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Abstract The purpose of the current study is to simulate the
behavior of a solid oxide fuel cell (SOFC) anode under sinu-
soidal excitation. The obtained harmonic response is used as a
base for electrochemical impedance spectra simulation. The
electrochemical impedance spectroscopy (EIS) is a powerful
non-destructive tool for SOFC researches. In order to evaluate
the EIS experimental results, efforts are devoted to develop
EIS numerical simulation tools. In this study, a planar SOFC is
modeled, and the steady state behavior and frequency re-
sponse, as well as the electrochemical spectra of the anode,
are obtained. The developed model couples the electrochemi-
cal kinetics with mass transport. The Butler—Volmer equation
is used for the anode electrochemistry, and the species equa-
tions are used for gas transport in the anode channel. In order to
solve the system of the nonlinear equations, an in-house code
based on finite difference method is developed and utilized. A
parametric study is also carried out, and the results are dis-
cussed. The simulation results are in good agreement with
published data. Results show a capacitive semicircle in the
Nyquist plot, which is identical to the gas diffusion impedance
as reported in literatures.
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Gas diffusion capacitance (F m ?)

Binary diffusivity between species i and j (m* s~ ')
Faraday's constant (96,484.56 C mol ")
Frequency (Hz)

Relaxation frequency (Hz)

Gibbs free energy (J mol ')

Channel height (m)

Current density (A m ?)

Total current density (A m?)

Exchange current density (A m ?)

Response amplitude (A m ?)

Cell length (m)

Species molecular mass (kg kmol )

Total pressure (pa)

Partial pressure of reactants and products in the
bulk flow (pa)

Partial pressure of reactants and products at the
reaction sites (pa)

Universal gas constant (8.314 m’kpa kmol ' K™")
Gas diffusion resistance (€ m?)

Electrode charge-transfer resistance (£2 m?)
Volume-specific mass production rates of species i
(kg m>s

Area-specific mole production rates of species i
(mol m 2 s

Temperature (K)

Actual cell voltage (V)

Nernst voltage (reversible open circuit voltage) (V)
True theoretical reversible voltage of the cell (V)
Special Fuller diffusion volume

Unit cell width (m)

Channel width (m)

Rib width (m)

Species mass fraction
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s

i Inlet species mass fraction

Y Complex admittance (")

VA Complex impedance (£2)
Greek symbols

p Gas density (kg m )

Neone Concentration overvoltage (V)
Nact Activation overvoltage (V)
Nohm Ohmic overvoltage (V)

Nanode Anode overvoltage (V)
Tsteady Steady state overvoltage (V)
Nexcitation  EXcitation amplitude (V)

0 Phase shift

T Time period (S)
Introduction

A fuel cell generates electrical power through an electrochem-
ical reaction by converting chemical energy of a fuel into
electrical energy. Fuel cells have higher efficiency compared
to conventional combustion engines due to the fact that their
efficiency avoids the limitations of Carnot cycle. In addition,
the fuel cell itself has no moving part that makes it quiet and
reliable. Furthermore, they have lower pollutant emissions,
lower equipment maintenance, and higher power density [1].
Solid oxide fuel cells (SOFCs) are one of the fuel cell types that
operate between 600 °C and 1,100 °C due to the low ionic
conductivity of electrolytes such as yttria-stabilized zirconia
(YSZ) at lower temperatures. In this type of fuel, cell oxidation
of hydrogen and reduction of oxygen produce the electricity,
water, and heat. SOFCs can be used in a wide range of appli-
cations. They appear suitable for stationary electricity genera-
tion, both for power plant scales and for small residential
applications (combined heat and power generation) [2].

In order to improve the efficiency of the fuel cells, better
understanding of the electrochemical reactions and mass trans-
port in the fuel cell is essential. Therefore, it is useful to
numerically analyze the experimental results of SOFCs. Vari-
ous studies with different levels of sophistication on dynamic
modeling of the SOFCs have been published [3-9]. Achenbach
[3, 4] developed a mathematical model to simulate the dynamic
operation of a planar SOFC. He investigated the transient cell
performance due to a load change. Sedghisigarchi and Feliachi
[5] combined heat transfer dynamics and species dynamics to
form a new dynamic model. Xue et al. [6] considered a one-
dimensional transient model for heat and mass transfer simula-
tion assuming an electrical circuit includes the ohmic resistan-
ces and capacitors for the energy storage mode of operation.
Chaisantikulwat et al. [7] obtained dynamic model of a planar
SOFC and determined the voltage responses to step changes in
the fuel concentration and load current. Mollayi Barzi et al. [8,
9] developed a two-dimensional transient model of a tubular
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SOFC using the control volume approach. This model pre-
dicted the cell output voltage as well as the state variables
(pressure, temperature, and species concentration). The devel-
oped model determined the cell electrical and thermal
responses to the variation of load current [8], and the cell
heat-up rate for hot input gases as well as the start up time of
the SOFC [9].

On the other hand, the electrochemical impedance spec-
troscopy (EIS) is a powerful non-destructive tool for materi-
als characterization, transport properties investigation, and
for obtaining the contribution of each loss in SOFCs [10].
Most of the published papers in the area of SOFCs imped-
ance spectroscopy have reported the experimental results
[11-14]. Initially, EIS measurements were mainly used to
determine the conductivity of the SOFC components such as
electrolyte and electrode materials [11]. Wagner et al. [12]
presented the EIS measurements of polymer electrolyte fuel
cells as well as SOFCs. The measured EIS was simulated
with an equivalent circuit which enabled the calculation of
the individual voltage losses in the fuel cell. The experiment
not only determined the charge transfer arcs but also the
diffusion arc of the low frequency region of the cells. A gas
conversion impedance model for SOFC anodes was derived
by Primdahl and Mogensen [13]. In this study, a simple
continuously stirred tank reactor model was utilized. The
model illustrated the anode EIS measurements with the
reference electrode. The results were compared to the actual
EIS measurements. In another study, Primdahl and Mogen-
sen [14] measured the gas diffusion impedance in different
setups to analyze and compare the correlation between the
gas diffusion impedance and geometry parameters. Prim-
dahl and Mogensen results showed an extra arc in imped-
ance spectra which is called gas conversion or gas diffusion
impedance. In order to analyze the experimental results of EIS,
simulation of electrochemical impedance spectra is essential.
Several researchers have developed SOFC impedance models.
The experimental and numerical EIS study for anode reaction
mechanisms was presented by Bieberle and Gauckler [15]. In
this study, a series of steps for the overall electrochemical
oxidation of hydrogen were proposed. Bessler [16] presented
a new computational method for impedance simulations of
SOFCs based on the Bieberle and Gauckler [15] proposed
mechanisms. The suggested method was based on transient
numerical simulations. In two other studies [17, 18], Bessler
used the previous proposed model [16] for two different SOFC
geometries. Kato et al. [19] also presented experimental results
for SOFC impedance. In their study, the cell impedance was
measured by varying the fuel utilization and gas flow rate.
Takano et al. [20] presented a theoretical simulation based on
an electrical circuit that modeled the electrochemical imped-
ance of commercially available SOFCs under practical power
generation conditions. Gazzarri and Kesler [21, 22] developed
a finite element model to simulate the steady state and
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impedance behavior of a SOFC in order to predict the impact
of diverse degradation mechanisms on the impedance spectra.
This model results suggested that electrode delamination can
be detected minimally invasively by using EIS. Hofmann and
Panopoulos [23] presented a detailed mathematical model
based on physicochemical equations coupled with a multi-
component gas diffusion mechanism for simulation of electro-
chemical impedance spectra. This model was built and imple-
mented on the commercially available modeling and
simulations platform gPROMS™. Based on mentioned
researches, the experimental impedance spectra of the SOFC
anode show two dominant features: a high-frequency process
(1-10 kHz) associated with electrochemistry and a low-
frequency process (~10 Hz) associated with gas diffusion in
the anode channels [13, 14]. This feature results in a capacitive
semicircle in Nyquist plot. The present study investigates the
SOFC anode impedance by analyzing the latter feature.

All of the mentioned researches on dynamic modeling of
SOFCs [3-9] mainly concern about SOFC transient response
under step changes of voltage or current. Although in EIS
experiments, impedance spectra were obtained by imposing a
harmonic excitation to the cell. Therefore, in order to simulate
the cell impedance in time domain, cell response to harmonic
excitation is required. This is the first time to our knowledge
that SOFC response under sinusoidal excitation is reported,
which would be useful for electrochemical impedance spectra
simulation. Moreover, in comparison with published papers in
the field of EIS modeling [11-23], a detailed discussion on
sinusoidal responses is performed in this paper, and the relation
between the sinusoidal responses and the impedance spectra is
investigated. The present model will take into account the
transport phenomena in anode channel because mass transport
of reactants and products has a strong effect on the performance
of the SOFCs and influences the electrochemical impedance
spectra in low-frequency region. The obtained impedance of
SOFC anode is identical to gas diffusion impedance reported

Fig. 1 Schematic diagram of a H,

AN

planar SOFC and
computational domain

by literatures [13, 14]. The present model has the capability of
predicting the response of linear small excitations as well as
nonlinear large excitations. Because the model is based on
physical laws and impedance, simulation is done in time do-
main. Therefore, all nonlinearities are maintained. In addition,
the developed simulation code has the capability to be used in
studying the effects of various parameters on the cell perfor-
mance and the electrochemical impedance spectra of SOFC.
Therefore, a parametric study is also carried out, and the results
are discussed in detail.

Model description

The schematic diagram of the planar SOFC is depicted by
Fig. 1. As shown, the hydrogen fuel passes through the anode
channel. The numerical values used for simulation are given
in Tables 1 and 2.

Electrochemical model

The overall SOFC reaction and the electrochemical oxida-
tion reaction at the anode for hydrogen fuel are as follows,
respectively:

H, + 0% — H,0 + 2e~ (2)

The Nernst equation, which is used to determine the
Nernst voltage (electromotive force (EMF)) of an electro-
chemical reaction, for SOFC is as follows [2]:

% 1/2
—Agy  RT ., (Pu,Po
Vi = —In|——=2— 3
nernst oF + 2F n( szo ( )
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Table 1 Dimensions of

the SOFC [7] Element Size (mm)
Cell length (L) 19
Unit cell width (W) 2
Channel width (W) 1
Channel height (H,) 1
Rib width (W) 0.5

where p; denotes the partial pressure of reactants and
products in the bulk anodic and cathodic flows.

The actual SOFC voltage (V) that is obtained by
the cell is lower than its Nernst voltage. This is due to
the overvoltages or polarizations (7). The overvoltages
in SOFCs are caused by three main sources: (1) acti-
vation overvoltage (1., (2) ohmic overvoltage (1onm)s
and (3) concentration overvoltage (Mconc):

Vcell = Vnernst ~ Nact = Mlohm — Tleonc (4)

Concentration overvoltage is related to this fact that
in proximity of the reacting sites in the electrodes, the
concentration of reactants and products of the electro-
chemical reaction is different from the concentration in
the bulk flow of the gases due to mass transport.
Therefore, the true theoretical reversible voltage of the
cell must be calculated by taking into account the
reactant and product concentrations occurring in prox-
imity of the reaction sites:

1/2
—Agi  RT .  [pw,pg
Vn rnst,t — —1 — 5
emstt = T oF n( Pino ®)
w0\ —1/2 x
i YH,0VH, exp( F 0 ) YH,0Vh,
- - % T lanod - - %
Y, H,0 RT 7 YH, V1,0

where p; denotes the reactant and product partial pres-
sure at the reaction sites. The difference between Egs. 3
and 5 gives the concentration overvoltage:

. L\ 12
RT Py,PH,0 RT Po
Neone = ﬁln 24*2 + ﬁln : (6)
PH,Pu,0 Po,
It is noted that the first term of Eq. 6 represents the
anodic concentration overvoltage and the second term is
the cathodic one. The activation overvoltage is deter-

mined from the Butler—Volmer equation for a symmetric
two-electron transfer as follows [2]:

. F F
1=1+<exp ﬁnact — eXp _ﬁnact (7)

In the present study, the anode overvoltage (7.node) Of @
SOFC is analyzed while the electrolyte and cathode overvolt-
age is ignored. Moreover, anode ohmic overvoltage is
neglected due to the high anode electronic conductivity. Fur-
thermore, concentration overvoltage within the porous anode is
ignored. Therefore, the obtained results present anodic losses
including both concentration overvoltage in anode channel and
activation overvoltage. The anode overall loss is given by:

Nanode = Tact + Meone (8)

where the anodic concentration overvoltage in terms of the
mass fraction of the gases becomes as follows:

RT . (ygym0
Neone = 5z 0| ——=— 9
conc oF (yl‘lzy]-lzo ( )

Combining Eqs. 7-9 yields:

1/2 F
> eXp <_ ﬁnanode) (10)

Table 2 The characteristics of the SOFC

Description Value
Anode inlet pressure (atm) [7] 1

Cell temperature [7] 750 °C
Hydrogen inflow mass fraction 97 %
Water inflow mass fraction 3%
Hydrogen diffusivity (m” s™") 7.9x107
Anode exchange current density (A mfz) 4.408x10°

@ Springer

Mass transfer model

The mass transfer along the anode channel is simulated using
species conservation equation. In EIS experiments, the imped-
ance of SOFCs is often obtained by single chamber setups and
symmetrical cells. So, there is only diffusion transport in anode
channel. In the present model, it is assumed that gases behave
as ideal gases, and the total pressure and temperature are
assumed to be constant through the entire electrode. There is
no net change in the number of moles in gas phase in anode
due to the electrochemical reaction (Eq. 2). Accordingly, con-
stant total pressure assumption is quite reasonable. The one-
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Fig. 2 Flowchart of the
electrochemical impedance

| Input geometry and charactenistic properties and generate mesh |

simulation process

:

| Solve steady state equations for considering as initial conditions ]

]
v

[ Specify an excitation frequency and impose an excitation overvoltage with the specified frequency ]

!

[ Numerical solution of the equations ]

I

Calculation of the current distribution and impedance in specified frequency

Going to the new

frequency

Yes

dimensional species conservation equation when the diffusive
mass flux is modeled by Fick's law is given by:

9(pyi) _ 0 i :
o ax\PPiige ) S (11)

where S; is the volume-specific mass production rates of spe-
cies i. The area-specific mole production rates of species (s;)
are given by the faradaic current due to the electrochemical
reaction of hydrogen fuel as follows:

i

End
(13)

The relation between volume-specific mass production
rates of species i and area-specific mole production rates of
species 1 according to cell geometry (Fig. 1) is given by:

S = siM; (L> (14)

SH = — — 12
= (12)
Fig. 3 Electrochemical 0.35
impedance spectra for different
grid numbers 03k
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Fig. 4 Steady state current 0.3 T T T T T
overvoltage graph
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Combining Eqgs. 10-12 and 14 yields hydrogen species
equation as follows:
opym,) O b ° My, W S\ F AN F
PVH, VH, i° My, YH,0Vn, YH,00H,
———2> = — | pDy,—m,0—— - — — - 15
ot Ox (p Hy—H,O Ox ) + ( ZFWcthh) <szy1*.IZQ> exp (RT nanodc) (szy;IZO> exp( RT nanodc) ( )

At the channel inlet, the species concentrations are
set as boundary conditions. Furthermore, the fully de-
veloped assumption is considered at the outlet of the
channel.

At high temperature, all the gaseous components are
assumed to behave as ideal gases:

p=pRT> yi/M; (16)

Fig. 5 Axial distribution of 1 T T T T T T T T T
hydrogen and water mass T
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Fig. 6 SOFC anode response to sinusoidal excitation at the middle of channel length for 7caay=0 V, Mexcitation=0.001 V, and different frequencies

The binary diffusivity between species i and j is deter-
mined by [24]:

0.00143 77
Di‘j =

05[1,1/3 1/3]2 (17)
p MR 4 7]

where V;, Vj are special Fuller diffusion volume [24], and M;,
j is given by:

=2 () + ()]

The total current density (igy,) is determined by:

(18)

1 L
itotal = - / i(xv t)dx (19)
L Jo

Electrochemical impedance model

The complex impedance (Z) and complex admittance (Y) are
determined by Eqgs. 20 and 21, respectively [10]:

Z=—

- (20)

iexcitation
y — —exdation

cosf + jsind)

(21)
TNexcitation

In Eq. 21, 7excitation 1S €Xcitation amplitude of imposed

overvoltage. For the impedance simulation, a harmonically
varying overvoltage is imposed to the anode overvoltage in
Eq. 15 as follows [16]:
Tanode = Tlsteady + 77excitationSin(Zﬂ.ﬁL) (22)
where 7cady is the time-invariant contribution and repre-
sents the steady state overvoltage, and f is the excitation
frequency.

Furthermore, in Eq. 21, 6 is the phase angle by which the
observed cell current is shifted from the imposed overvolt-
age, and iexcitation 1S the amplitude of harmonic response and
is given by:

i(t) = isteady + iexcitationSin(Zﬂﬁ + 0) (23)
where i(f) is the observed cell transient current density for
when the steady oscillating response is established (usually

@ Springer



3282

J Solid State Electrochem (2012) 16:3275-3288

Fig. 7 Electrochemical
impedance spectra: (a) Nyquist
plot (b, ¢), Bode plots
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Fig. 8 Equivalent circuit for anode

after a few periods). The harmonic response takes places when
the excitation amplitude is sufficiently small. Equation 23 can
be rewritten alternatively as:

i(#) = isteady + lexcitation{SIN(272ft)cosd + cos(2xft)sinf}  (24)

Multiplying Eq. 24 by sin(27t ft) and cos(27 ff) and
integrating over a period (7=1/f) yields the following
relationships:

2 T
lexcitation€0SH = ; / i(t) Sin(Zﬂﬁ)dt (25)
t=0
. . 2 (" .
fexcitationSING = ; / l(l) COS(27I'fI)dZ‘ (26)
t=0

Therefore, based on Egs. 21, 25, and 26, the real part (1)
and the imaginary part (¥") of admittance are given by:

Y' = _ /T i(¢) cos(2xft)de

T-Nexcitation /=0

(28)

Simulation procedure

The flowchart for the overall simulation process of the
anode impedance spectra is shown in Fig. 2. In order to
solve the system of the nonlinear equations, an in-house
code based on finite difference method is developed by
MATLAB software. The developed simulation code has
the capability to be used in studying the steady state and
sinusoidal behavior of SOFCs, simulating the electrochem-
ical impedance spectra, as well as investigating the effects of
various parameters on the electrochemical impedance spec-
tra of SOFCs. The simulation is based on finite difference
method. The discretized equations form a differential alge-
braic system, which is solved by the method of lines algo-
rithm [25]. The initial steady state is achieved by setting the
Nexcitation €qual to zero, and the steady state operation results
are set as initial values. Then at a specified frequency, the
governing equations are time integrated to determine the
transient current (i(¢)) of the system. Finally, the electro-
chemical impedance of assumed frequency is obtained.
The process for a range of frequencies (10> to 10° Hz with
10 impedance points per frequency decades) is repeated
until an impedance spectrum is obtained. It is noted that
the relaxation frequencies are determined with 100 points/
decade resolution. The computational domain is discretized
by a 50-uniform grid in longitudinal direction, while 400
values of time are calculated within one period. The grid
independency of the results is examined and insured as
shown in Fig. 3. As shown, results are identical for 50 and
100 grids. Therefore, a 50-grid domain is utilized.

ov

steady

Nyquist plot,

L |

2 4 .
Y= —"F— i(¢) sin(2rft)de (27)
T-Texcitation /=0
Fig. 9 Electrochemical
impedance spectra for different 0.35 r
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s Nexcitation 100.m¥
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Fig. 10 Electrochemical a Nyquist plot, # =0V
impedance spectra for different 0.8 : : : steady . D .
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Results and discussion
Steady state results

Figure 4 depicts the steady state current—overvoltage graph.
Here, the anode overvoltage is plotted versus the total cur-
rent density. This figure could be considered as polarization
curve (Veel = Vnemst — Manode)- Lhe figure shows the typical
polarization curves shape, since it has a parabolic behavior
close to open circuit (7,,04¢=0) and then the curve is quite
linear.

@ Springer

Re(z) (ohm cm2)

Figure 5 illustrates the hydrogen and vapor mass
fraction distribution along the length of the fuel channel
for various values of overvoltages. The inlet mass frac-
tion of hydrogen is assumed 97 %. As shown, the mass
fraction of hydrogen decreases while the mass fraction
of vapor increases along the fuel channel. This is due to
consumption of hydrogen and production of vapor from
the anode wall. At open circuit voltage, there is no
consumption of hydrogen, and the mass fractions remain
constant. While for higher overvoltages (7anode=0.1,
0.3 V), the consumption of hydrogen increases and
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Fig. 11 Electrochemical Nyquist plot, Meteany™ oV
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causes the hydrogen mass fraction to decrease. There-
fore, the vapor mass fractions increase.

Cell response to sinusoidal excitation
Dynamic periodic variation of applied overvoltage, hydrogen
mass fraction, and current density of two different frequencies

are shown in Fig. 6a—d. These parameters are plotted for one

Fig. 12 Electrochemical
impedance spectra for different
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period during simulation. As shown by Fig. 6a, c, sinusoidal
excitation causes harmonic concentration changes of the
chemical species. In addition, by increasing the frequency,
the range of hydrogen mass fraction changes decreases. When
the frequency of applied excitation overvoltage is higher than
the frequency that is associated to response time of the gas
through the channel, the concentration changes of the chem-
ical species by the applied excitation overvoltage become
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nearly zero. Indeed, at high frequencies, variables are almost
constant because they are not sensitive to the high frequency.
In addition, phase shift and amplitude difference between
overvoltage and current are depicted in Fig. 6b, d. As
shown, a phase shift between overvoltage and current is
appeared which is due to capacitive behavior described by
the mass transfer equations. Because of this behavior, imag-
inary impedance is generated. By increasing the frequency,
the phase shift between overvoltage and current decreases.

Impedance spectra

Obtained responses to the harmonically varying overvol-
tages could be used for the electrochemical impedance sim-
ulation. All presented results in the following sections are
obtained using the parameters given in Tables 1 and 2. In
addition, the excitation amplitude is considered to be 1 mV.
Moreover, the electrode charge-transfer resistance (R at
open-circuit conditions and 97 % inlet H, is equal to
0.1 Q cm” as observed in experiments [13]. R, at open-
circuit condition is given by [10]:

_RT
T 2FP

(29)

Therefore, to achieve 0.1 cm? for R, the exchange
current density is set equal to 0.4408 A/cm”. Figure 7
depicts the impedance spectra for 7caay=0 V. The Nyquist
plot consists of a semicircle with a relaxation frequency of
2.9 Hz (for which the imaginary part of impedance has a
maximum value, f,), gas diffusion resistance of about
0.66 Q cm? (the difference between the low-frequency and
the high-frequency real part, R,), and gas diffusion capaci-
tance of 0.08 F/cm? (Cg = 1/(27ngfg)). In other words, R,
is calculated from the intersections of the arc with the real
axis. Also, the high-frequency intercept with the real axis
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corresponds to the charge-transfer resistance. The equivalent
circuit of the spectrum is shown in Fig. 8.

The observed impedance feature is for anodic gas-phase
concentration variations. Indeed, phase shift between input
and output signals, which is observed in Fig. 6, is the origin
of the impedance arc. Primdahl and Mogensen called this
feature gas conversion or gas diffusion impedance [13, 14],
and Bessler used the term gas concentration impedance for
this feature [17]. This impedance feature is related to con-
centration polarization.

There is not much data published so far about experimental
impedance spectroscopy of planar SOFCs. Thus, for verifica-
tion purposes, the electrochemical impedance spectrum is com-
pared to Primdahl and Mogensen results [13]. Primdahl and
Mogensen reported experimental impedance spectra of single-
chamber symmetrical electrodes in 97 % H, and 3 % H,O at
1,000 °C and 1 atm pressure. In this experiment, electrode
samples were broken down into ~5X5-mm squares and
mounted between grids of Pt current collecting wires, where
the wires were 0.3 mm in diameter with a grid distance of
~1.5 mm. According to channel geometry (Fig. 1), these values
correspond to channel length of 5 mm, cell width of 1.5 mm,
and channel height of 0.3 mm. Using these parameters, the
relaxation frequency of the gas diffusion process is 60 Hz, and
the gas diffusion resistance is 0.05  cm” These values are
almost equal to Primdahl and Mogensen observation of
R,~0.05 2 cm” and f;~70 Hz.

SOFC physics and chemistry are nonlinear, but impedance
spectra are determined by imposing sufficiently small har-
monic excitation in order to cause a harmonic response. The
impedance simulation based on modeling in time domain
retains the full nonlinear behavior of the SOFC. As shown
in Fig. 9, simulation results show that when excitation ampli-
tude changes from 1 to 30 mV, the impedance spectra do not
change. For 50 and 100 mV excitation amplitude, changes in
gas diffusion impedance and electrode charge-transfer
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resistance are observed, which are due to the nonlinear behav-
ior of the system. Consequently, the coupled electrochemistry
and gas diffusion phenomena simulated in this work behave
linearly for excitation amplitudes up to 30 mV. Furthermore,
with increasing excitation amplitude, the numerical simulation
code becomes unstable, especially in low frequencies, and the
shape of the impedance arc changes.

Parametric study

The developed simulation code has the capability to be used
in studying the effects of various parameters on the electro-
chemical impedance spectra of SOFC.

Effect of cell dimensions

Figure 10 depicts the variations of the calculated impedance
versus different cell length (19 mm (base dimension), 10 mm,
and 40 mm) and different channel height (1 mm (base dimen-
sion), 0.5 mm, and 5 mm). As shown, variation of fuel cell
dimensions has a significant influence on the gas diffusion
impedance. The diameter of the arcs changes with variation
of the cell dimensions. This is due to mass transport inside the
channel. As cell length increases and its height decreases, the
gas diffusion resistance increases. In addition, reduction of the
cell length and cell height will increase the relaxation frequency
and shift the arc of gas diffusion impedance toward a higher
frequency. This behavior is similar to Primdahl and Mogensen
results [13]. However, the high frequency edge of the arcs is not
affected by changing the cell dimensions. This is due to the
behavior of the anode in high frequencies as shown in Fig. 6,
where the variables are almost constant in the high frequencies.

Effect of temperature

Figure 11 illustrates the simulated impedance spectra for the
different anode operating temperatures. R is proportional to
temperature (Eq. 29) and as shown decreases as temperature
decreases. In addition, the gas diffusion resistance decreases as
temperature decreases. This behavior was predicted in Prim-
dahl and Mogensen model as well [13]. They showed that the
gas diffusion resistance is proportional to the operating tem-
perature of the anode in a SOFC. In fact, the temperature
dependence of concentration overvoltage is complicated [2].
On one hand, it is expected that mass transport inside the
channel decreases by temperature reduction (i.e., R, increases)
since diffusion coefficients decrease with temperature reduc-
tion (Eq. 17). On the other hand, as seen from Eq. 9, concen-
tration overvoltage is proportional to temperature, which
would mean R, decreases with temperature reduction. In gen-
eral, the concentration overvoltage is not a very strong function
of temperature [2].

Effect of inlet fuel concentration

The impedance spectra at different inlet hydrogen concentra-
tions are depicted in Fig. 12. As shown, the high frequency
edge of the arcs is not affected by changing the inlet hydrogen
concentration. This is due to the behavior of anode in high
frequencies as shown in Fig. 6. However, the diameter of the
arcs changes with variation of the inlet hydrogen concentration.
The diameter becomes bigger as the inlet hydrogen concentra-
tion approaches either zero or 100 %. The minimum value of
arc diameters takes place at 50 % inlet hydrogen concentration.
This is due to the fact that based on Eq. 9, the gas diffusion
overvoltage is minimum at 50 % inlet hydrogen concentration.

Effect of steady state overvoltage

Figure 13 shows the simulated impedance spectra at steady
state overvoltages of 7)seaay=0, 0.1, 0.2, and 0.3 V. As
shown, at each steady state overvoltage, one semicircle
appears in the Nyquist plot. At high overvoltages, the gas
diffusion impedance in cell reaches a minimum value. This
is due to water vapor content of the gas in SOFC anode
channel, which has a strong effect on the electrochemical
characteristics of the cell. As overvoltage (current density)
increases, the water production rate at the anode interface
increases and R, decreases. This behavior has been observed
in experiments as well [12].

Conclusions

In this paper, simulation and analysis of the behavior of a
SOFC anode under sinusoidal excitation is considered, and
the steady state behavior and the frequency response are
obtained. The obtained sinusoidal response is used as a base
for the electrochemical impedance spectra simulation. To do
this, a periodic voltage is imposed, and the response is
utilized for impedance modeling. The strong emphasis of
this study is on the mass transport phenomena in the anode
channel, and its effect on electrochemical impedance spectra
is investigated. Moreover, a detailed discussion on harmonic
responses is performed in this paper, and the relations be-
tween sinusoidal responses and impedance spectra are in-
vestigated. In addition, the developed simulation code has
the capability to be used in studying the effects of various
parameters on the cell performance and the electrochemical
impedance spectra of SOFC. Therefore, a parametric study
is also carried out, and the results are discussed. The fol-
lowing results have been found:

* A phase shift between imposed overvoltage and
obtained current is observed, which is the origin of the
impedance arc.
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* The channel diffusion causes a capacitive behavior in
the form of a RC-type semicircle with low relaxation
frequency and high capacitance in the Nyquist diagram,
which is identical to the gas diffusion impedance as
reported in literatures.

* The model has the capability of predicting the response
of linear small excitation as well as nonlinear large
excitation because the model is based on physical laws
and simulation is based on modeling in time domain.
Therefore, all nonlinearities are maintained.

* Variation of fuel cell dimensions has a significant influ-
ence on the gas diffusion impedance. As cell length
increases or its height decreases, gas diffusion resistance
increases. When the cell length is changed from 19 to
40 mm, the gas diffusion resistance changes from 0.66
to 1.57 Q cm”.

e Variations of inlet hydrogen concentrations are studied,
and it is observed that the high frequency edge of the
arcs is not affected by changing the inlet hydrogen
concentration. However, the diameter of the arcs
changes with the inlet hydrogen concentration. The
minimum value of arc diameters takes place at 50 %
inlet hydrogen concentration.

* The simulation results are in full qualitative and reason-
able quantitative agreement with published data.

From the simulation results, it is found that the EIS
simulation produces a tool for both analyzing experimental
results of EIS and performance optimization of fuel cells.
Therefore, EIS simulation will decrease the amount of costly
experiments.
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