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A parametric analysis is carried out to study the effects of the operating conditions on the performance
and operation of a micro-tubular solid oxide fuel cell. The computational fluid dynamics model incor-
porates mass, momentum, species and energy balances along with ionic and electronic charge transfers.
Effects of temperature, fuel flow rate, fuel composition, anode pressure and cathode pressure on fuel cell
performance are investigated. Polarization curves are compared to allow an understanding of the effects
of different operating conditions on the performance of the fuel cell. Effects of anode flow rate on fuel
OFC
icro-tubular

eakage currents
arametric analysis
FD
usty gas model

cell efficiency and fuel utilization are also investigated. Moreover, influence of operating temperature on
the internal electronic current leaks is outlined. Temperature distributions, current density profiles and
hydrogen mole fraction profiles are also utilized to have a better understanding of the spatial effects of
operating parameters. It is predicted that at 550 ◦C, for an output current demand of 0.53 A cm−2, fuel
cell needs to generate 0.65 A cm−2 ionic current density where the difference in these values is attributed
to internal current leaks. On the other hand for temperatures lower than 500 ◦C, the effect of electronic

ignifi
leakage currents are not s

. Introduction

As fossil fuel supplies become insufficient to match the
ncreased energy demand, there is a steady increase in the search
or alternative energy sources and utilizing technologies. In this
ontext solid oxide fuel cells (SOFC) have been shown to be the
romising candidates due to fuel flexibilities [1,2], and due to the
igh operating temperatures these systems are favorable for cogen-
ration applications to have an increase overall system efficiency
ith the utilization of the waste heat [3–5]. These systems are not

ommercially available yet due to high cost of the materials and
ack of optimization of the fuel cell geometry and operation.

With the advances in computer technologies, more complex sys-
ems can be modeled and modeling has become a major alternative

ethod to understand the fuel cell operation as well as to outline
he factors affecting fuel cell performance. The modeling results can
e utilized to suggest guidelines for optimization of the systems.
Although there are substantial studies in modeling of SOFCs
6–9], few modeling work has focused on the parametric anal-
sis. Parametric analysis is an important method to understand
he fuel cell behavior and compare the performance of the system
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affected by various factors. These factors can be related to either cell
geometry, material properties or operation conditions. Changes in
the geometry of the cell come along with the uncertainties in the
parameters related to reaction kinetics as the latter cannot be pre-
dicted without additional experiments. If the fuel cell performance
is desired to be compared for two different cathode thicknesses,
parameters related to reaction kinetics have to be updated for the
new geometry as the distribution of the three phase boundaries
will change along with the percolation of the phases in the new
geometry. Many of the modeling studies found in the literature
carrying out parametric analyses of SOFCs focus on the geomet-
rical aspects of the system [10–15]. However, these studies neglect
the above-mentioned uncertainties arising with the change of the
electrode geometry and are incapable of providing a precise tool to
assess the effects of the geometrical parameters. Therefore in this
study we do not focus on the effects of geometry on the fuel cell
performance.

There are also studies focusing on the operational param-
eters such as utilization, flow rate, temperature and pressure
[10,12,13,16–20]. Ni et al. [10–12] developed a model to conduct
parametric analysis to address the effects of operating conditions

on the overpotentials. Their work constitutes a 1D model employing
electrochemical relations and mass balances, and does not include
energy and momentum balances. Jiang et al. [13] built a thermal
and electrochemical model of a tubular SOFC to study the effects of
operating conditions such as pressure, temperature and flow rate.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:fazil.serincan@engr.uconn.edu
mailto:ugurpasa@engr.uconn.edu
mailto:nsammes@mines.edu
dx.doi.org/10.1016/j.jpowsour.2009.03.049
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Nomenclature

A pre-exponential constant
Cp specific heat
EA electrode activation energy
F Faraday constant
h enthalpy
i exchange current density
k thermal conductivity
kb Boltzmann constant
K permeability
M molecular weight
n number of species
p pressure
Q volumetric heat source
r average pore radius
R volumetric consumption
R universal gas constant
T temperature
u velocity vector
w species mass fraction
x species mole fraction

Greek letters
˛ transfer coefficient
� concentration dependency
� overpotential
� density
� conductivity
� tortuosity
� potential
� dynamic viscosity
ε porosity

Subscripts
a anode
c cathode
elc electrolyte
j species
k species
i ionic
e electronic
eq equilibrium
eff effective
Kn Knudsen

Superscripts
for formation
in inlet
reac reacted

T
t
w
m
r
o
t
e
u
c
e

electrodes to take into account Knudsen diffusion due to compara-
ble length scale of pores to the mean free path length of the gases.
The energy equation is solved over the entire modeled domain. Con-
servation of charge is taken into consideration separately for both
ionic and electronic charges. Ionic charge equations are solved in the

Table 1
Geometrical parameters.

Property Value

Inner anode diameter 0.8 mm
Anode thickness 0.4 mm
Electrolyte thickness 30 �m
Cathode thickness 70 �m
T transpose
Th thermal

heir model is a lumped model and does not consider spatial dis-
ributions of the variables. Lisbona et al. [16] analyzed a SOFC stack
ith the balance of plant to develop relations between cell perfor-
ance and the operational parameters such as utilization, air flow

ate and inlet gas temperature. The developed model consists of
nly electrochemical relations and the transport phenomena inside

he stack are not considered. Colpan et al. [17] developed a model
mploying thermodynamic calculations to identify the effects of
tilization on cell output power and efficiency. Bove et al. [18]
arried out a utilization analysis for a tubular SOFC. Their model
mploys energy balance and electrochemical relations along with
r Sources 192 (2009) 414–422 415

the simple algebraic relations for gas compositions. Although these
models constitute significant contributions to the field, they either
do not incorporate the sophisticated transport phenomena in the
fuel cell rigorously or they underestimate the effects of spatial dis-
tributions of the transport variables.

In this paper, we present a parametric analysis of a micro-tubular
SOFC with a model previously developed by us [21] to investi-
gate the effects of operating parameters on the performance and
operation. Due to the previously mentioned uncertainties related
to changes in geometry and material properties, we only focus
on the effects of the operating parameters such as temperature,
fuel flow rate and composition, inlet humidity and back pres-
sure of the anode. The model exploits the axial symmetry of the
tubular geometry therefore reduces the modeling domain into a
two-dimensional axisymmetric domain assuming the anode and
the cathode current collectors is uniformly distributed on the elec-
trode surfaces. The model solves for mass, species, momentum and
energy conservation along with electrochemical kinetics and ionic
and electronic charge conservation.

The properties for the cells that are modeled here are taken
from the experimental micro-tubular cells that are fabricated and
characterized by New Energy and Industrial Technology Devel-
opment Organization (NEDO) of Japan [22]. The micro-tubular
cells are composed of NiO–GDC anode, GDC electrolyte and
La0.8Sr0.2Co0.6Fe0.4O3 (LSCF)–GDC cathode. A common problem
with ceria based electrolytes is that they can be reduced under
fuel cell operating conditions, consequently becoming electroni-
cally conductive [23] resulting in electron transfer from anode to
cathode through the electrolyte. As a result the cell is short circuited
and a drop in open circuit voltage (OCV) is observed. We call this
phenomenon as the “internal current leak”, and the model is capa-
ble of capturing this behavior of the electrolyte due to the mixed
ionic-electronic conductor (MIEC) behavior of the electrolyte.

2. Description of the mathematical model

The model domain is shown in Fig. 1. The actual three-
dimensional geometry of the domain can be visualized by revolving
the figure around the symmetry axis. The dimensions of the cell are
provided in Table 1. The equations solved in the model are specified
in each section in Fig. 1.

Momentum equation is solved with the continuity equation in
the air and the fuel channels. In the electrodes, the momentum
equation is modified by Darcy’s law to model the transport in the
porous media. Multi-component species conservation is modeled
via Maxwell–Stefan equations in the open channels and the porous
media. To account for porosity, diffusion coefficients are modified
in the electrodes. Moreover, dusty gas model is implemented in the
Anode length 10 mm
Electrolyte length 10 mm
Cathode length 7 mm
Anode porosity (after reduction of NiO) 0.45
Cathode porosity 0.55
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Fig. 1. Model geometry and the equations solved in the model.

Table 2
Governing equations.

Mass ∇ · (�u) = Rj (1)

Momentum �u · ∇u = ∇ ·
[

−pI + �

ε
(∇u + (∇u)T ) − 2�

3
(∇ · u)I

]
+ �g − �

K
u (2)

Species ∇ ·

[
�wju − �wj

n∑
k=1

D̃jk

(
∇xk + (xk − wk)

∇p

p

)]
= Rj (3)

Energy ∇ · (−k∇T + �CpTu +
∑

j

hjNj) = Q (4)

ia/c

−ia/c

e
t
a
c
d
i
e

Electronic Charge −∇ · (�e∇�e) =
Ionic Charge −∇ · (�i∇�i) =

lectrolyte and MIEC electrodes, whereas electronic charge equa-
ions are solved in the MIEC electrodes, while the current collectors
re assumed to be infinitely conductive. Electronic current leaks are

alculated via an explicit relationship and given as boundary con-
itions to the electronic charge equation at the cathode–electrolyte

nterface. Details of model development can be found in Serincan
t al. [21]

Table 3
Source terms.

Mass and Species Rj = ± ia/c

nF
MWj

Energy Q = (Emax − Vcell)ia

Anode transfer current ia = Aa exp

(
− EAa

RT

)
Cathode transfer current ic = Ac exp

(
− EAc

RT

)

(5)

(6)

2.1. Governing equations

The governing equations and the corresponding source terms

can be found in Tables 2 and 3, respectively. The last term in the
right hand side of Eq. (2) is the Darcy’s term and it accounts for
the additional pressure drop in the porous media. The momentum
equation given by Eq. (2) is valid for the whole model domain, where

(7)

(8)(
xH2 p

xref
H2

pref

)�H2
(

xH2Op

xref
H2Opref

)�H2O

sinh

(
˛aF

RT
�a

)
(9)(

xO2 p

xref
O2

pref

)�O2

sinh

(
˛cF

2RT
�c

)
(10)
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parameters such as temperature, flow rate, fuel composition and
pressure of the gas chambers. With the chosen parameters as listed
in Table 4, the model is fitted with the performance data at different
temperatures made available by Suzuki et al. [22].

Table 4
Fitting parameters.

Parameter Value Unit

EAa = EAc 95 × 103 kJ kmol−1

A 3e16 A m−3
M.F. Serincan et al. / Journal of

he porosity, ε and the permeability, K is unity and infinity for the
pen channels, respectively.

Eq. (3) is the Maxwell–Stefan equation that solves the multi-
omponent species conservation. Maxwell–Stefan equations are
olved for hydrogen and water in the anode and oxygen and water
n the cathode, whereas nitrogen is treated as background species
or both sides. The derivation of Eq. (3) and the calculation of

axwell–Stefan diffusivities D̃jk based on binary diffusivities can
e found in [24].

Differently form our previous model [21], binary diffusivities are
alculated using Fuller’s method [25,26]. Using T1.75 temperature
ependence, Fuller’s method is shown to fit the experimental data
ore accurately than the kinetic theory at elevated temperatures,

.e. T1.5 [27].

jk = 0.00143T1.75

pM1/2
jk

(Vj
1/3 + Vk

1/3)
2

(11)

here p is pressure [bar], Vj is the special diffusion volumes
f Fuller et al. [25], which are listed for SOFC gases in [28],
nd Mjk is the combined molecular weight which is calculated
s Mjk = 2[1/Mj + 1/Mk]−1. In the electrodes binary diffusion coef-
cients are further corrected to account for porosity and the
ortuosity of the medium via the relation given by Zhu et al. [7]

eff
jk = ε

�
Djk (12)

In this study, we also account for the Knudsen diffusion in the
orous regions via the Dusty-Gas Model (DGM). The general formu-

ation of DGM for a multicomponent mixture of n species is given
y Mason and Malinauskas [29] as:

n∑
= 1
j /= i

xjNi − xiNj

Deff
ij

+ Ni

Deff
i,Kn

= − 1
RT

∇pi (13)

here Ni is the diffusive flux and xi is the mole fraction of the
th species. Eq. (13) can be transformed into n-dimensional matrix
otation as [30]

B][N] = − 1
RT

(∇p) (14)

here B is a function of species mole fractions and binary diffusivi-
ies. Multiplying both sides with the inverse of B we have a relation
or fluxes:

N] = − 1
RT

[B]−1(∇p) (15)

hich is then used to replace the diffusive term in Eq. (3) in porous
edia.
In Eq. (13) Deff

i,Kn is the effective Knudsen diffusion coefficient
hich is calculated from Mason and Malinauskas [29] as

i,Kn = 4
3

ε

�

√
8RT


Mi
rp (16)

here rp is the average pore radius. Significance of the Knud-
en term in Eq. (13) depends on the average pore radius of the
lectrodes. For larger pores Knudsen diffusion coefficient becomes
reater and Knudsen term gets smaller, therefore Knudsen diffusion
an be neglected. However, for small pore sizes, Knudsen diffusion
oefficient becomes comparable to binary diffusivities and Knud-
en term should be included in the Maxwell–Stefan formulation

o have a better representation of the species transport. In our
ase, at 550 ◦C effective Knudsen diffusion coefficient for H2 is cal-
ulated as 5.616 × 10−5 m2 s−1 for average pore radius of 0.5 �m
hereas effective binary diffusion coefficient for H2–N2 pair is

.53 × 10−4 m2 s−1.
r Sources 192 (2009) 414–422 417

The ionic conductivities of the electrolyte and electrode mate-
rials are obtained from the literature in the form of the Arrhenius
relation. For GDC the data is taken from Xia and Liu [31] and for
LSCF-GDC the data is taken from Wang et al. [32]. The ionic con-
ductivities in S m−1 are calculated as

�i,GDC = 6.991 × 106 exp(−0.64/(kbT))
T

(17)

�i,GDC−LSCF = 3.388 × 105 exp
(−0.90

(kbT)

)
(18)

Source terms in Eqs. (5) and (6) are the rate of charge transfer and
are given by Eqs. (9) and (10) for anode and cathode, respectively.

At the cathode, electrolyte interface flux boundary condition
for electronic charge conservation is used to implement electronic
leakage currents which is given with the expression derived from
[33].

−n · (�i∇�i) = jleak; jleak = �eq − �e,c

L
�i,elc

(
p�

pO2,c

)1/4

× exp((F/RT)�e,c) − 1
1 − exp(−(F/RT)(�eq − �e,c))

(19)

where p� , is the oxygen partial pressure when electronic conduc-
tivity is equal to the ionic conductivity in the electrolyte.

3. Numerical implementation

The model is implemented in the commercial multiphysics soft-
ware, COMSOL 3.4, which uses finite element method to discretize
the partial differential equations. With the COMSOL’s flexibility of
choosing different types of elements in the same geometry, our 2D
axisymmetric model consists of 3799 triangular and 1940 quadri-
lateral mesh elements. Analyses are carried out with the built-in
parametric solver utilizing PARDISO as the linear system solver
which is developed for the multiprocessing architectures [34].
COMSOL’s parametric solver is used to generate the polarization
curves for a specific set of operating conditions as the cell voltage is
the input. Running the software on a workstation equipped with a
quad-core X5355 INTEL XEON processor and 8 Gb of RAM, the sim-
ulations take around 10 min for a full polarization scan from 1.0 to
0.2 V with a step size of 0.025 V.

4. Results

The model is utilized to investigate the effects of operational
a

Ac 3e14 A m−3

˛a = ˛c 0.5
�H2 1.25
�H2O 0.25
�O2 0.25
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profiles at the anode-electrolyte interface for different operating
−2
ig. 2. Comparison of the polarization curves. Solid lines are the model results at
ifferent temperatures, lines with markers are the experimental results.

.1. Effect of temperature and experimental validation

The model results are compared with the experimental results
f Suzuki et al. [22] for three different temperatures, 450, 500 and
50 ◦C, respectively. As seen in Fig. 2, a good match is obtained
etween the simulation results and the experimental data. The
odel is capable of covering the OCV drops due to internal cur-

ent leaks caused by electronic conduction through the electrolyte.
urrent leakage through the electrolyte is more dominant at higher
emperatures.

At higher temperatures an increase in fuel cell performance
s observed as properties such as activation energies, diffusivities
nd ionic conductivities enhance with increasing temperature. The
ost significant effects of the operating temperature are on the

inetics of the reaction and the ionic conductivity of the electrolyte.
t higher temperatures, the kinetics of the reaction is faster and
ore current is generated.
Another effect is the increase of the ionic conductivities at higher
emperatures which is explained by the Arrhenius type relation in
qs. (17) and (18). Data of Xia and Liu [31] for the electrolyte mate-
ial GDC shows values of the ionic conductivity as 0.335, 0.609,
.025 S m−1 for 450, 500 and 550 ◦C, respectively.

Fig. 3. Temperature difference between inlet and the cell for in
r Sources 192 (2009) 414–422

Performance of the cell also increases due to the increased diffu-
sion coefficients of the gases with temperature as described by Eq.
(11). With increased diffusivity, hydrogen molecules reach reaction
sites faster. Hence, a decrease in the mass transport losses enhances
the performance of the cell. As previously discussed, diffusivity is
correlated to temperature with D ∼ T1.75. However at lower temper-
atures, it is reported by Todd and Young [26] that this dependence
decreases to D ∼ T1.5 as calculated from kinetic theory. Based on this
discussion, it is expected that the decrease in mass transfer losses
with a certain increase in temperature is more notable in a high
temperature fuel cell than a low temperature fuel cell.

As current density increases, ohmic heating becomes more sig-
nificant. Since for the same operating voltage SOFC generates more
current at higher temperatures, ohmic heating is expected to be
greater as well. Fig. 3 shows the increase in cell temperatures for
three different inlet fuel temperatures. A temperature rise of about
29, 64 and 120 ◦C is predicted for inlet gas temperature of 450, 500
and 550 ◦C, respectively. This effect is reflected on performance such
that the slope of the polarization curve decreases more at elevated
temperatures.

Further, in Fig. 3, it is seen that the temperature contours are
distorted toward the flow direction in the fuel channel whereas in
the air channel a symmetrical distribution is predicted. This can be
explained as the fuel is supplied to the anode chamber at a total
flow rate of 25 ccm at 550 ◦C whereas the cathode uses the ambient
stagnant air. At this flow rate, fuel passing through a channel with a
radius of 4 mm results in very large velocities which induces a sig-
nificant convective heat transfer from the cell to the anode chamber.
On the other hand, at the cathode side heat is transferred from the
cell to the air chamber mainly by conduction, as natural convection
has a negligible effect on the temperature distribution. As a result
more uniform temperature distribution is predicted. Moreover, as
seen more clearly in Fig. 3c, radial flow is induced right after the
flow diffuses out of the anode tube. Consequently, the temperature
contours are distorted outwards radially.

Another important discussion on the effects of temperature are
on the internal current leaks. As reported in Ref. [35] as well as
predicted in our previous study [21], the electronic current leaks
through the electrolyte due to the reduction of GDC are more signif-
icant at higher temperatures. Fig. 4 shows the ionic current density
temperatures at a fixed operating current density of 0.53 A cm .
Operating current density is calculated as the difference between
the ionic current and the electronic leakage currents. The average
ionic current density is found to be around 0.65 A cm−2 for 550 ◦C.

let fuel temperatures of (a) 450 ◦C, (b) 500 ◦C, (c) 550 ◦C.
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Fig. 4. Ionic current density profiles along the anode–electrolyte interface as a func-
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ion of inlet fuel temperature at a fixed operating current density of 0.53 A cm−2.
nsert shows where the profiles are drawn in the anode–electrolyte–cathode assem-
ly. Dotted line shows the operating current density and it is drawn for comparison
urposes.

fuel cell providing an output current density of 0.53 A cm−2 will
ave a loss of 0.12 A cm−2 due to the electron leak through the elec-
rolyte. On the other hand at 450 ◦C and 500 ◦C the profiles are very
imilar and the average values are close to the operating current
ensity. However, the magnitude of the ionic current density for
00 ◦C is a higher since more electron leaks are present.

Moreover conferring to these profiles it should be noted that the
athode is not coated all over the surface of the anode-electrolyte
ube. The cathode is coated only for 0.7 cm on a 1 cm tube. So anode
egions across which there is a lack of cathode coating are not able
o generate any current. This is reflected in the profile as current
ensity is predicted as zero for axial distance less than 0.15 cm and
etween 0.85 and 1 cm.

.2. Effect of fuel flow rate
Flow rate is another important parameter in determining the
uel cell performance. Fig. 5 shows the polarization curves for dif-
erent flow rates. In this step, fuel composition is kept constant and
he effect of flow rate is investigated at 550 ◦C and 5 kPa anode back

ig. 5. Polarization curves for different anode flow rates at 550 ◦C and fixed H2 to
2 molar ratio of 1/4.
Fig. 6. Efficiency vs operating current density for different anode flow rates at 550 ◦C
and fixed H2 to N2 molar ratio of 1/4.

pressure. Results show that high fuel flow rates increase the output
power. This is due to the decrease in concentration overpotentials
as more hydrogen is being supplied to the active reaction sites with
increasing flow rate. The effect is seen more clearly in the high cur-
rent density region where concentration overpotentials are more
effective. At lower current densities, since there is a small amount
of hydrogen used in the reaction; the ratio of hydrogen to the over-
all fuel mixture is equivalent for different flow rates therefore the
polarization curves are identical. However, for lower flow rates the
slopes of the polarization curves at higher current densities become
steeper showing that mass transport limitations are more notable.
With a change in the hydrogen flow rate from 3 to 5 ccm, maximum
current density increased from 3.0 to 3.8 A cm−2.

On the other hand, increase in flow rate contrarily affects the
efficiency of the fuel cell operation. Fuel cell efficiency defined as,

� = iopV

iionichfor
H2O/(2F)

U (20)

the ratio of the cell output power to the chemical energy of the
fuel supplied. Fuel utilization is defined as the ratio of the reacted
hydrogen to the amount of hydrogen available in the fuel stream.

U =
ṁreac

H2

ṁin
H2

(21)

At the same current density, since the reacted hydrogen is also the
same for each case, the fuel utilization is larger for lower flow rate
values. At the same current density, 2 ccm more fuel is wasted for
inlet hydrogen flow rate of 5 ccm compared to that of 3 ccm. This is
directly reflected on the efficiency curves such that the fuel cell effi-
ciency is lower for higher fuel flow rates, even when higher power
density is generated.

Higher fuel flow rate is advantageous for lessening the mass
transport losses, but there is a trade-off when fuel cell efficiency is
concerned. For the optimum operation, flow rate should be selected
carefully depending on the desired operating current density. If
the cell is desired to be operated in the mid-range current den-
sities, there is little need for supplying fuel at higher flow rates.
Indeed if Figs. 5 and 6 are considered simultaneously, it can be sug-

−2
gested that up to 2.0 A cm , it is better to run the cell at lower
flow rates since there is a small difference between the polariza-
tion curves when the efficiency plots show huge discrepancy in the
favor of lower flow rates. However, if current densities more than
2.0 A cm−2 are required, one may argue to interchange the supe-
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effects of pressure on the fuel cell operation. The first one is related
to the effect of pressure on gas diffusivity. Gas diffusivity decreases
with an increase in gas pressure as described in Eq. (11). However,
total gas concentration increases with pressure, e.g. through ideal
ig. 7. Utilization vs operating current density up to 1.5 A cm−2 for different anode
ow rates at 550 ◦C and fixed H2 to N2 molar ratio of 1/4. The dotted lines represent
he ideal cases when there are no internal current leaks.

iority of the efficiency with higher power density since after this
oint the difference in polarization curves looks more notable as
he gap between the efficiency curves get narrower. In this case
igher flow rates may be preferred. Indeed, if extensive current
ensities are desired such as those beyond 3 A cm−2 the cell has
o run on high flow rates as the mass transport limitations are sig-
ificant enough to hinder cell operation at these regions. It should
e noted that these discussions do not include a fuel recirculation
ystem due to small size. In case of fuel recirculation, the trade-off
s between the increased power density and the parasitic losses for
uel recirculation rather than the fuel wasted.

Fig. 7 shows the fuel utilization curves, as described in Eq. (20),
s a function of flow rate up to 1.5 A cm−2. It should be noted that,
he utilization is not zero when the current density is zero. The cur-
ent density shown in Fig. 7 is cell operating current density and it
iffers from the ionic current density due to the internal electronic
urrent leak. Although hydrogen is consumed and fuel cell reaction
ccurs under open circuit conditions (i.e. zero external current),
ll the electronic charge is transferred through the electrolyte. For
5 ccm total flow rate, the cell does not generate significant exter-
al current even when 12% of the hydrogen in the fuel stream is
eacted. Hence in the region up to 1 A cm−2 where the effect of
nternal current leaks is significant, the utilization curves are not
inear.

.3. Effect of fuel composition

To analyze the effect of fuel composition on cell performance,
itrogen flow rate is changed when hydrogen flow rate is kept con-
tant along with the other operating conditions. The experimental
ata is based on fuel composition of 5 ccm H2 and 20 ccm N2. Two
ore cases are considered for N2 flow rate of 15 and 10 ccm when
2 flow rate is kept at 5 ccm. These three cases correspond to H2 to
2 inlet mole fraction ratios of 1/4, 1/3, 1/2, respectively. In Fig. 8, it

s shown that as the hydrogen mole ratio increases, fuel cell perfor-
ance improves. This is related to the mass transport efficiency
hen there is relatively more hydrogen in the fuel stream than
itrogen. It is predicted that by increasing the ratio from 1/4 to
/2, maximum current density increases from 3.8 to 4.5 A cm−2 at

.2 V.

Fig. 9 shows the hydrogen mole fractions along the
node–electrolyte interface at 0.2 V and 550 ◦C as a function
f fuel composition. Based on the discussion in Fig. 4, recall that
Fig. 8. Polarization curves for different fuel compositions at 550 ◦C and fixed inlet
H2 flow rate of 5 ccm.

anode reaction takes place in a certain region, i.e. from 1.5 mm
above the anode inlet up to 1.5 mm below the anode outlet due
to shorter cathode coating. This is reflected in the mole fraction
profiles similarly. In Fig. 9, the corresponding regions can be
distinguished by the changes in the shape of each profile. In the
active region the slope of the profile is steeper for higher mole
fractions; consumption rate of H2 is greater. As a result of this, at
the outlet of the anode tube, the H2 mole fraction becomes smaller
although the inlet mole fractions are greater.

4.4. Effect of anode pressure

The anode side pressure is another important operation param-
eter affecting the cell performance. Back pressure is applied on the
anode as 5, 50 and 100 kPa (gauge) and the overall effects are shown
in Fig. 10. It is observed that the higher the back pressure is, the
more power is generated from the cell. There are two competing
Fig. 9. Hydrogen mole fraction profiles along the anode–electrolyte interface as a
function of inlet fuel composition. Insert shows where the profiles are drawn in the
anode–electrolyte–cathode assembly.
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ig. 10. Polarization curves for different anode back pressures at 500 ◦C and fixed
nlet H2 to N2 ratio of 1/4 at a total flow rate of 25 ccm.

as law: c = p/RuT, and the second effect is related to that as the
eaction rate is a function of species concentration. An increase in
node back pressure boosts the reaction rate according to Eq. (9).
his overwhelms the adverse effect of pressure and the overall cell
erformance enhances with the increase in anode back pressure.
or example, for a back pressure increase of 100 kPa, the current
ensity increased from 1.83 to 2.05 A cm−2 at 0.2 V.

.5. Effect of cathode pressure

As it is seen in Fig. 11, an increase in air pressure increases the
utput power of the cell similar to the effects of anode pressure.
owever there are two main differences observed when Fig. 11 is
ompared with Fig. 10. First, it is observed that the same amount of
ncrease in cathode pressure results in a greater increase in current
ensity. Secondly, when the cathode side pressure increases from
0 to 100 kPa, the increase in current density is smaller than when

he pressure is changed from 0 to 50 kPa. However, with the same
ncrements on the anode side pressure, closer performance increase
s predicted.

ig. 11. Polarization curves for different air pressures at 500 ◦C and fixed inlet H2 to
2 ratio of 1/4 at a total flow rate of 25 ccm.
r Sources 192 (2009) 414–422 421

The first phenomenon can be explained by discussing the Nernst
equation, e.g.:

�c
eq − �a

eq = −�G◦(T)
2F

+ RT

2F
ln

(
pH2 p0.5

O2

pH2O

)
(22)

Considering the pressure term (inside the natural logarithm), when
the pressure of the anode chamber increases, a change is not
expected in the fuel cell equilibrium voltage since hydrogen par-
tial pressure is in the numerator and water partial pressure is
in the denominator. On the other hand, an increase in oxygen
partial pressure is directly reflected on the resulting equilibrium
voltage.

Cell performance being more sensitive to a change in cathode
pressure is related to the different reaction kinetics on each side.
The cathode reaction is slower than that of the anode and the
changes in cathode has a greater influence on the overall reaction.
Thus, an improvement in cathode reaction kinetics influences the
output current density more significantly. This also explains second
difference between Figs. 10 and 11. By increasing air pressure, cath-
ode reaction kinetics become more comparable to that of anode,
i.e. faster, and further increase in air pressure will have a smaller
effect on the overall cell performance, since anode kinetics may
determine the overall performance.

5. Conclusions

A computational fluid dynamics based SOFC model is developed
to perform parametric analyses for a micro-tubular SOFC. Effects
of temperature, fuel flow rate, fuel composition, anode pressure
and cathode pressure on fuel cell performance are investigated.
We have shown that increase in temperature results in better cell
performance due to the increase in catalytic activity, ionic conduc-
tivity and decrease in mass transport losses. We have also shown
that at higher operating temperatures the internal current leaks
associated with the electron transfer through the electrolyte are
more significant. It is predicted that if the output current demand
is 0.53 A cm−2, the fuel cell has to generate ionic current density
of 0.65 A cm−2 at 550 ◦C as at this condition the leakage currents
sum up to 0.12 A cm−2. Moreover, it is concluded that the fuel flow
rate should be chosen according to the desired operating range
such as; at mid-range current densities lower flow rate is suggested
because of the efficiency of the cell, and in the higher current den-
sity range, higher flow rate should be chosen (i.e. a stoichiometric
flow control) because of the output power implications. When fuel
composition is considered, higher hydrogen content is favorable
for power output, efficiency and thermal management. Increases in
anode side and cathode side pressures have two distinct effects on
cell performance: increase in pressure reduces reactant diffusivity
but increases catalytic activity. However, the latter overwhelms the
adverse effect of decreased mass transport and cell performance is
always observed to improve with larger back pressure. When the
effects of pressure on the anode and cathode sides are compared,
it is seen that fuel cell performance is more sensitive to changes
in the air pressure mainly due to the slow reaction kinetics of the
cathode.
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