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AbstractOne of the weaknesses of the fuel cell is the phenomenon of carbon deposition when using hydrocarbon
fuel. Investigating the factors affecting the amount of carbon deposition can improve the performance of the fuel cell,
efficiency and life time. A time-dependent two-dimensional numerical model based on the finite element method that
considers the carbon deposition has been developed to evaluate the effect of velocity, temperature and hydrogen mole
fraction as fuel constituent on the carbon deposition rate and porosity variations. The results were found in good
agreement with the available published experimental and numerical data in terms of cell operating voltage, power den-
sity and carbon deposition rate. The carbon deposition rate accelerates with increasing operating temperature, inlet
molar fraction of hydrogen, and decreasing the inlet velocity. Carbon deposition reduces porosity and catalyst activity.
Due to the above mentioned variations, the electric power generated by the fuel cell is drastically reduced, leading to
reduced electric efficiency.
 Keywords: Solid Oxide Fuel Cell (SOFC), Carbon Deposition, Porosity Change, Numerical Simulation, Parameter Analysis

INTRODUCTION

High efficiency, specific gravimetric and volumetric energy den-
sity, potentially low greenhouse gas emissions and more flexibility
in the use of hydrocarbon fuels have increased the attention to solid
oxide fuel cells. A fuel cell consumes a wide range of fuels, from
pure hydrogen to hydrocarbons such as natural gas and biogas [1,2].
Fuel cell performance and efficiency are affected by several param-
eters, including temperature, inlet velocity of gases, working pres-
sure, inlet fuel composition, material, cell geometry, and flow di-
rection [3]. Improving the efficiency and the useful lifetime of solid
oxide fuel cells (SOFCs) is very important; therefore, optimization
factors have received considerable attention [4-6]. CHP systems are
an attractive fuel cell application that increases the maximum utili-
zation of chemical fuel energy [7-9]. In the hydrocarbon-fed SOFC,
carbon deposition on the surface of catalyst Ni is undeniable [10].
Carbon deposition reduces the anode porosity and catalyst activ-
ity, and attenuates the diffusion coefficients, the charge conductiv-
ity and the thermal conductivity [11]. A thermodynamic solution
is a way to determine the boundary of carbon formation. Tempera-
ture, type of solid electrolyte, and the extent of the electrochemical
reaction of hydrogen are the key parameters of carbon formation
[12]. In the thermodynamic analysis some assumptions cannot be
justified: the rates of the forward reaction (carbon deposition) and
the reverse reaction (carbon removal) are rapid enough to establish
equilibrium [13]. The effect of increasing temperature on the amount
of carbon deposition increment and performance of the fuel cell

highlights the importance of operating temperature [14]. Subotic
et al. [15] showed that a higher methane concentration will lead to
faster carbon formation. If the concentration of carbon monoxide
is noticeably higher than methane concentration, it will be possi-
ble to produce carbon on the anode side of the cell. The impact on
the carbon formation increases from carbon dioxide through car-
bon monoxide to methane, while the methane concentration has
a decisive influence on the carbon formation, and the results indi-
cate that humidity significantly reduces the carbon formation rate.
Kim et al. [16] indicated how carbon deposition fills the pores and
deactivates the anode; also they showed that if the surface of the
anodes contains catalytically active compounds, such as ceria, it will
be possible that steam generated in the electrochemical reactions
be used to avoid carbon formation. Yang et al. [17] used a physical
thermodynamic-mathematical model to study carbon deposition
and methane conversion rate. They found that under an operating
temperature of 800 oC and porosity of =0.4, the methane conver-
sion rate can reach its maximum value. The results also showed that
the smaller Ni particle in porous support layer will be followed by
the easier carbon deposition on catalyst surface. Han Xu et al. [18]
used the lattice Boltzmann model (LB) to show the distribution of
carbon deposition. They showed the effect of heterogeneity of anode
microstructure on carbon deposition, and also decreasing the operat-
ing temperature and increasing the pre-reforming extent of meth-
ane on the suppression of carbon deposition. He et al. [19] showed
that the higher the temperature, the stronger the carbon bond, there-
fore making it more difficult to clean the surface from carbon. At
600 oC to 1,000 oC, carbon is formed as graphite. Below 600 oC, it
is seen as a carbon nanofibers that do not exist at high temperatures
[20]. Research has shown that under certain conditions, precipitated
carbon can be easily removed from the electrolyte surface. But in
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some cases it is very difficult and somewhat impossible to remove
the deposited carbon [21,22]. Schluckner et al. [23] proposed a new
thermodynamic approach for estimating carbon deposition. They
examined the deposition of two types of carbon in a porous medium
to investigate different conditions and different ratios of fuels and
components. They found that variations in micro-structures near
the anode surface are factors in the destruction of the fuel cell in
carbon deposition. SOFC has been investigated numerically by use
of different mathematical models, considering electrochemical model,
momentum, energy and specious mass conservation equations [24-
26].

In the present study, a complete numerical method was used in
seven separate sections, namely, the air and fuel flow channels, the
cathode and anode support and catalyst layers, and the electrolyte.
The time dependent governing equations with suitable boundary
conditions were solved by use of COMSOL Multiphysics commer-
cial software. All the important electrochemical and chemical reac-
tions, such as methane cracking reaction (MCR), water-gas shift
reaction (WGSR), Boudouard reaction (BR), methane steam reform-
ing reaction (MSRR) and CO, and H2 oxidation, were solved in a
specified layer simultaneously affected by other layers. Time depen-
dent carbon deposition and its effect on the anode porosity and
thereby cell electric performance under different operating condi-
tions, such as fuel inlet velocity and hydrogen mole fraction as well
as operating temperature, were numerically analyzed.

PHYSICAL MODELS AND REACTIONS

Fig. 1 shows the anode-supported solid oxide fuel cell schematic
diagram, including air and fuel channels, cathode support layer,
anode support layer, cathode reaction layer, anode reaction layer
and electrolyte. Four main reactions, WGSR, MCR, MSRR, and BR,
occur inside the anode support layer. Electrochemical reactions of
carbon monoxide and hydrogen occur in the reaction zone in the
presence of oxygen ions passing through the electrolyte. 

Syngas fuel, which is composed of CH4, CO, H2, CO2, and H2O,
flows thorough the fuel channel and air, mainly consisting of N2 and
O2 entering the air channel. The composition of fuel enters the anode
channel and other SOFC main geometrical and operating condi-
tions are given in Table 1.

Fig. 1. Schematic of planar SOFC.

Table 1. Physical dimension and working parameters of the model [24,27]
Working temperature 1,000-1,123 K Inlet molar fraction of N2 % 0.79
Length of the cell 0.1 m Inlet molar fraction of O2 % 0.21
Initial porosity of anode 0.4 Inlet molar fraction of H2 % 0.044
Porosity of cathode 0.4 Inlet molar fraction of CO % 0.493
Working pressure 1 atm Inlet molar fraction of CO2 % 0.029
Height of fuel channel 1×103 m Inlet molar fraction of CH4 % 0.263
Height of air channel 1×103 m Inlet molar fraction of H2O % 0.171
Cathode supported layer thickness 2.5×105 m Aperture of cathode supported layer 1.4×106 m
Anode supported layer thickness 4×104 m Aperture of anode supported layer 2×106 m
Thickness of electrolyte 8×106 m Tortuosity of electrode 4.5
Cathode reaction layer thickness 1.3×103 m Faraday’s constant 96,487
Anode reaction layer thickness 2×103 m Inlet velocity 1, 2, 3 m s1

As mentioned above, methane, hydrogen, carbon dioxide, car-
bon monoxide and water vapor are considered as the input fuel com-
ponents. Four dominant chemical reactions and two electrochemical
reactions considered in the present model are as follows:

CH4C+2H2 (MSRR)

CO+H2C+H2O (BR)

CO+H2OCO2+H2O (WGSR)

CH4C+2H2 (MCR)

Electrochemical reactions

H2+O2H2O+2e Anode

CO+O2CO2+2e Anode

cathode

1. Electrochemical Model
The three-phase boundary (TPB) is the most active place where

most electrochemical reactions take place. This part is located at a
distance of 10m from the electrolyte [29]. The relation between
activation polarization and electric current intensity was calculated

H2  
1
2
--O2 H2O CO  

1
2
--O2 CO2 

1
2
--O2   2e O2
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by the well-known Butler-Volmer equation [6]:

(1)

The rates of each reaction are as follows:

(2)

(3)

(4)

Considering H2 and CO electrochemical reactions, the cell open
circuit potential can be calculated based on Nernst equation as fol-
lows [30,31]:

(5)

(6)

If an electrical current is drawn from a fuel cell, the voltage reduces
in response to five loss mechanisms of a cell: electrode activation
and concentration over potentials and internal resistances, So cell
operating potential can be calculated by use of the following cor-
relation:

(7)

(8)

According to the iterative procedure proposed by Iwai et al. [34],
the ratio of jH2 and jCO is determined so that the potentials obtained
for parallel parts of Fig. 2 to match each other.

The conservation of electronic and ionic charge in the intercon-
nect layer is as follows:

conservation of ionic charge
conservation of electronic charge

where (j) is the current density, and it is described by Ohm’s law as
follows:

(9)

(10)

where  is the electronic or ionic conductivity and  is the elec-
tronic or ionic potential.
2. Momentum Conservation

The velocity of the fluid flow in the cathodic and anodic chan-
nels along with porous electrodes affects the rate of heat transfer in
the cell and plays an important role in controlling the cell operat-
ing temperature. Furthermore, the effect of chemical reaction rates
influenced by temperature field on the electric performance of the
cell cannot be ignored. Despite the fact that at high electric currents
or low voltages, the models considering momentum equation give
more accurate results [32], many researches do not take it into ac-
count.

In this study, the well-known Navier-stokes equation was used
to calculate the variation of velocity and pressure inside the flow
[27]:

(11)

(12)

Brinkman equation is employed in porous electrode support and
reaction layers [27]:

(13)

(14)

In this equation  stands for the dynamic viscosity and S intro-
duces the momentum source terms for each calculation domain:
anode support and reaction layer (ASL, and ARL), cathode reaction
layer (CRL) and fuel flow channel, which are listed below [27].

SASL Rmsrr(MCO+3MH2MCH4MH2O)
+Rwgsr(MCO2+MH2MCOMH2O)
+Rmcr(2MH2MCH4)+RBR(MCO22MCO)

Sfuel Rwgsr(MCO2+MH2MCOMH2O)

SCRL

j  j0
act, ineF

RT
-----------------------

 
 exp    

  1   act, ineF
RT

---------------------------------------

 
 exp

 
 
 

r·elec, H2
   r·elec, H2O  

jH2

2F
------

r·elc, CO   r·elec, CO2
  

jCO

2F
-------

r·elec, O2
  

jO2

4F
------

EH2O2

rev
  EH2O2

0
  

RuT
2F
---------

PH2O
fc

PH2

fc PO2

ac

100,000
------------------

 
 

0.5



--------------------------------------ln

ECOO2

rev
   ECOO2

0
  

RuT
2F
---------

PCO2

fc

PCO
fc PO2
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100,000
------------------

 
 

0.5



----------------------------------------ln

Ecell   EH2O2

rev
  conc, O2

   act, O2
    conc, H2

   act, H2
    Ohm

Ecell   ECOO2

rev
   conc, O2

   act, O2
     conc, CO   act, CO    Ohm

 jl   0
 js  0

jl    lel

js    si0


t
------    u    S


u
t
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
t
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


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u
t
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

k
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 u    


--- u   u T     p

 JMO2

4F
---------------Fig. 2. Equivalent circuit model for current and voltage calculations.
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SARL Rmsrr(MCO+3MH2MCH4MH2O)
+Rwgsr(MCO2+MH2MCOMH2O)
+Rmcr(2MH2MCH4)+RBR(MCO22MCO)

The parameters Rmsrr, Rwgsr, Rmcr, and RBR are the rate of MSRR, WGSR,
MCR, and BR, respectively. These parameters can be defined mathe-
matically as follows [27]:

(15)

(16)

(17)

(18)

Above-mentioned correlations for the rate of four dominant
chemical reactions were used to calculate the sink or source terms
for each gaseous specious inside the cell.
3. Mass Transfer Equation

Considering the multicomponent fluid flow and porous struc-
ture of the electrode, three mass transfer mechanisms, viscous flow,
bulk diffusion and diffusion into the porous medium, are involved.
As mentioned earlier, a syngas consisting of methane, hydrogen, car-
bon monoxide, carbon dioxide and water vapor is supplied to the
fuel channel. On the other side a binary mixture of oxygen and nitro-
gen enters the air channel.

The unsteady state species mass conservation equations have been
stated as follows:

(19)

In this equation, parameters u, i, ji, and Ri stand for velocity
field, mass fractions and source term. The relation between cur-
rent density, mass fraction of each species and moles of transferred
electrons can be written as follows [27];

(20)

(21)

(22)

(23)

The bulk diffusion coefficient can be calculated by use of the
Fuller equation and a multi-component approach:

(24)

With following definition for i and j:

4. Heat Transfer
Unsteady state heat transfer equation in a porous matrix was used

to determine the temperature distribution in the fuel cell:

(25)

(26)

keff and cp
eff are the effective thermal conductivity and specific heat

at constant pressure in porous electrode which can be calculated
using the following correlations [29]:

(27)

(28)

Convective heat transfer between solid structures and fuel or air
flows, conductive heat transfer in solid structures, considered endo-
thermic and exothermic chemical reactions alongside electrochem-
ical reactions, are the dominant heat transfer mechanisms and sink
or source terms that are taken into account in the current model.
5. Carbon Deposition Model

Boudouard and methane cracking reactions occur within the
anode diffusion and reaction layers [27]. The rate of carbon depo-
sition inside the porous structures can be calculated as follows [27]:

(29)

Carbon gradually covers surfaces and reduces catalyst activity:

(30)

Furthermore, carbon deposition reduces the porosity coefficient:

(31)

The variation of anode porosity would influence the permeability
in porous layers:

(32)

Local velocity, temperature, mole fraction, pressure, local chem-
ical and electrochemical reactions affect the carbon deposition rate.
6. Boundary Conditions

Considering the mathematical nature of each unsteady conser-
vation equation, initial values and proper boundary conditions must
be considered. The cell operating voltage is implemented at the lower
boundary of the anode support layer and the interface of electrode
reaction layers, and electrolyte is assumed to be continuous. Velocity
inlet boundary condition was chosen at the entrance of flow chan-
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nels, while pressure outlet was specified at the outlet. For the spe-
cies mass conservation equation, the mole fractions of each of gaseous
species are assigned. To solve the energy conservation equation, the
inlet temperature was implemented.

VALIDATION AND RESULT

To verify the results of the present study, an experimental report
and two numerical solutions weren used. The comparison of the
current model with the experimental data and numerical results of
Anderson et al. [24] regarding the current density, cell voltage and
power density are illustrated in Fig. 3. As can be seen, results are in
sufficiently reasonable agreement with the literature. Furthermore,
the results of Min Yan et al. [27] were used to validate the model
performance in carbon deposition simulation. As can be seen from
Fig. 4, the proposed model fully responded to the desired condi-
tions with high accuracy.
1. Effect of Inlet Velocity on Carbon Deposition

The velocity of inlet gases is one of the effective parameters in the
performance of the solid oxide fuel cell. Uniform input velocity is
a boundary condition for the momentum and energy equations in

the fuel channel. Three speeds of 1, 2, and 3 m/s were investigated
to examine the effect of inlet velocity on the carbon deposition rates,
and the results are shown in Figs. 5 and 6.

Changing the inlet velocity affects the rate of heat transfer in the
cell and plays an important role in controlling the cell operating
temperature and also reaction rate, such as methane cracking reac-
tion. Less methane is consumed at high speeds or in other words,
more methane is exhausted from the fuel cell without a reaction so
there is less carbon deposited: as a result, less porosity change.
2. Effects of Inlet H2 Molar Fraction on Carbon Deposition

The effect of variations in the molar fraction of the input hydro-
gen at 1,073 K and a velocity of 2 m/s on the rate of carbon deposi-
tion and variations in the porosity coefficient are illustrated in Figs.
7 and 8. The molar fraction ratio of H2O/CH4 is kept at 1, but the
molar fraction of H2O was changed. Increasing the inlet hydro-
gen ratio increases the electrochemical reaction rate. The higher
current density creates a more significant average temperature and
MCR rate; therefore, the carbon deposition rate increases, and the
porosity coefficient decreases. However, increasing the amount of
hydrogen increases the electric power.
3. Effect of Temperature on Carbon Deposition

As an important design and working parameter, fuel cell work-

Fig. 3. Comparison between the measured and predicted perfor-
mance.

Fig. 4. Validation of carbon deposition.

Fig. 5. Variation in carbon deposition in 150 days at variable velocity.

Fig. 6. Porosity variation in 150 days at variable velocity.
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ing temperature, both in terms of efficiency and degradation resis-
tance, is of great importance. In this section, the effects of tem-
perature on carbon deposition and fuel cell efficiency are investi-
gated. As it is shown in Fig. 4, the carbon deposition rate in the
model increases by 33, 80, and 118% with increasing of the oper-
ating temperature from 1,000 to 1,023, 1,073, and 1,123 K, respec-
tively, over a period of 150 working days. The higher the operating
temperature, the higher the carbon deposition rate and the faster
degradation of porous media. This phenomenon will lead to reduc-
tion in catalyst activity and ultimately the electric efficiency of the
SOFC as depicted by Figs. 9 and 10.
4. Variations in Temperature Distribution Due to Carbon De-
position

Thermal stress and mechanical failure caused by local tempera-
ture hotspots are essential factors in a fuel cell, which occur due to
the uneven temperature distribution between the cell and the re-
former because of the mismatch between the endothermic reform-
ing reactions and the exothermic reactions [33].

For this reason, the effect of carbon deposition at three inlet tem-
peratures of 1,000 K, 1,023 K, and 1,073 K on the temperature dis-

tribution was investigated with considering endothermic reactions
like MSRR and exothermic reactions like WGSR, BR, and electro-
chemical reactions. Results show that if there is no carbon deposi-
tion, the temperature distribution is assumed to be t=0, and the
temperature along the fuel cell increases due to heat generation.
However, with the deposition of carbon at 60 working days and
145 working days, the reaction rate gradually decreases, and the
temperature variations along the fuel cell decrease. As can be seen,
exothermic reactions are dominant reactions and temperature in-
crease, but after 145 days since the heat generated by electrical cur-
rent and electrochemical reactions has been greatly reduced, the
MSR reaction, which is endothermic, the reaction prevails, so the
temperature decreases first, but after consuming methane along the
fuel cell, the heat reactions prevail and the temperature increases. As
shown in Fig. 11(a)-(c), at the operating temperature of 1,000 K,
the maximum output temperature reaches 1,050 K (the tempera-
ture at the end of the fuel cell and on the electrolyte). The output
temperature decreases by 2.1% and 3.8% after 60 and 145 work-

Fig. 7. Effect of inlet H2 on porosity variation in 150 days.

Fig. 10. Variation in porosity in 150 days at variable temperatures.

Fig. 8. Effect of inlet H2 on carbon deposition in 150 days.

Fig. 9. Variation in carbon deposition in 150 days at variable tem-
peratures.
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ing days, respectively; compared to the initial state of 1,050 K. Fig.
11(d)-(f) shows that the temperature distribution variations due to
carbon deposition at the operating temperature of 1,023K are much
more significant. The maximum temperature of 1,080 K reaches
1,053 K and 1,034 K after 60 and 145 working days, respectively,
i.e., a decrease of about 2.5 and 4.2 percent. As can be predicted
and previously shown, by increasing the operating temperature to
1,073 K, the amount of carbon deposition and its effects increase,
so the temperature variations increase. The temperature rate de-
creases in this case after working days of 60 and 145 by 5.8 and 9.2
percent.
5. Variation of Cell Performance at Different Temperatures

Carbon deposition has a significant effect on fuel cell perfor-
mance. Fig. 12 shows the variations in fuel cell reactivity due to car-
bon deposition at different operating temperatures.

Fig. 11. Change in temperature distribution at different times and different operating temperatures. (a) at 1,000 K and t=0. (b) at 1,000 K
and t=60. (c) at 1,000 K and t=145. (d) at 1,023 K and t=0. (e) at 1,023 K and t=60. (f) at 1,023 K and t=145. (g) at 1,073 K and t=0.
(h) at 1,073 K and t=60. (i) at 1,073 K and t=145.

Fig. 12. Variation in fuel cell power generation due to carbon depo-
sition at different temperatures and times.
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As is evident, the rate of electrochemical reactions varies signifi-
cantly with increasing of the carbon deposition at higher tempera-
tures with reducing of the porosity and catalyst activity. Fig. 13 shows
variations in operating temperature over time to identify and com-
pare these variations. At 1,123 K, after 150 working days, the gen-
erated power shows a decrease of 81%, which varies by 30% com-
pared to 60 working days. The operating temperature of 1,000 K
has the lowest percentage of variations with 52% over 150 working
days. As observed from Figs. 12 and 13, at higher operating tem-
peratures, the produced electric power is much higher, but the effect
of carbon deposition is more significant.

CONCLUSION

The effect of carbon deposition on the electric performance of a
methane fueled direct internal reforming planar SOFC was numer-
ically investigated in two dimensions through COMSOL Multiph-
ysics commercial software. Time dependent variation of porosity
and catalyst activity affected by deposited carbon was modeled and
verified against available experimental and numerical studies. Using
proposed model the effect of SOFC some important operating
parameters, such as fuel inlet velocity, the hydrogen mole fraction
as one of the components of the entering fuel, and air and fuel inlet
temperature on the rate of carbon deposition have been analyzed.
It has been revealed that, any increase in inlet velocity of the fuel and
decrease in entering hydrogen mole fraction will lead to decreased
carbon deposition and thereby decreased porosity degradation which
enhances the electric performance of the cell. On the other hand,
it has been shown that increased fuel inlet temperature is the favorite
of carbon deposition and deteriorates the cell output electric power
and efficiency. Finally, it has been concluded that increasing the
deposited carbon leads to decreased temperature gradient along the
cell length, which results from reduced active area and chemical
and electrochemical reaction rates.

NOMENCLATURE

CC : molar concentration of carbon [mol m3]
Cpi : specific heat of species i at constant pressure [J mol1 K1]

Dij : binary diffusion coefficient [m2 s1]
E0 : Reversible electrical potential of cells at standard pressure

and temperature [V]
EREV : reversible electrical potential of cells [V]

: reversible electrical potential of cells, related to electrochemi-
cal reaction H2 [V]
: reversible electrical potential of cells, related to electrochemi-
cal reaction CO [V]

Ecell : electrical potential of cells [V]
F : Faraday’s constant [C mol1]
J : current density [A m2]
k : thermal conductivity [W m1 K1]
ki : thermal conductivity of pure component I [W m1 K1]
M : molecular weight of species I [kg mol1]
mi : mass of species i [kg]
Ni : moles of electrons transferred per mole reactant [Mol m2

s1]
n : moles of electrons transferred per mole reactant [mol]
ni : moles of species i [mol]
p : pressure [Pa]
pi : partial pressure of species i [Pa]

: pressure of gas component in fuel channel [Pa]
: pressure of gas component in the air channel [Pa]
: pressure of gas component in the air channel [Pa]

Rg : universal gas constant [J mol1 K1]
R_wgsr : water-gas shift reaction rate [mol m3 s1]
R_mcr : methane cracked reaction rate [mol m3 s1]
R_msrr : methane steam reforming reaction rate [mol m3 s1]
R_B : Boudouard reaction rate [mol m3 s1]
RC : carbon deposition rate [mol m3 s1]

: electrochemical reaction rate of CO component [mol m2·
s1]
: electrochemical reaction rate of H2 component [mol m2·s1]
: electrochemical reaction rate of O2 component [mol m2·
s1]

Si : source term of component i
T : temperature [K]
t : time [s]
u : velocity vector [m s1]
Vi : volume of species i [m3]
wi : mass fraction of species i
xi : molar fraction of species i

Greek Symbols
 : porosity [V]
i : density of species i [mol s1]

Subscripts
act : activity
an : anode
B : Boudouard reaction
Ca : cathode
cell : fuel cell
pore : porous media
R : methane steam reforming reaction
re : electrode reaction layer

EH2O2

rev

ECOO2

rev

Pi
fc

Pi
fac

PO2

ac

r·elc, CO

r·elec, H2

r·elec, O2

Fig. 13. Percentage of variation in fuel cell production power due to
carbon deposition at different temperatures and times.
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S : CO water-gas shift reaction
st : electrode support layer
TPB : interface between anode and electrolyte

Superscripts
eff : effective
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