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Abstract: Conventional energy sources such as petroleum and coal are currently the primary sources for electricity production.
However, these energy sources are depleting, and are also unfriendly to the environment. Renewable energy sources such as solar
energy, wind energy, photovoltaic cell energy etc. are very effective in reducing the greenhouse gas emissions serving as cleaner
alternatives. Solid oxide fuel cells (SOFC) serve as one such alternate clean source of energy. These unlike other fuel cells which
can only operate with specific fuel sources, exhibit fuel flexibility by operating at high temperatures. These high temperature
operations however come with several inherent challenges such as suitable choice of material, stability of the auxiliary systems and
so on, for the optimum performance of the fuel cell. Hence critical understanding of corelation between high temperatures and the
performance of the SOFC is required so that the controlling factors can be optimised further to suit more small-scale applications.
To aid this aspect in our study, simulation of a three-dimensional modelled single cell planar solid oxide fuel cell was performed
under steady-state and counter-current flow condition in the temperature range of 500°C to 1200°C using a computational dynamics
software, COMSOL Multiphysics. The choice of materials for the fuel cell involved the use of, nickel oxide as anode, lanthanum
strontium cobalt ferrite as cathode and yttria-stabilized zirconia the electrolyte. Hydrogen was supplied as anode side fuel while
oxygen was fed as the cathode side fuel. The performance of the fuel cell was then determined from the polarization and power
characteristics, which were then analyzed, and it was finally interpreted that with the increase in operating temperature, the
performance of the solid oxide fuel cell increases.

Index Terms - SOFC, COMSOL, Temperature, Polarization, Power.

|l. INTRODUCTION

Energy demands currently are being met via fossil fuel-based sources such as petroleum and coal, but these are diminishing on
a relatively rapid scale with unfavourable environmental impacts. Alternative energy sources such as renewable energy systems
(RE) are becoming more common in power generation applications. RE sources include solar energy, wind energy, photovoltaic
(PV) cell energy, fuel cell etc. which are very effective in reducing the greenhouse gas emissions. Soon, major portions of rise in
electrical energy demand will be met by widespread installation of distributed power generation [1]. Amidst these renewable energy
sources is the fuel cell, which is an electrochemical cell that converts chemical energy obtained from fuel into electrical energy and
produces fewer pollutants (water and heat). Therefore, fuel cells are considered as a low pollution power sources among other power
conversion technologies [2]. Generally, fuel cells have significant advantages, such as they can be placed anywhere in the system,
high power quality, reliability, and improved efficiency. Fuel cells can be used in transportation, stationary power generation and
battery replacement [3]. In general, solid oxide fuel cells (SOFC) have high electrical efficiency and relatively low cost compared
to other types of fuel cells such as alkaline fuel cell (AFC), proton exchange membrane (PEM) fuel cell. Both natural gas and coal-
derived gas are used as the primary sources of fuel for SOFCs. Since SOFCs operate at higher temperatures, it is possible to use
other fuels such as Methane (CH.) and produce Hydrogen (H2) internally, with the help of a metal catalyst. Hence, the practical
difficulty of externally feeding pure H can be eliminated. In this respect, we use the term fuel flexibility. Some of the other
advantages of SOFCs are simpler concept, design and construction, higher efficiency, fuel flexibility and relatively high-power
density [4], [5]. But these high temperature operations present several inherent challenges for operation in terms of suitable choice
of material, stability of the auxiliary systems and so on, therefore critically understanding of the effect of temperature on
performance of the SOFC becomes important, so that the controlling factors can be optimised further to suit more small-scale
applications.
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To evaluate the performance of the SOFC several simulation-based works have been carried out previously such as R. Yadav,
et al. [6] have used MATLAB/SIMULINK environment to create a 2D flow diagram for their modelling and
simulation. Gebregergis A, et al. [7] proposed a method to analyze the dynamic response of a SOFC by distributed modelling
approach and lumped modelling. The distributed model and lumped model was implemented by PSpice software to obtain
theoretical results such as polarization curves. R. Bianchi, et al. [8] evaluated the SOFC performance through electrochemical
impedance spectra (EIS) analysis and characteristic curves and proposed 2D steady state simulation code. This model was
implemented in Fortran. S. N. Ranasinghe et. al [9] had carried out the temperature dependent study for different gas flow patterns
but for only three different operating temperatures, using COMSOL indicating the correlation between temperature and performance
of the SOFC and characterizing it. Hence in our survey it was seen that a combined work on temperature dependent behavior of
SOFC followed by the critical analysis of the nature of the performance curves is yet to be carried out for wider operating
temperature conditions to get a more complete understanding of the performance of the solid oxide fuel cell.

To aid this aspect in our study a stationary 3D modelled planar solid oxide fuel cell was prepared and analysed via finite element
analysis, under steady state conditions for specific counter current gas flow pattern over a wide operating temperature range between
500°C to 1200°C. First the correct operation of the created fuel cell model was verified via the simulation images, then the
characterisation of the performance of the fuel cell was done through the polarization characteristics and power characteristics using
COMSOL Multiphysics (version 5.1) and then finally the nature of the curves obtained were analysed to identify the controlling
factors.

Il. METHODOLOGY

2.1 Details of the analytical tool

COMSOL Multiphysics is a cross-platform finite element analysis, solver, and Multiphysics simulation software. It allows
conventional physics-based user interfaces and coupled systems of partial differential equations (PDEs). COMSOL provides an
IDE and unified workflow for electrical, mechanical, fluid, acoustics, and chemical applications [10].

The experimental setup for this study is the SOFC (solid oxide fuel cell) model created using COMSOL Multiphysics (version
5.1) simulation software. Figure 1 shows the working interface of COMSOL Multiphysics [10].
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Figure 1: Interface of COMSOL Multiphysics

2.2 Components of the solid oxide fuel cell

SOFC has three main components the anode, cathode, and the electrolyte The choice of the materials for the study were done
using the COMSOL Multiphysics software in the material selection sub section in the global definition section.

Firstly, nickel oxide (NiO) was selected as the anode material as it allows the oxygen ions that diffuse through the electrolyte
to oxidize the hydrogen fuel serving as a catalyst and is the commonly used material [11]. Secondly the electrolyte considered for
the study was yttria-stabilized zirconia (YSZ) due to superior stability at high temperature, good conductivity of oxygen ions and
cost effectiveness [11], [12]. Lastly lanthanum strontium cobalt ferrite (LSCF) was selected as the cathode material because of good
structural stability and high electrochemical activity for oxygen reduction reactions [13]. The cross-sectional view of SOFC is
shown in figure 2.
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Figure 2: Cross Sectional view of the SOFC

2.3 Overview of the operation of the solid oxide fuel cell

The conversion of fuel to electrical energy predominantly involves four steps in a fuel cell namely reactant transport (1),
electrochemical reaction (2), ionic conduction (3) and product removal (4). These steps are schematically shown in figure 3 [14].
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Figure 3: Cross-section of fuel cell illustrating major steps in electrochemical generation of electricity
Source: Adapted from [14]

Firstly, efficient delivery of the reactants is brought about by the combined effect of the flow field plates and the porous electrode
which distribute the fuel over the entire surface of the fuel cell. Then the fed reactants must undergo the electrochemical reaction
to generate current. This is followed by ionic and electronic conduction where the ions produced or consumed during the
electrochemical reaction must diffuse through the electrolyte (due to relatively larger nature of ions) and electrons produced or
consumed must flow externally through the wire to maintain the charge balance. This is finally followed by efficient product
removal, as buildup of unremoved by products such as water can eventually strangle the fuel cell preventing new fuel and oxidant
from being able to react [14].

In our SOFC the hydrogen fuel is fed at the anode, and oxygen is supplied at the cathode. The high temperature enables internal
fuel reforming and high ionic conductivity, helping in the reduction of oxygen molecules into ions which then diffuse through the
electrolyte. The electrolyte selectively allows for only the oxygen ions to diffuse through it as diffusion of anions requires a much
higher activation energy. The oxygen ions reach the anode where they combine with hydrogen to produce free electrons and water
as the byproduct [12]. The free electrons generated pass through the external circuit across the load thereby providing electricity
and also sustain the reaction at the cathode [11]-[14]. Figure 4 schematically indicates the overview of the operation of SOFC.
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Figure 4: Electrochemical Reaction in the SOFC
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2.4 Governing Equations Used for Modelling

The fundamental momentum, charge balance and mass transport equations were used in modelling the SOFC. The main
processes associated with the functionality of the model are described as follows.

Firstly, for multicomponent transport, the mass balances for gas phase in gas channels and porous electrodes were modelled
using Maxwell-Stefan Diffusion and Convective flow equations. When considering the transport of fluid, both diffusion (the
distribution of chemical species uniformly in space with time) and convection (the bulk motion of fluid) of the fluid were included
for each electrode flow compartment (anode and cathode flow channels). The material transport was modelled by the Maxwell-
Stefan’s diffusion and convection equations over Fick’s diffusion [9], [15], [16]. The governing equation is given by equation 1,

dpw;
at

+V.(j; + pwju) = R; (1)

where, w; the mass fraction, ji is the molecular mass flux (mol/m?s), Ri is the reaction rate of the i species and u is the velocity
field.

Secondly, for the Gas Diffusion aspect, flow distribution in gas channels was modelled using Navier-Stokes equation. To define
the velocity field and the pressure field in gas channels, we used a free and porous media flow interface. Gas flow in open channels
was modelled by using the weakly compressible Navier-Stokes equation given by equation 2 [9], [17].

p(5; +u.Vu) = —Vp + V(u(Vu) + (Vw)") - p(Vu)l + F )

This equation is constructed by combining several independent parameters which are p (3—'; +u Vu): Inertial forces of the

system, Vp: Force created by pressure of the fluid, V(u(Vu) + (Vu)T) — g u(Vuw)I : Viscous forces of the system, and F: The
external forces applied to the fluid.

Flow in the porous GDEs was then modelled using Brinkman equations. Here the flow velocities in the porous GDE’S were
enforced with the help of the Brinkman equations given which were used to define the boundary conditions of the inlet channels
(H2and Oz) while the outlet pressure is made equal to 1 atm. This is given by equation 3 [9], [18], [19],

Vp =—() *v + pV2(v) ©))
Where, . is the parameter of efficient viscosity.

Finally, the charge balances (ionic and electronic) were modelled using Butler-Volmer charge transfer kinetics. A secondary
current distribution interface was used to determine the ionic and electronic charge balances of the electrolyte. This includes the
two GDEs as well as the anode and the cathode current feeders. We had assumed that the charge transfer current density can be
described by using the Butler-Volmer charge transfer kinetics as it is the most fundamental equation that describes the relationship
between the current through the electrolyte and the voltage difference between the electrodes and the bulk electrolyte [9], [20].
Anode charge transfer Kinetics (iact) is given by the equation 4 as,

)= )exp(rm) @)

20,ref

. . ch2
lact = 1O'a((chZ rEf)eXp(

where ig is the anode exchange current density,(A/m?), cnz is the molar concentration of Hy,(mol/mS), cnz is the molar concentration
of H,0,(mol/m?), ctis the total concentration of species ,(mol/m3), charer and Cnao ref is the reference molar concentrations,(mol/m?),
F is the Faraday’s constant,(coulomb/volt) and n is the overvoltage,(V).

Now cathode charge transfer kinetics are given by equation 5 as,

C

. . 3.5F t —0.5F
et = i0,c(eXP (1) —%o2( ) exp(— 1)) ®)

Co2

where io. is the cathode exchange current density,(A/m?), Xo2 is the molar fraction of O,. For both the aforementioned equations the
overvoltage is defined by equation 6 as [9], [20],

1 = @electronic — Pionic — Aeq 6)
where A@eq is the equilibrium potential difference.

We used the anode inlet voltage as a fixed reference voltage which is equal to zero, following which the cathode inlet voltage
(\Vcell) is given by equation 7 as [9], [21],
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Veell = A@eq,c - AQ)eq,a (7)

For this model, we used A@eqc =1V, AQeqa =0V and 0.05V < Vpo < 0.8 V.

2.5 Steps involved in simulation
The following step-by-step approach was followed in our research for modelling the SOFC.

First step involved selecting the physics and the study for the model. The cross section of the single cell SOFC shown in figure
2 was modelled using COMSOL Multiphysics software. Nickel oxide (NiO) was used as the anode material, while lanthanum
strontium cobalt ferrite (LSCF) was used as the cathode material and the electrolyte was made of Yttria-Stabilized Zirconia (YSZ).
In our model the anode fuel used was a mixture of H, and water vapour (humidified H20). In addition, a mixture of air, water vapour
and nitrogen were used as the cathode fuel. Furthermore, the anode and the cathode were used as two porous gas diffusion electrodes
(GDEs). To model the gas diffusion in the cell, we had used an anode flow channel along with a cathode flow channel [9].

Next, step involved constructing the 2D model. In this the geographical model was constructed first [9]. For our model, we had
selected the y-z plane as the 2D plane. The established 2D model is shown in figure 5.
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Figure 5: 2D model of SOFC in COMSOL

Next step involved extruding the 2D model to 3D. To create the 3D model, we extruded it [9]. In figure 6, the constructed 3D
geographical model including two GDEs, electrolytes and the two gas flow channels, is shown.

Figure 6: 3D model of the SOFC in COMSOL

The next step involved setting parameters according to requirements and assigning them for GDE’s. The following parameters,
like [9] were set for the analysis of the SOFC at different temperatures by the user as shown in table 1.
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Table 1: List of the user defined parameters

Parameters Associated values [units]
Atmospheric pressure 1ATM
Temperature 800 °C
Viscosity, air 3E-5[Pa*s]
Pressure drop, anode 2[Pa]
Pressure drop, cathode 6[Pa]
Exchange current density, anode 0.1[A/m?]
Exchange current density, cathode 0.01[A/m?]
Specific surface area, anode 1E9[1/m]
Specific surface area, cathode 1E9[1/m]
Initial cell polarization 0.05[V]
Anode permeability 1E-10[m?]
Cathode permeability 1E-10[m?]
Equilibrium voltage, anode o[v]
Equilibrium voltage, cathode 1[V]
Electrolyte effective conductivity, anode 1[S/m]
Electrolyte effective conductivity, cathode 1[S/m]
Solid effective conductivity, anode 1000[S/m]
Solid effective conductivity, cathode 1000[S/m]
Electrolyte conductivity 5[S/m]
Current collector conductivity 5000[S/m]
Porosity 0.4
Molar mass, H 2[g/mol]
Molar mass, O 32[g/mol]
Molar mass, H20 18[g/mol]
Gas flow channel width 0.5e-3[m]
Gas diffusion electrode thickness le-4[m]
Electrolyte thickness le-4[m]
Gas flow channel height flow channel length 0.5e-3[m]
Flow channel length 10e-3[m]

Next, we assigned the boundaries for the model. Here no slip conditions were assigned at the free and porous media flow
interface for gas flow in open channels and slip conditions were assigned in the anode and the cathode [9].

The next step involved creating the mesh for the model [9]. After configuring the parameters, we had created the mesh to
discretize the model as shown in figure 7. The finite element method which divides the model into small geometrical shapes was
used so that we could get more accurate results for our simulations.
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Figure 7- Meshed 3D model of SOFC created in COMSOL
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Then we assigned other study parameters for the required outputs. For the analysis, we selected the stationary study mode
assuming that the load and temperature are independent of the time. Simulation models were developed to evaluate the performance
for counter flow gas flow pattern, we considered gas entering to the anode flow channel from the right side and the gas outlet on
the left. Furthermore, for cathode flow channel, gas inlet on the left side while gas outlet on the right side. To evaluate the variation
of characteristics with temperature, temperature values of the model are varied accordingly while keeping all the parameters
constant. Finally, we ran the simulation and obtained the results [9].

I11. RESULTS AND DISCUSSIONS

3.1 Simulated flow of ions in the fuel cell

The simulated flow of hydrogen and oxygen ions is shown here in figure 8 to further perceive and verify the correct operation
of the modelled fuel cell. Here the dark red colour index indicates a high concentration of the ions, and the dark blue colour index
indicates absence of ions, and the shades in between indicate decreasing concentration in order from darker shades of red followed
by lighter shades of red to lighter shades of blue followed by darker shades of blue. The left end of the image represents the anode,
and while the right end indicates the cathode.

The first image of figure 8 represents the flow of hydrogen ions. It can be here that the hydrogen ions remain localised at the
anode and do not diffuse through the electrolyte. The second image in figure 8 shows that the oxygen ions diffuse through the
electrolyte to reach the anode and carry out the electrochemical reaction as expected.
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Figure 8: Simulation of flow of ions in the electrolyte in COMSOL

To evaluate the performance of the SOFC, the polarization characteristics and power characteristics curves were plotted and
analysed.

3.2 Polarisation characteristics

The polarisation characteristics of a fuel cell depend on polarisation voltage and current density; hence we first define these
terms. Current density is measure of current per unit active area of the electrode [22]. There are two different types of current
densities, namely exchange current density and the average current density. Exchange current density is a measure of how easily
the charges can overcome energy barrier to diffuse from the electrolyte to the catalyst surface and vice versa. It’s the measure of
electrode’s readiness to proceed with an electrochemical reaction. While the average current density is the difference between anode
and cathode exchange densities. The polarisation voltage indicates the voltage output of the fuel cell for a given average current
density output [23], [24]. Therefore, polarisation characteristics of the fuel cell are determined by plotting the polarization voltage
against average current density output for different operating temperatures. To further understand how these characteristics differ
in reality and theory we first discuss the ideal polarisation curve and then shift our focus gradually to the actual polarisation curve
obtained from our simulation study.

An ideal fuel cell would supply any amount of current (if it is supplied with sufficient fuel), while maintaining a constant voltage
as determined by thermodynamics. In practice, however, the actual voltage output of a real fuel cell is less than the ideal
thermodynamically predicted voltage. This arises due to three controlling factors as shown in the figure 9, firstly, the activation
loses arising due to electrochemical reaction (shown by the region 1) affect the nature of the initial section of the curve, secondly,
ohmic loses arising due to ionic and electronic conduction (shown by region 2) affect the nature of the mid-section of the curve,
and finally, the concentration polarisation which arise due to mass transport (shown by the region 3) affect the nature of the final
section of the curve [14], [24]-[26].
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Figure 9: Schematic of fuel cell polarisation curve
Source: Adapted from [27]

Therefore, in contrast to the constant value of the ideal, thermodynamically predicted polarisation voltage of a fuel cell (indicated
by the golden line), the actual polarisation voltage of a fuel cell (indicated by the blue curve) is lower due to the mentioned
irreversible losses and varies with average current density. It is given by equation 8 [14],

V = Ethermo — Nact — MNohmic — NMconc (8)

Where, V is actual polarisation voltage (real output voltage of fuel cell), Ethermo i the theoretical polarisation voltage
(thermodynamically predicted fuel cell voltage output); set by the laws of thermodynamics, T),¢¢ are the activation losses due to

reaction kinetics, Nohmic are the ohmic losses from ionic and electronic conduction, and M ¢one are the concentration losses due
to mass transport.

The polarisation characteristics of our SOFC were hence determined by plotting polarization voltage against average current
density output for five different operating temperatures set as parameters which were 500, 800, 900, 1000 and 1200 degree
centigrade. Data for one such curve at 800°C for average current density output and polarisation voltage is shown in table 2. Through
the simulations performed under steady state condition and counter flow pattern of ions it can be interpreted from figure 10 that
with increase in operating temperature, the SOFC maintains a high fuel cell polarisation voltage for a fixed current density output.
It can also be seen that, at high operating temperatures the SOFC continues to provide polarisation voltage by maintaining high
current density output without undergoing saturation at a lower value unlike at lower operating temperatures. Maintaining a high
fuel cell voltage with high current density output is a desirable factor for indicating the performance of the SOFC, hence fuel cell
voltage axis can be regarded as the efficiency axis [14]. Therefore, it can be inferred from figure 10 that the increase in operating
temperature increases the performance of the fuel cell.

It is further observed that the jump in polarisation characteristics was almost insignificant on increasing the operating
temperature from 800°C-900°C, but from 900°C-1000°C it was slightly more pronounced and then it was very significant from
1000°C-1200°C at higher current densities. This jump is also observed to be significant only in the later stages of the curve. This
can be due to increase in temperature not having much effect on the activation loses but substantially reducing the ohmic loses and
concentration polarisation, thereby influencing the nature of the curve. In addition, the reduction in the voltage loses is more
prominent when the operating temperature is raised by the same factor of 200°C above 1000°C i.e., from 1000°C-1200°C than when
raised below 1000°C i.e., from 800°C-1000°C.
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Table 2: Polarization data at 800°C

Average Current density [I] | Polarisation voltage [V]
367.76223 0.95

668.370518 0.9

1085.633265 0.8

1421.350053 0.7

1756.80046 0.6

2077.571206 0.5

2353.746729 0.4

2561.772431 0.3

2709.994263 0.2
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Figure 10: Polarization characteristics
3.3 Power characteristics

The power characteristics of SOFC involves the plot of power density output against average current density output for different
operating temperatures of the fuel cell [28], hence we first define the term power density. Power density indicates how much power
a fuel cell can produce per unit volume or per unit mass. The power delivered by the fuel cell (P) is the product of average current
density output (1) and polarisation cell voltage output (V), which is given by equation 9 [14],

P=1IV 9)

The power characteristics of our SOFC were hence determined by plotting the average cell power density output against average
current density output for five different operating temperatures as parameters which were 500, 800, 900, 1000 and 1200 degree
centigrade. Table 3 shows the average current density output and average cell power output data for one such curve at 800°C. From
figure 11 it can be deducted from the simulations performed under steady state condition and counter flow pattern of ions that at
high operating temperatures a higher average cell power is obtained for a fixed average current density output. In addition it is seen
that the SOFC operates at high temperatures to provide the same power output in addition to maintaining high current density output
without reaching saturation unlike at lower operating temperatures. As the ability of the SOFC to provide power output by
maintaining a high current density output at the same time without saturation is a desirable characteristic [14], it can hence be
inferred from figure 11 that the performance of the SOFC increases with increase in operating temperature.
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In addition, due to dependence of cell power output on cell voltage, the nature of power characteristics curve is influenced by
the same activation loses, ohmic loses and concentration polarisation effects. Further due to this dependence, when the operating
temperature is shifted across from 500°C-1200°C, nature of the jump in the curve lies between being significant in the temperature
range of 1000°C-1200°C and not so significant in the temperature range of 800°C-1000°C and involves a higher reduction in voltage

loses beyond 1000°C as seen in figure 11.

The power density curve can also be constructed from the polarisation curve by multiplying the voltage at each point on the
curve by the corresponding current density. Fuel cell power density increases with increasing current density, reaches a maximum,
and then falls at still higher current densities. At current densities below the power density maximum, voltage efficiency improves
but power density falls. While at current densities above the power density maximum, both voltage efficiency and power density
fall. Hence the fuel cells are designed to operate at or below the power density maximum [14].

Table 3: Power characteristics data at 800°C

Average Current density [I] Average cell power density [P]
367.76223 349.3741185
668.370518 601.5334662
1085.633265 868.5066118
1421.350053 994.945037
1756.80046 1054.080276
2077.571206 1038.785603
2353.746729 941.4986915
2561.772431 768.5317294
2709.994263 541.9988526
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Figure 11: Power characteristics
JETIR2306779 ] Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org \ h610


http://www.jetir.org/

© 2023 JETIR June 2023, Volume 10, Issue 6 www.jetir.org (ISSN-2349-5162)

1V. CONCLUSION

In this study, a steady state model for a single cell SOFC was developed using COMSOL Multiphysics software (version 5.1)
to evaluate its performance under counter current gas flow pattern for five different operating temperatures (500°C, 800°C, 900°C,
1000°C and 1200°C). Firstly, we showed the image of simulation of flow of ions in our SOFC model which verified the correct
operation of the modelled fuel cell. Then as per the computational results it was seen that, with the increase in operating temperature,
the performance of the SOFC increases. It was also seen that the characteristic nature of the polarization and power characteristics
curve was influenced by the activation loses, ohmic loses and the concentration polarization. In addition, a sudden jump was
observed in both the curves, with the nature of the jump being significant between 1000°C-1200°C and not so significant between
800°C-1000°C, and higher reduction in voltage loses was seen beyond 1000°C when the operating temperature was shifted across
from 500°C-1200°C. Hence finally in our study we were able to corelate the performance and temperature of the SOFC and analyze
the performance curves.

To further extend the scope of this simulation, a study for different flow patterns could be carried out with a time dependent
analysis, thereby further determining a dynamic model for SOFC operation. In addition, the reason for the sudden jump and the
selective difference in reduction in voltage loses within a particular operating temperature range could be investigated further.
Finally, upon combination of above studies modifications could be suggested to further enhance the performance of the solid oxide
fuel cells.
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