is
escribed by Ohm’s law:

ohmic,a,c = iAFC

σa,cxi

(16)

As a consequence of the electric and electrochemical consid-
rations the overall anode and cathode voltage was calculated
rom

a,c = EN
a,c + ηa,c + φa,c + ηohmic,a,c (17)

.1.3. Electrolyte layer
Within the electrolyte layer there are no chemical reactions.

urther, no gassing or dissolution of reaction species occurs, i.e.
here is no mass transfer over the phase boundary. Five species

xist within the layer: dissolved hydrogen, dissolved oxygen,
ater, hydroxyl anions and potassium cations. All species occur

n the liquid phase. As can be seen from the simulation results, it
s important to consider the change in electrolyte concentration
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Table 1
Operating conditions of Zetek AFC stack

Parameter Symbol Value

Anode and cathode inlet gas pressures pa, pc 1.053 atm
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cathode and the overall single cell are shown in Fig. 6. The Zetek
stack simulated consist of 24 cells connected in parallel (4 cells)
and series (12 cells) fashion. Hence, the current of a single cell
was calculated to be a quarter of the fuel cell stack current. The
M. Duerr et al. / Journal of Po

cross the fuel cell, as the electrolyte concentration affects most
odel parameters.
In the model the electrolyte concentration in the middle of

he electrolyte layer Ce−2,5 was assumed to be constant and
quals the reference concentration Ce,ref. The electrolyte con-
entrations at point 2 (Ce 2) and point 3 (Ce 3) were calculated
sing the continuity equation. No chemical reaction and trans-
ort over a phase boundary occurs in the electrolyte layer, hence
he continuity equation consists only of Nernst–Plank transport
erm and has the following form:

εelec dCe

dt
= −dNe

dx

=
d
(
Dl

K+/H2O(dCe/dx)+zK+FuK+Ce(dΦ/dx)+(υaveCe/dx)
)

dx
(18)

Additionally the solution potential Φ was calculated in the
lectrolyte layer and is defined by

Φ = ixi

σ

.1.4. Overall cell and stack potentials
The anode and cathode potentials Ea, Ec follow from the

bove considerations:

a = EN
a − Φa − ηa − ηiR,a (19)

c = EN
c − Φc − ηc − ηiR,c (20)

The overall single cell potential Ecell follows from the differ-
nce of cathode and anode potential:

cell = Ec − Ea (21)

The model calculates the stack voltage Estack by multiplying
he simulated voltage of a single cell Ecell with the numbers of
ells connected in series (nseriesnmodules):

stack = Ecellnseriesnmodules (22)

The input load current Iload signal was divided by the number
f cells connected in parallel in the stack nparallel to calculate the
urrent demanded of a single cell Icell:

cell = Iload

nparallel
(23)

To take recognition of the ohmic losses caused by the inter-
onnections the overall stack voltage is reduced by an ohmic
oltage loss ηinter:

stack,real = Estack − ηinter (24)
. Simulation results

Using the operating conditions listed in Table 1 the distri-
ution of the main AFC parameters across a single cell were
imulated and compared to test and literature data [3–5].

F
s

eference electrolyte concentration Ce,ref 6.6 M
uel cell temperature TFC 70 ◦C

.1. Steady-state simulations

Fig. 4 shows the ideal voltage–current characteristic of a two-
odule Zetek stack compared with simulation results. The test

ata was supplied by the manufacturer. The data does not include
nformation about the activation and concentration limitations,
nly the open circuit voltage of the stack is given (11.3 V).

It is clear from Fig. 4 that the simulation accurately describes
he stack polarisation. The correlation factor Rchi was calculated
o be 96.7% for the given data points. The overall stack resis-
ance Rstack in the linear region (25–110 A) was calculated to
e 25 m�. The limiting current for the stack determined by the
odel is 140 A (130 mA cm−2). The open circuit voltage is cal-

ulated to be 11.3 V. The nominal operating voltage of the stack
s 8 V (0.67 V per cell) which leads to a nominal stack current of
00 A. The generated electric power of the fuel cell stack relative
o the stack current is also shown in Fig. 5. At the nominal operat-
ng current of 100 A the stack generates 800 We. After reaching
current of 125 A the concentration losses increase exponen-

ially, due to the lack of reaction oxygen (as later shown). At a
tack current of 140 A the voltage and consequently the power
ollapses. This is the point where the concentration of oxygen
n the reaction interface equals zero.

Additionally the polarisation curve of a single cell of the
etek AFC stack was investigated. The characteristics for anode,
ig. 4. Zetek AFC stack voltage–current characteristic, comparison between
imulation results and manufacturer data.
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ig. 5. Zetek AFC stack power–current characteristic, comparison between
imulation results and manufacturer data.

ingle cell open circuit voltage was calculated to be 0.94 V, which
onfirms the manufacturer data. The overall losses of the Zetek
ell are principally determined by the cathode overpotential with
simulated limiting current density of 130 mA cm−2 (35 A for
single cell, 140 A for the stack).

Fig. 7 shows the electrolyte distribution throughout a single
ell relative to the applied current. As expected the simulation
hows that under open circuit conditions the electrolyte concen-
ration is uniform throughout the three layers with a reference
oncentration of 6.6 M. When the load is applied the KOH con-
entration on the anode side decreases and Ce on the cathode
ide increases due to the chemical reactions on the electrodes. It
an be seen that the main concentration drop occurs within the
lectrolyte layer, whereas within the anode and cathode catalyst
ayers the electrolyte concentration varies only slightly.
This effect can be explained by the fact that the electrolyte
ayer is 1000 times the thickness of the catalyst layers (elec-
rolyte layer 1 mm, catalyst layers 0.001 mm). The simulation
hows that it is important to take recognition of the variation in

Fig. 6. Voltage–current characteristics of anode, cathode and single cell.

(
c
w

F
a

ig. 7. Electrolyte concentration within the Zetek alkaline fuel cell as a function
f current.

e. Thus, the electrolyte concentration has an important influ-
nce on a variety of fuel cell properties as previously highlighted.

The concentration profile of the dissolved hydrogen and oxy-
en within the catalyst layers and the electrolyte layer relative
o the current are shown in Figs. 8 and 9. It is clear from
ig. 8 that even at the limiting current of 35 A for a single
ell, sufficient amount of hydrogen can be provided to the reac-
ion area. The hydrogen concentration drops to a minimum of
.9 × 10−7 mol cm3 in the catalyst layer. It has been assumed
hat hydrogen travelling through the electrolyte to the cathode
ill immediately react on the interface. Hence, the hydrogen

oncentration on the electrolyte–cathode catalyst layer interface
quals zero.

Fig. 9 illustrates that at higher currents the oxygen concen-
ration is substantially reduced. At the limiting current Il 35 A

−2
il = 0.13 A cm ) the concentration of dissolved oxygen in the
atalyst drops to zero and consequently any further load increase
ill lead to the collapse of the fuel cell voltage.

ig. 8. Dissolved hydrogen concentration profile within the alkaline fuel cell as
function of current.
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load the voltage drops due to the internal resistance of the stack.
The exponential decay which follows is caused by a combination
ig. 9. Dissolved oxygen concentration profile within the alkaline fuel cell as a
unction of current.

In Figs. 10 and 11 the anode and cathode overpotentials (acti-
ation and concentration losses) are shown, respectively. The
ositive sign of the anode overpotential results from the fact that
he Nernst potential of the anode is positive (0.3 V) at the given
perating conditions, whereas the cathode Nernst potential is
egative (−0.8 V). The higher overpotential on the cathode is
he result of its oxygen mass transport limitations and lower
xchange current density.

As expected (see also Fig. 6) the cathode overpotential is
uch larger than the anode overpotential and consequently the

athode overpotential is the performance-dominating factor. It
s shown that the total anode overpotential is very small, with
ts maximum at 35 A of 0.027 V. Due to the preferable hydro-
en oxidation process on the anode the activation overpotential
t low current (until 10 V) is calculated with the model to be
ero. This shows that at limiting current (35 A) there is still
nough dissolved hydrogen in the catalyst layer to keep the oxi-

ation process going. The overpotential on the cathode reaches
maximum of −0.35 V at the limiting current. At low current

0–5 A) the activation polarisation is dominant, whereas at a

Fig. 10. Anode overpotential profile as a function of current.

o
t

F
t

Fig. 11. Cathode overpotential profile as a function of current.

urrent over 30 A the concentration polarisation causes an expo-
ential increase of the losses. The figure also illustrates, that the
odel predicts a collapse of the fuel cell voltage for a current

igher than 35 A through a dramatic increase in the cathode
verpotential.

.2. Dynamic load switching simulations

Figs. 12 and 13 show the voltage and current responses of the
uel cell stack from open circuit to an applied resistive load of
.558 �, respectively. Both figures compare the test results with
he simulated dynamic behaviour of the stack.

The open circuit voltage of the stack at the beginning of the
est was measured to be 10.7 V. After 0.5 s the resistive 0.558 �

oad was applied. Immediately following the application of the
f mass transport dynamics and the partial discharge of the elec-
ric double layer. The final steady-state voltage level of the stack

ig. 12. Voltage–time characteristic, comparison between test data and simula-
ion results for load switching of a 0.558 � resistive load.
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ig. 13. Current–time characteristic, comparison between test data and simula-
ion results for load switching of a 0.558 � resistive load.

s reached after approximately 1 s and is 6.8 V. The test started at
pen circuit. Directly after the load is applied the current rises to
9.8 A due to the discharge of some stored electric energy within
he double-layer capacitance structure. Within approximately
s after switching the stack current decreases exponentially to
steady-state current value of 13.2 A. The model accurately

redicts the transient behaviour of the 0.558 � resistive load
witching test with calculated correlation factors Rchi of 98.5%
or the voltage transient simulation and an Rchi value of 98.2%
or the current transient simulation.

To investigate the effects of the load switch on the fuel cell
nternal behaviour some parameters were investigated in more
etailed. The electrolyte concentration has an influence on a
ariety of fuel cell parameters and properties. Hence, was inves-
igated to determine the changes across the fuel cell during the
oad switching event. Fig. 14 shows the electrolyte concentra-

ion across the anode CL, the electrolyte layer and the cathode
L. At the beginning of the test the fuel cell operates at open
ircuit and the electrolyte concentration is constant throughout
he liquid layers at 6.6 M. After the load was applied the elec-

ig. 14. Electrolyte concentration profile for load switching of a 0.558 � resis-
ive load.

l

1

F
r

ig. 15. Dissolved hydrogen concentration profile for load switching of a
.558 � resistive load.

rolyte concentration changed relative to the fuel cell current. On
he anode the concentration decreases due to the production of
ater, whereas on the cathode the concentration increases due

o the increase of hydroxyl ions.
Fig. 14 shows that the change in electrolyte concentration

or the simulated switching test of 0.558 � is minimal. On the
node and cathode the maximum change is calculated to be
× 10−7 mol cm3 (4 × 10−4 M). However, a comparison with
ig. 7 shows that the simulated electrolyte concentrations have
ot reached their steady-state values for the applied current of
3.2 A.

The steady-state change of the electrolyte concentration is
pproximately 10 times (4 × 10−6 mol cm3) larger than the value
f Fig. 14. The reason of this difference is caused by the slow
ass transport within the electrolyte layer.
In Figs. 15 and 16 the concentration profiles of dissolved

ydrogen and dissolved oxygen in the anode and cathode catalyst

ayers during load switching are shown, respectively.

After the load is applied at 0.5 s the concentration drops from
.093 × 10−7 to 1.068 × 10−7 mol cm−3 and after a further 1 s

ig. 16. Dissolved oxygen concentration profile for load switching of a 0.558 �

esistive load.
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ig. 17. Anode overpotential of a single cell for load switching of a 0.558 �

esistive load.

djust to its new steady-state value of 1.076 × 10−7 mol cm−3.
he initial concentration drop is caused by the higher reaction

ate of oxygen during transient times and is a direct result of
he current spike shown in Fig. 13. The oxygen concentration
hows a similar behaviour as CH2 . However, due to the smaller
mount of oxygen used in the reaction the absolute oxygen con-
entration drop is smaller (1.1 × 10−9 mol cm−3) compared with
he CH2 drop (1.7 × 10−9 mol cm−3). Also it must be noticed
hat the amount of dissolved oxygen (1.36 × 10−8 mol cm−3) is
pproximately eight times smaller than the amount of dissolved
ydrogen (1.093 × 10−7 mol cm−3) on open circuit. The reason
s as explained before is the lower solubility of oxygen in the
lectrolyte.

Figs. 17 and 18 show the anode and cathode overpotentials
aused by the activation and concentration losses, respectively.
oth overpotentials are zero at the beginning of the load switch-
ng simulation, as the fuel cell is operating at open circuit. After
he load is applied the overpotentials rise immediately mainly
ue to the experienced concentration limitations. It is shown in
ig. 17 that the simulation predicts a relative small value for the

ig. 18. Cathode overpotential of a single cell for load switching of a 0.558 �

esistive load.
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node overpotential of 0.042 V after the load switching, whereas
he overpotential of the cathode increases sharply to −0.26 V
or a single cell (see Fig. 18). The anode and cathode overpo-
entials of the stack were simulated to be 0.126 and −0.78 V,
espectively, for the test stack.

. Conclusions

The dynamic model forecasts the steady-state and dynamic
ehaviour of the alkaline fuel cell stack. The effects of the
oad changes on various fuel cell parameters, such as elec-
rolyte concentration and concentrations of dissolved hydrogen
nd oxygen were covered in this investigation. The author’s
odel considers the main loss effects of an AFC; the activa-

ion, ohmic and concentration losses. The dynamics behaviour
f the fuel cell process was modelled through dynamic mass
alances of the reactant species and through the consideration
f the double-layer capacitance. A comparison of simulation
esults with manufacturer and test data has shown the accuracy
f the model.

The model will be part for a larger hybrid fuel cell/battery
ystem model and is also the basis for the development of an
FC condition-monitoring unit.

ppendix A. List of symbols

g specific area of gas–electrolyte interface (cm2 cm−3)
l specific area of catalyst–electrolyte interface

(cm2 cm−3)
FC area of the cell (cm2)
d,a,c double-layer capacitance of anode and cathode (F)
i concentration of species i in electrolyte solution

(mol cm−3)
ref
i reference concentration of specie i (mol cm−3)
l
i diffusion coefficient of species i in liquid phase

(cm2 s−1)
ij gas diffusion coefficient of species i in j (cm2 s−1)
a,c anode and cathode potential (V)
N
a,c anode and cathode Nernst potential (V)
N,0 Nernst or open circuit potential at standard conditions

(V)
Faraday constant (96 485 C mol−1)

i Henry constant for species i (mol cm−3 bar−1)
current density (A cm−2)

loc anodic and cathodic local current density (A cm−2)
loc
0 anodic and cathodic local exchange current density

(A cm−2)
i molar flux of species i (mol cm−2 s−1)
l
i molar flux of species i in liquid phase (mol cm−2 s−1)

total pressure (bar)
i partial pressure of species i (mol cm−3)

i,j reaction order of species i, j

universal molar gas constant (8.31451 J mol−1 K−1)
a,c anode and cathode ohmic resistance (�)
e
i chemical reaction rate of species i (mol cm−3 s−1)
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p
i mass transport rate over phase boundary of species i

(mol cm−3 s−1)
i stoichiometric coefficient of species i

temperature (K)
i effective mobility of species i (mol cm2 J−1 s−1)
i thickness of layer i
i vapour mole fraction of species i
i number of electrons involved in reaction

reek letters
a,c anodic and cathodic transfer coefficient for reaction

thickness of electrolyte film (cm)
GDL porosity of the GDL
a,c anode and cathode overpotential (V)

i
a,c anode and cathode overpotentials at present time (V)
i−1
a,c anode and cathode overpotentials at last time step (V)
iR,a,c anode and cathode ohmic losses (V)
ohmic,a,c anodic and cathodic voltage drop (V)
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ave volume average velocity (cm s−1)
a,c effective anodic and cathodic conductivity (S cm−1)
a,c anode or cathode solution potential (V)
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