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Abstract

This paper presents a complete polarization model of a solid oxide fuel cell (SOFC) that eliminates the ambiguity of the suitability of
such model when used under different design and operating conditions. The Butler—Volmer equation is used in the model to describe the
activation overpotential instead of using simplified expressions such as the Tafel equation and the linear current—potential equation. In the
concentration overpotential, both ordinary and Knudsen diffusions are considered to cater for different porous electrode designs. Sensitivity
tests are then conducted to show the effect of the thickness of the respective fuel cell components on the drop in cell voltage. Results show
that the performance of an anode-supported fuel cell is superior to that using cathode as the support under elevated operating pressure in the
cathode compartment. The former can achieve an improved operating range of current density under normal atmospheric conditions.

© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Conventional power stations are, in general, based on
vapour power (Rankine) cycle or gas turbine (Brayton)
cycle, principles for power generation. Thus, the maximum
thermal efficiency of such plants is restricted by the Carnot
cycle principle. That is to say, the actual thermal efficiency
of a plant can be improved either by increasing the steam/gas
temperature at the inlet of the steam/gas turbine, or by
reducing the discharge temperature at the steam/gas turbine
exit. A high inlet temperature is normally restricted by
metallurgical considerations, while the low discharge tem-
perature at most can only reach the environmental tempera-
ture (or the so-called ‘dead state’ in the energy analysis). In
fact, increasing the inlet temperature of the steam/gas
turbine would cause a proportional increase in temperature
at the steam/gas turbine exit and heat transfer losses, which
yields only a marginal improvement thermal efficiency
unless proper recovery of waste heat is adopted.

In recent years, the advantages of gas-turbine integrated
fuel-cell power plants with multi-fuel capability that can
meet commercial performance goals have been defined [1].

*Corresponding author. Tel.: +-65-7904-862; fax: +65-7911-859.
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Predicted results have claimed that a thermal efficiency as
high as 74% lower heating value (LHV) can be achieved
with an integrated gas turbine-heat recovery steam generator
(HRSG) and solid oxide fuel cell (SOFC) plant. By contrast,
advanced gas turbine-HRSG plant can reach about 62%
LHV [2]. All models of fuel cell in the simulation code for
predicting the plant efficiency rely extensive experimental
data to characterize the polarization curve of the fuel cell
sub-system, given that all cells have the same characteristics.
It is well-known that the polarization curve is a function of
both the operating conditions and the component design of
the fuel cell. The operating conditions include the working
temperature, partial pressures of the fuel and oxidant and
their utilization rate, and the water concentration in the
anode compartment. The design specifications include the
porosity, tortuosity and thickness of the anode and cathode
(responsible for concentration overpotential), the thickness
of the electrolyte (responsible for ohmic overpotential), and
the electrode/electrolyte interface (responsible for activation
overpotential). A complete polarization model, if available,
will be extremely useful to characterize the operation of the
fuel cell sub-system provided that the design specifications,
as mentioned above, are given. In addition, a generalized
model would replicate the fuel cell performance reliably
under off-design operating conditions such as when the
current densities are away from those at the operating power.
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concentration (mol m73)

diffusion coefficient (m2 s_l)

energy of molecular interaction (ergs)
voltage (V)

Faraday constant (=96485 C molfl)

molar Gibbs free energy (J mol ')

Gibbs free energy (J)

molar enthalpy (J mol™)

current density (A m?)

exchange current density (A m™2)

anode exchange current density (A m™?)
cathode exchange current density (A m™2)
flux (mol s~

equilibrium constant

anode thickness (m)

cathode thickness (m)

electrolyte thickness (m)

molecular mass

number of moles

electrons transferred per reaction

pressure (Pa)

heat (J)

heat transfer rate (J s~ ")

average pore radius (m)

universal gas constant (=8.314 J mol ™' K™
area-specific resistance (Q m~?%)

electrolyte area-specific ohmic resistance
(Q@m™)

area-specific concentration resistance (€ m?)
molar entropy (J mol ' K1)

surface area of the porous solid (m* kg™")
sensitivity of cell voltage due to the change of
anode thickness

sensitivity of cell voltage due to the change of
cathode thickness

sensitivity of cell voltage due to the change of
electrolyte thickness

rate of work (J s~ ")

reversible electrical work (J)

temperature (K)

velocity of the gas molecule (m s ")

mole fraction

number of electrons participating in the reaction

Greek Letters

p

&

n
HAct
Hcone
Honm

PB

transfer coefficient

porosity

polarization (V)

activation polarization (V)

concentration polarization (V)

ohmic polarization (V)

resistivity (2 m)

bulk density of the solid particle (kg m—>)

o collision diameter (A)

o entropy production (J mol™' K™')

G rate of entropy production (Jmol ' K~ 's™"

Oe electrolyte conductivity (S m™")

2p collision integral based on the Lennard—Jones
potential

4 tortuosity

Subscripts

a anode

A A specie

B B specie

c cathode

cv control volume

H, hydrogen

H,O water vapour

i mixture component

k Knudsen diffusion

N, nitrogen

O, oxygen

P products

R reactants

(eff) effective

Superscripts

I inlet condition

Very often, the Tafel equation or the linear current—
voltage relation is used to replace the Butler—Volmer equa-
tion in the calculation of activation overpotential. Or, the
Knudsen diffusion is neglected in the gas diffusion through
the porous electrodes. To avoid the ambiguity of the suit-
ability of such models used in the calculation of cell
polarization, the Butler—Volmer equation is retained and
both the ordinary and Knudsen diffusions are considered
in the proposed polarization model. The development of this
model forms the basis of the objective of work presented
here. In addition, an analysis is conducted to show the
sensitivity of the cell voltage drop on changes in the thick-
ness of respective cell components under fixed exchange
current densities.

2. Thermodynamic principles

A fuel cell is just like any other energy conversion device/
system in that its performance can be assessed by the
principles of thermodynamics [3,4]. Treating the fuel cell
as a control volume and applying the steady flow energy
equation with the assumption of negligible change of kinetic
energy and potential energy gives

1

ch - ch + Z(”zhz)R - Z(l’l,]jl,)]) =0 (1)
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The entropy balance for the control volume can be written as

Oy . N
,IS - Z(nisi)R - Z(nisi)P + 0y =0 (2)
Combining Egs. (1) and (2) and assuming that the electro-
chemical reaction is based on unit molar flow rate of the fuel
(for example H,), yields

Wey = — lZ(mgi)p — Z(n,»g,-)R] — Ty =0 3)

where g,(T,pi) = hi(T) — Ts,(T, pi) or &(T,p;) = & (T)+
RT In(p!/po)Since there is no mechanical work involved in

the fuel cell, W, is naturally the electrical work done by the
fuel cell. That is

We = 2FE = — [Z("i?i)? - Z(”igi)R] —Toey “4)

i i

FE = —AG° —

1

Z (n,-RT In ”i) P—Z (niRT In p—’I'> R]

Po 7 Po
- To-cv (5)
where —AG? = RTInK(T).

For a hydrogen fuel cell with known pressures of reactants
and product

oI
2F

E

Rk R l(pHZO) Po 6)

~ hr A 2
2F 4F | (ph,) P,

where UCVT/zF = Nact T Nohm + Ncone-

The first term on the right-hand side of Eq. (6) shows the
effect of the temperature on the cell voltage while the second
term shows the effect of the pressures of the reactants and
product on cell voltage. The irreversibility in the voltage
drop is accounted by the third term of the equation and is
expressed by the activation, ohmic and concentration over-
potentials.

2.1. Activation polarization

Chemical reactions, including electrochemical reactions,
involve energy barriers which must be overcome by the
reacting species. This energy barrier is called the ‘activation
energy’ and results in activation or charge-transfer polariza-
tion, which is due to the transfer of charges between the
electronic and the ionic conductors. The activation polar-
ization may be regarded as the extra potential necessary to
overcome the energy barrier of the rate-determining step of
the reaction to a value such that the electrode reaction
proceeds at a desired rate.

Activation polarization is normally expressed by the well-
known Butler—Volmer equation [5]

i= io{exp (ﬁ%) —exp [—(1 ) nel;';‘“‘} } ()

where f is the transfer coefficient and i, the exchange
current density. The transfer coefficient is considered to
be the fraction of the change in polarization that leads to a
change in the reaction rate constant, and its value is usually
0.5 for the fuel cell application. The exchange current
density is the forward and reverse electrode reaction rate
at the equilibrium potential. A high exchange current density
means that a high electrochemical reaction rate and good
fuel cell performance can be expected.
When f = 0.5, Eq. (7) can be expressed as follows:

F
i = 2y sinh <%) (8)
Then,
2RT . [ i
Naow = sinh 1(2_1()) 9)

Two special cases of Eq. (7) are available: (1) high activation
polarization; (2) low activation polarization.

Under high activation polarization, the first exponential
term in Eq. (7) will be much greater than the second term,
and the latter can be excluded from the equation. Rearran-
ging the simplified equation yields

RT1,+RT1, (10)
= —|>—=|Ini —— |Ini

et pn.F 0 pn.F

which is the well-known Tafel equation.

Under low activation polarization, the term 1, F/RT in
Eq. (7) will be much less than unity and the exponential
terms can be expanded as a Taylor series. Neglecting the
terms with order higher than unity yields

_RT
HAct = neFig

i an

which is the well-known linear current—potential relation.
It is common to question the range of activation polariza-
tion to which the Tafel equation and linear current—potential
relation apply. Thus, a plot to display the errors of the
simplified activation models relative to the Butler—Volmer
equation will be useful. The errors of the Tafel equation and
the linear current—potential relation relative to the Butler—
Volmer equation at 1073 K are given in Fig. 1. It clearly
shows the applicable ranges of these simplified models. For
example, if 5% of error is allowed, which corresponds to
Nact > 0.28 V, Tafel equation can be used; however, if
Nact < 0.1V, the linear relation can be used. For a SOFC,
the former is normally applied to the cathode activation,
while the latter is normally applied to the anode activation.

2.2. Ohmic polarization

Ohmic losses occur because of resistance to the flow of
ions in the electrolyte and resistance to flow of electrons
through the electrode materials. The dominant ohmic losses,
through the electrolyte, can be reduced by decreasing the
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Fig. 1. Error of Tafel and linear relation results relative to Butler—Volmer
equation at 1073 K.

distance of electrode separation and enhancing the ionic
conductivity of the electrolyte. Because the ionic flow in the
electrolyte obeys Ohm’s law, the ohmic losses can be
expressed by the equation

Nohm = iRe (12)

where R, is the ionic resistance.
2.3. Concentration polarization

The rate of mass transport to the reaction sites in a porous
electrode of a SOFC can be described by the diffusion of
gases in the pores. The gases have to diffuse through the gas-
filled pores of the electrode in order to reach the reaction
sites. Whenever this happens, it is possible for the concen-
tration polarization to be significant, since when the current
is being drawn the gas partial pressure at the reaction sites
will be less than that in the bulk of the gas stream. Hence,
decrease of gas concentration in the gas-filled pores of the
electrode may give rise to severe polarization and lead to
limiting current. Normal concentration polarization does not
give rise to excessive voltage losses until the current den-
sities approach the limiting current.

Diffusion through the porous material is typically
described by either ordinary or Knudsen diffusion and
has been found to play an important role in catalytic reac-
tion. Ordinary diffusion occurs when the pore diameter of
the material is large in comparison to the mean free path of
the gas molecules. Molecular transport through pores which
are small in comparison to the mean free path of the gas is
regarded as a Knudsen type of diffusion. For Knudsen
diffusion, molecules collide more frequently with the pore
walls than with other molecules. Upon collision, the atoms
are instantly adsorbed on to the surface and are then
desorbed in a diffusive manner. As a result of frequent
collisions with the wall of the pore, the transport of the
molecule is impeded. The Knudsen diffusion coefficient can
be predicted using kinetic theory by relating the diameter of
the pore and the mean free path of the gas [6]

vr
6

For straight and round pores, the diffusion coefficient of the
A component becomes

T
Dy = 97.07y | — 14
Ak 7 M (14)

The mean pore radius can be evaluated from the bulk
density, the surface area of the porous solid, and the porosity
by the expression

2¢
SaPB

Dy = 13)

F= (15)
To account for the tortuous path of the molecule rather than
along the radial direction and the porosity of the solid
electrode for the fact that diffusion occurs only in the pore
space, an effective Knudsen diffusion coefficient may be
used, i.e.

€
D ak(etry = Dak <E) (16)
Using the Chapman—Enskog theory of prediction, the binary
ordinary diffusion coefficient in the gas phase can be
calculated [7] as follows:

1\Y2 132
) (17)

1

Dag = 0.0018583 <MA + My 0% s
where p is the total pressure (in atm), oo = (04 + 0p)/2 8
the collision diameter (in /OX) and Qpap is the collision
integral based on the Lennard—Jones potential which can
be obtained from eap. eap is the energy of molecular
interaction in ergs (eas/k = +/(ea/k)(es/k), K).

Similar to the Knudsen diffusion, the effective diffusion
coefficient for ordinary diffusion can be described by the
following equation:

€
Dag(efiy = DaB (E) (18)
Both ordinary diffusion and Knudsen diffusion may occur
simultaneously. For self-diffusion or equimolar counter
transfer, the effective diffusion coefficient can be written as

1 1 1

= + (19a)
Daett)y  DaBett)  Daxefr)
and
1 1 1
< <— " —) (19b)
Daetry &€ \Das  Dax

In this context, the combined effect of both types of diffusion
on concentration polarization is considered. If it is assumed
that the pores of different sizes are highly interlinked and
randomly arranged, then it can be assumed that the path of
any molecule transfers through the solid electrode should
involve essentially the same flow resistance as the path of
any other molecules.
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2.3.1. Anode — equimolar counter-current diffusion of
reactant and product

On the anode side, the chemical reaction occurs at the end
of the diffusion path. The flux ratios at steady-state are
determined by the stoichiometry of the reaction. Therefore,

J=Ju, +Ju,0=0 (20)

Since the mass of hydrogen diffusion in one direction does
not necessarily equal the mass diffusion in the other direc-
tion, a definite net mass flow in one direction is present. The
equations of diffusion are

JH2 = _DHZ(eff)VCH2 + CHZV (21a)
J1,0 = —Dy,0(ir) VChy,0 + Ch0v (21b)
where

1 1 1

= +

Dy, ety Duyxiefr)  DH,—H,0(eff)

1 1 1

_l’_

Du,oetty  Dwoxett)  Dry—m,0(ef)

For steady state conditions, VCy, = —VCn,0, Egs. (21a)
and (21b) become

JH2 = _DHZ(eff)VCH2 + CHZV (22a)
J1,0 = Du,o(eit) VCh, + Cu0v (22b)
For equimolar counter-current mass transfer, Ju, = —Ju,0

— (D, efr) — Dr,0(eir)) VCh, +v(Ch, + Chyo) =0 (232)
or

_ Du,err) — Du,o(err
Ca

where C, = Cy, + Ch,0.
Substituting into Egs. (21a) and (21b), gives

C C
Ju, = — |:< H20> Dy, (efr) + <ﬂ> DH20<eff):| VG, (24a)

) Ven, (23b)

Cy Ca
C C
Jmo = — [( g;o) D, (efry + (?) DHZO(eff):| VCu,0
a a
(24b)
or
Ju, = —Dy(eir) VCh,y (25a)
Ju,0 = —Dy(err) VCiy0 (25b)
where
Cmo) (CH7)
Dy(erry = — | Duy(err) + - |D e
(eff) ( c, ) Puatem c, ) Protmn
or

Dy efr) = (pZZO)DHg(eff) + (I%) Dy, 0/efr)

a a

Since the difference between Dy, (efry and Dy,o(efry i not
very large, when the hydrogen partial pressure does
not change critically, D,.fy may be considered as a
constant.

For one-dimensional diffusion,

dC
Ty = ~Daferry — ;- (26)
Because Jy, = —(i/2F) and dCy, = (dpn,/RT), so,
RTi
dpy, = ——dI 27
P, 2Fl)a(eff) ( a)

Integrating this equation with the boundary condition
pH, = py, at anode surface yields

RTi
! ' (27b)

PH, — Ph, Zm a

Therefore, in terms of the current density, i, partial pressure
of hydrogen, py,, and water vapour partial pressure, py,0, at
reaction sites

. Rm,

=pl ———* 28

DH, = Py, 2FDa(eff)l (28a)
RTI, .

Pio = Pio+ 3 o o

where

1 fa<1 L )
Dy, ity &8 \Dm,k  DH,-1,0

1 ga( Lo )
Du,o(etry & \Pmox  DH,-n,0

2.3.2. Cathode — self-diffusion
On the cathode side, the flux of nitrogen is zero. Thus [5],

J02 = _DCVCOZ —|—X02502J02 29)
where

D
5o, 0, k(eff)

Do, (ett) + Doy, (eft)

For one-dimensional diffusion,

dac
Jo, = ~Doyett) —5* + X0,00,Jo, (30)
Because Jo, = —i/4F and dCo, = dpo, /RT, so

d RTi

PO, _ L w (la)

Pc — 5021’02 - 4FD02(eff)pc

Integrating this equation with the boundary condition
Po, = pgz at cathode surface yields

In (pe/d0,) — Po, _ 80,RTi I (31b)
(pe/d0,) — PO, 4FDo, (ett)Pe
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Therefore, the partial pressure of oxygen at the cathode
reaction sites is

Pc Dc I 502RTilC )
pPo, =<~ — | —Po, |eXp| (32)
=" o, (502 Oz) P <4F D (efr)De
where
1 _ é ( 1 . 1 >
Do, ety & \Do,x  Do,-n,
and

De(etr)y = Do, (efr)

3. Overall cell potential

Polarization is a very important parameter in the analysis
of fuel cell performance. For calculating the relationship
between voltage and current density, the following general
expression can be used:

E<l) = EO — Nohm — nAct,u — NActe — ”Conc,a - nConc,c

(33a)
where
RT RT o)
Ey=-—-InK——_—1 M (33b)
2F AF -\ (Phy,) PO,
Nohm = iRe 359
2RT i
=== ginh! d
nAcl,a neF s <2ioa> (33 )
2RT i
o= T sinh (5 >
M acte o F sin <2i0c> (33e)
I [ (1 = (RT/2F)(L/Dagenpl, )i 330
Conc,a oF (1+ (RT/ZF)(la/Da(eff)thoﬁ

RT -(PC/(SOz) — ((pc/do0,) _P{)Z) exp[(RT/4F)(5ole/DC<eff)pc)i]

Table 1
Calculation based parameters for solid oxide fuel cell
Parameter Value
Fuel cell operating temperature (7) (K) 1073
Fuel cell operating pressure (p) (atm) 1
Hydrogen humidified temperature (7Ty) (K) 298
Electrolyte conductivity (g.) (S m™h 10
Electron transferred per reacting (n.) 1
Transfer coefficient (f) 0.5
Anode exchange current density (i,) (A m’z) 5300
Cathode exchange current density (io.) (A m~2) 2000
Cathode thickness (/.) (m) 50 x 107¢
Porosity (¢) (%) 30
Tortuosity (&) 6
Average pore radius (7) (m) 0.5 x 107°
For electrolyte-supported cell
Electrolyte thickness (/) (m) 500 x 107°
Anode thickness (,) (m) 50 x 107°
For anode-supported cell
Electrolyte thickness (/) (m) 40 x 107
Anode thickness (I,) (m) 750 x 107°
0.6
< 05
c
k]
S 0.4
5
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Fig. 2. Calculated activation polarization of solid oxide fuel cell.
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Some experimental data extracted from the literature [8—10]
is presented in Table 1. Note that these performance-related
data are extracted from literature which focuses on the
development of intermediate temperature SOFCs that oper-
ate at a temperature around 800°C [8-10]. Based on these
data, the respective polarization curves can be generated.

3.1. Activation polarization
Calculated anode and cathode activation polarization

curves are shown in Fig. 2. The cathode polarization is
obviously higher than that of the anode due to its lower

(33g)

exchange current density. The activation polarization
increases steeply at low current density and gradually at
high current density. The convex-up curvature of polariza-
tion is the cause for the concave voltage versus current
density trace. It should be noted that the activation loss in the
present study was assumed to occur at the electrode/elec-
trolyte interface (or two-dimensional). In an actual fuel cell,
the electrochemical reaction occurs at electrochemical
active sites (i.e. three-dimensional) where the reactive
gas, the electronic conductor and the ionic conductor are
present at the same time. In other words, the thickness of the
electrode does have an effect of the activation loss, which is
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Fig. 3. Calculated concentration polarization of anode-supported solid
oxide fuel cell.

ignored in the present study. The present model, however,
can be extended to cover the micro level of electrode kinetics
based on the work of Costamagna et al. [11].

3.2. Concentration polarization

Anode concentration polarization and cathode concentra-
tion polarization are calculated using Egs. (33f) and (33g),
respectively. The calculated concentration polarization of an
anode-supported SOFC is shown in Fig. 3. The anode
concentration polarization is much higher than that of the
cathode because of the thick anode used. It should be
noted that the polarization curve is convex at low current
density. At high current density, the polarization curve
exhibits a concave curvature. Whether or not a concave
curvature is observed at high current density (in the cell
voltage—current density trace) depends really on the magni-
tude of the ohmic and activation polarization. For the data
in Table 1, the cell voltage drops to zero when the current
density reaches 26,600 A m~2. Therefore, this phenomenon
(concave curvature) cannot be seen. Actually, the selected
parameters of exchange current densities, electrolyte con-
ductivity and thickness are amongst the highest values
obtained from the literature. It can be concluded that the
anode limiting current density is not reached under normal
conditions.

The calculated concentration polarization of an electro-
lyte-supported SOFC is given in Fig. 4. The curve is slightly
convex over the whole range of current density. Because its
magnitude is small, it will not influence the shape of the cell
voltage versus current density trace.

3.3. Cell voltage and power density

The cell voltage and power densities are calculated for the
whole range of fuel cell operations from i =0to V = 0.

The calculated cell voltage, polarization and power den-
sity versus current density trace of the electrolyte-supported

0.03
g 0.025
c
S
8 002
]
S
2 0.015
c
S
£ 001
c
[
g
§ 0.005
0 &k W

0 2000 4000 6000 8000 10000 12000 14000
Current density (A/m?)

[—#—Anode —a—Cathode |

Fig. 4. Calculated concentration polarization of electrolyte-supported
solid oxide fuel cell.

cell are presented in Fig. 5. The power density reaches a
peak value when the current density is 5500 A m 2. At this
point, the voltage is 0.519 V and the power density is
2834 W m 2. Normally, the fuel cells are designed to oper-
ate slightly left to this point for a good compromise between
cell efficiency and low capital cost and the consideration of
operational stability. Under this condition, the maximum
loss is due to the electrolyte ohmic polarization, and the
cathode and anode activation losses are also considerable.
The concentration losses are relatively small in this case.
When the current density reaches 11,500 A m~2, the cell
voltage drops to zero. From this study, one may identify the
right polarization to be focused on for improvement. The
electrode-supported cells, which have thinner electrolyte,

Voltage (V)
Power density (W/m ?)

Qurrent density (A nf)

—e— (el | voltage

—g—Chnic pol ari sation

—a—Anode acti vation pol arisation
—¢— Cathode activation pol arisation
—x— Anode concentration pol ari sation
—e— Cathode concentration pol ari sation
—m— Power density

Fig. 5. Calculated cell voltage, polarization and power density vs. current
density trace of electrolyte-supported cells.
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Fig. 6. Calculated cell voltage, polarization and power density vs. current
density trace of anode-supported cells.

could have better performance than that of electrolyte-
supported cells.

The calculated cell voltage, and power density versus
current density trace of an anode-supported cell are given in
Fig. 6. As discussed above, it can be concluded that the
concave curvature of the cell voltage is due to both activation
and concentration polarization. The power density reaches a
peak value when the current density is 12,000 A m 2. At this
point, the voltage is 0.41 V and the power density is
4900 W m~2. Under such condition, the maximum loss is
due to the cathode activation polarization and the anode
activation and concentration losses are also significant. The
electrolyte ohmic and cathode concentration losses are
relatively small. When the current density reaches
26,600 A m~2, the voltage drops to zero. Therefore, the
electrode material-related factors such as the catalytic acti-
vity and reaction sites, which determine the magnitude
of the exchange current density, should be targetted for
improvement.

Comparing the structure of anode-supported and electro-
Iyte-supported cells, the only difference is the thickness
of the anode and the electrolyte. Therefore, in general,

It should be noted, at this point, that the effects of the
porosity, tortousity and pore size of the electrodes on the fuel
cell performance are not considered because the present
model does not examine the effects of these parameters on
the effective electrochemical reaction sites. Hence, it is not
appropriate to show their effects on the concentration over-
potential without considering their impacts on the electro-
chemical reaction. As mentioned in Section 3.1, once the
microelectrode kinetic model is included, the interaction
between the activation and concentration overpotentials due
to the change of porosity, tortousity and pore size will be
meaningful.

4. Sensitivity analysis
The sensitivity study of the proposed model is performed

by defining the dimensionless sensitivity of the cell voltage
subject to the change of any parameter of interest (P;)

OE/E
Sp, = 34
B 0P P; (34)
For a change in anode thickness
OE/0l,
= 35
“=TEL (35a)
where

5.~ (r) (o) 1
ala 2F Da(eff) p%—IZO - (RT/zF)(i/Da(eff))la

1
+ = - (35b)
Pho + (RT/2F)(i/Dyetr)la
For a change in electrolyte thickness,
OE /0,
S, = 36
E =R (36a)
where
OE i
= __ 36b
ol 0.2 (36b)
For a change in cathode thickness,
OE /0,
S, = 37
“ =R (37a)
where
(37b)

ol \4F

it can be concluded that the performance of anode-supported
cells should be better than that of electrolyte-supported
cells.

OE <RT)2 (1 = (Po,/Pe)d0,) exp[(RT [AFpc)(J0,le / Deer) )il (i/ Deetr))
(Pe/60,) = ((Pe/d0,) = Po,) exP[(RT /AFpc)(90,le / Deeir) )]

The sensitivity of the cell voltage due to the change of
respective cell component thickness at different current
densities is shown in Figs. 7-11. When all three cell
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Fig. 7. (a) Sensitivity of cell voltage due to anode thickness (anode/
cathode/electrolyte: 500 pm). (b) Sensitivity of cell voltage due to
electrolyte thickness (anode/cathode/electrolyte: 500 um). (c) Sensitivity
of cell voltage due to cathode thickness (anode/cathode/electrolyte:
500 pm).
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Fig. 8. (a) Sensitivity of cell voltage due to anode thickness (anode/
cathode/electrolyte: 250 pm). (b) Sensitivity of cell voltage due to
electrolyte thickness (anode/cathode/electrolyte: 250 um). (c) Sensitivity
of cell voltage due to cathode thickness (anode/cathode/electrolyte:
250 pm).
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Fig. 9. (a) Sensitivity of cell voltage due to anode thickness (anode:
750 um; cathode: 50 pm; electrolyte: 40 um). (b) Sensitivity of cell
voltage due to electrolyte thickness (anode: 750 pm; cathode: 50 um;
electrolyte: 40 um). (c) Sensitivity of cell voltage due to cathode thickness
(anode: 750 pm; cathode: 50 pum; electrolyte: 40 um).

components, namely, anode, cathode and electrolyte, have
the same thickness of 500 um (Fig. 7a—c), §;, is the largest,
then S;, and finally S;. Decreasing all three thicknesses to
250 pm (Fig. 8a—c), in general, results in reduced sensitiv-
ities and an improved operating current density range.
Intuitively, these sensitivity profiles show that the use of
electrolyte as the fuel cell support is not as good as that using
either anode or cathode as the support. The sensitivity
profiles of anode-supported and cathode-supported cells
are compared in Figs. 9 and 10, respectively, The results
show that the anode-supported cell is superior to the cath-
ode-supported cell in terms of operating current density
range and, hence, higher power density can be achieved.
It is obvious that anode concentration overpotential is the
cause of limiting current for the former, whereas cathode
concentration overpotential is the cause of limiting current
for the latter. To compensate for the serious cathode con-
centration overpotential loss in the cathode-supported cell,
the cathode compartment pressure is increased from atmos-
pheric pressure to 4 bar. In general, all three sensitivities are
reduced with improved operating current density range, see
Fig. 11a—c. Compared with an anode-supported cell operat-
ing at atmospheric condition, however, the cathode-sup-
ported cell is no way better in terms of performance.
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Fig. 10. (a) Sensitivity of cell voltage due to anode thickness (anode:
50 pm; cathode: 750 pm; electrolyte: 40 um). (b) Sensitivity of cell
voltage due to electrolyte thickness (anode: 50 pm; cathode: 750 pm;
electrolyte: 40 um). (c) Sensitivity of cell voltage due to cathode thickness
(anode: 50 pm; cathode: 750 um; electrolyte: 40 pm).

5. Summary and conclusions

It was felt that a generalized cell voltage—current density
model could be important and useful for researchers who are
working on SOFCs. Much effort in this study has been
devoted to the development of this generalized model based
upon thermodynamic principles whereby the irreversibility
term in the steady flow thermodynamic system is manipu-
lated electrochemically and replaced by the overall
polarization.

This paper points out the applicable range of the Tafel
equation and the simplified linear current—potential expres-
sion of the Butler—Volmer model which are easily mis-used.
If 5% of error relative to the Butler—Volmer model is allowed
for both cases, the activation overpotential for the Tafel
equation should be more than 0.28 V and for the linear
expression, <0.1 V. To generalize the cell voltage—current
density model, the original Butler—Volmer expression is
used in the calculation of activation polarization in conjunc-
tion with the consideration of both ordinary and Knudsen
diffusion in the calculation of concentration polarization.

To develop a high-performance SOFC, the selection of a
particular cell component as the support/substrate of the fuel
cell can be the determining factor. Our study shows that the
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Fig. 11. (a) Sensitivity of cell voltage due to anode thickness (anode:
50 pm; cathode: 750 pm; electrolyte: 40 um; p.: 4 bar). (b) Sensitivity of
cell voltage due to electrolyte thickness (anode: 50 pum; cathode: 750 pm;
electrolyte: 40 um; p.: 4 bar). (c) Sensitivity of cell voltage due to cathode
thickness (anode: 50 pm; cathode: 750 um; electrolyte: 40 pm; p.: 4 bar).

performance of an anode-supported cell is superior to that of
an electrolyte-supported cell or a cathode-supported cell for
the same materials used, same electrode kinetics and same
operational constraints. Results show that when all three
components are of the same thickness, the sensitivity of cell
voltage due to the change of electrolyte thickness is the
highest, then sensitivity of cell voltage due to the change of
cathode thickness and finally the sensitivity of cell voltage
due to the change of anode thickness. Reducing all three
component thicknesses causes, in general, reduced sensiti-
vity strength with an improved operating current density
range. The study also reveals that a cathode-supported cell
is no way better than an anode-supported cell for high
performance fuel cell design even under elevated pressure
conditions at the cathode compartment to compensate for
the serious cathode concentration overpotential loss.
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