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Abstract: The aim of this work is the solid oxide fuel cell (SOFC) thermodynamic study. Particular attention
is given to the electric power optimization. The Nernst potential and the over-potentials that are due to the
concentration polarization, activation polarization and to the Ohm polarization represent the fuel cell
potential. A FORTRAN language program was developed locally for the cell model simulation.

From the result analysis, it appears that the developed model allowed understanding the operating condition
effects on both potential and power density values. The obtained results show that the cell potential and the
power density are proportional to the operating temperature changes and to the oxygen concentration in the
oxidant, by cons, they are inversely related to the supply pressure changes, fuel moisture and to the electrolyte
thickness.
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1. Introduction

Among the fuel cell types, solid electrolyte cell (SOFC) delivers a large electric power. It is
considered as a promising technology for its great global performance and its operating ability

by several fuels.

The electrochemical behavior remains the main research focus for the fuel cell development.
The complexity and the multitude of phenomena involved in the fuel cell operation make its
experimental study difficult. Thus, researchers incite to develop numerical simulation programs
in order to predict better the phenomena behavior that intervenes and minimizes the costly
experimental experiences. In this context, several studies have been addressed previously. Yang
et al. [1] have developed an electrochemical model for solid oxide fuel cells to a supported

anode (SOFC-AS) to analyze and improve the cell design. The presented model takes into
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account three over-potential types: activation, Ohm and concentration. They showed that the
activation and Ohm over-potentials are the main responsible cause for the tension loss. Al
Zahrani et al. [2] have presented and used a model for predicting the conventional SOFC

performance under various operating conditions and design for low operating temperatures.

Verma et al. [3] have studied the possibility of supplying the solid oxide fuel cells with reformed
fuels. This can be beneficial because they are cheap compared to pure hydrogen. A biomass fuel
can be easily modeled as a reformed fuel because it can be converted into Hz and CO using the
gasification or the bio-degradation. This produced composition is mainly made in a gas reformer
situated before the cell. Saebea et al. [4] have performed a study to evaluate the theoretical
performance of a single cell of an SOFC integrated with a steam reforming process using three
different renewable fuels: ethanol, glycerol and biogas. They studied the main operating
parameter effects on the hydrogen production. Tippawan et al. [5] have applied a
thermodynamic concept to identify a reforming process suitable for an SOFC supplied with
ethanol. Three different reforming technologies are considered, specifically, steam reforming,
partial and direct oxidation reforming. They showed the effects of the main operating
parameters on the distribution of reforming products, such as (Hz, CO, COzand CH,) in order
to identify the best process for reforming ethanol for SOFC applications.

This study is a continuation of our previous ones [6-15]. In [6], the thermoelectric performance
of an intermediate temperature SOFC has been presented by a one-dimensional model for the
parallel direction to the gas flow using the finite volume method. The heat is generated by the
Joule’s effect and the loss due to the internal chemical reaction. In the reference [11], the power
density and the hydrogen consumption of a planar SOFC are studied according to input
parameters; such as the operating temperature, the operating pressure, the flow rates and the

mass fractions by a one-dimensional electro-dynamic model using the finite difference method.

In the reference [7], the hydrogen and water distribution depending on the anode thickness in
the SOFC heart has been realized by a two-dimensional model based on the finite difference
method in the perpendicular plane to the reactive gas flow directions. Reference [8] shows a
two-dimensional numerical study of the temperature fields in the perpendicular plane to the gas

flow of a planar SOFC heart at a supported anode under the chemical reactions effect.

The reference [9] represents a study of the location and determination of the maximum
temperature values in all solid and porous parts (electrolyte, interconnectors, anode and
cathode) of the planar SOFC at a supported anode or a supported electrolyte, in a perpendicular
plane to the gas flow under the polarization effects: Ohmic, activation and concentration.

Reference [10] shows an analysis of the heat production and distribution in all solid and porous
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parts of the planar SOFC at a supported anode under the effect of various over-potentials
(Ohmic, activation, concentration and chemical), in the perpendicular plane to the gas flow
direction in order to describe the thermal behavior during the operation. The reference [12]
represents a comparative study of the heat distribution depending on the gas supply temperature
between two planar SOFC configuration types. The first has a supported anode and the second
has a supported electrolyte for the cases with and without the total heat source (Ohmic,
concentration, activation and chemical), in all solid and porous parts (electrolyte,
interconnectors, anode and cathode) of the planar SOFC. In [13], the molar fractions effect of
the fuel constitutive chemical species (CH.4, H20, CO, CO, and H>) on the heat distribution is
studied in a planar SOFC at the supported anode in a two-dimensional environment and
perpendicular to the gas flow direction. Heat generation/absorption due to the direct internal
reforming in all solid and porous parts of the cell are discussed. The reference [14] presents a
study of the produced heat behavior by the direct internal reforming depending on the
temperature and pressure of the supply fuel in all parts of the planar SOFC at a supported anode

in the perpendicular plane to the gas flow.

In the reference [15], a comparative study of the heat generation in the three geometric
configuration types of the planar SOFC (supported anode, supported cathode and supported
electrolyte) in a three-dimensional environment is realized. The heat production is caused by

the Joule’s effect.

In this paper, an SOFC thermodynamic study is presented, while paying particular attention to
optimize the produced power density by the fuel cell. Studied parameters are the operating
temperature, the operating pressure, the water and oxygen concentrations and the electrolyte

thickness.

2. Thermodynamic Modeling
2.1. Fuel Cell Performance

SOFC tension is defined by the difference between the theoretical Nernst potential and the sum

of different generated tension losses by several phenomena:
E = Enernst — Tension losses Q)
'E' (V) is the SOFC tension, 'Enemst' (V) is the Nernst potential that is given by the following

equation:

ENernst - EO + o r [l (PHZ 2 02)] (2)

Ph,0
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Where 'R' (Kg.m™.s?) is the gas constant, 'T' (K) is the operating temperature, 'n' is the transfer
electron number, 'F' (C.mol?) is the Faraday number, 'P' (bar) is the partial pressure of each
species (hydrogen, oxygen and water steam) and 'Eo' (V) is the ideal potential. It is defined by
a first order polynomial as a temperature function given in Equation (3). [16-24]:

Where ‘a' (V) and 'b' (V.K™) are constant, they are defined by the Table 1:

TABLE 1. Ideal potential coefficients; ‘a’ and ‘b’.

a[V] b [V.KY] References

1,253 -2,4516.10* [16-24]

The tension losses that are defined by equation (1) include three loss types; Ohmic, activation

and concentration.

2.2. Ohm Losses

The Ohmic losses are due to the encountered resistance by the ionic current passing through the
electrolyte and due to the encountered resistance by the electrons that traversed the electrodes
and the electric circuit. They are mainly due to the electrolyte. They can be reduced by
decreasing the electrolyte thickness and improving the ionic conductivity. However, the
electrolyte and electrodes obey the Ohm's law. The Ohmic losses are defined by the Equation
(4) [3,9,25-31]:

Nonm = 1.7; (4)

Where 'i' (A.m2) is the current density and 'r" is the electrical resistance of each component 'j'
(anode, cathode and electrolyte), which is defined for each component by the ratio of the
element thickness ‘e’ (m) and his electrical conductivity 'c' (Q1.cm™) in equation (5). The
electrical conductivity of each element is given by the standard materials ((YSZ) for the

electrolyte, (LSM) for the cathode and (Ni-YSZ) for the anode)n as shown in Table 2.

r= ®)

e
g
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TABLE 2. The electrical conductivity of each component of the cell.

Components o [Qt.ecm? References
—10300 -
Electrolyte Gure = 3,34 104.e(T) [3,9,15,25-31]
Cathode 42.107 (1200 [3,9,15,25-31]
Ocat = — 7 —-e+ T
T
Anode 95.107 (iiso) [3,9,15,25-31]
Oan =~ ¢ T

2.3. Activation Losses

The activation losses are present when the electrochemical reaction rate at the electrode surface
is controlled by the deceleration kinetics for this electrode. In other words, the activation
polarizations are directly related to the electrochemical reaction rate. In order that a chemical
or electrochemical reaction can start in both cases, the reactants must exceed an activation
barrier. In the electrochemical reaction case where the activation losses '7ac (V) exceed (50-
100 mV), they are described by Equation (6). [5,17,18,21,23,32]:

RT . . _ j
Nact,j = m.smh 1( = ) (6)

2.0,

Where ‘o' is the electronic transfer coefficient or the charge transfer coefficient and 'io' (A.m)
is the exchange current density for each electrode 'j' (anode or cathode), it is usually given by
Equation (7) [5,17,18,21,23,32]:

io; = ky.exp (—=L) 7)

Where 'Ej' (J.mol?) and 'kj' (A.m™2) are the pre-exponential factor and the activation energy of
each electrode 'j' (anode and cathode), they are represented respectively by a first order

polynomial as a temperature function and a constant (see Table 3).
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TABLE 3. Values and expressions of the pre-exponential factor and the activation energy.

Anode Cathode References

kan[A.m-z] Ean[\].mOI-l] kcat [A.m-z] Ecat [\].mOI-l]

R.T 10° R.T 105
654101 5 1,4.10 235,104 21 1,37.10° |[5,17,18,21,23,32]

2.4. Concentration Losses

At the electrodes, the concentration losses are the potential losses due to the system inability to
maintain the initial reactant concentrations. Many factors can contribute: the low gas diffusion
through the porous electrodes, the reactant or product dissolution in the electrodes and the
reactant or product diffusions in the reaction site. These losses may be expressed by the
following simplified equation [33,34]:

R.T i
Nconc,j = _E-ln (1 _L) (8)

Where 'ii' (A.m?) is the limiting current density of each electrode 'j' (anode and cathode) that

are represented by constants (see Table 4).

TABLE 4. Limiting current density values for each electrode.

Anode [A.m?] Cathode [A.m™] References

2,99. 10* 2,16.10% [33,34]

2.5. Code Structure

After collecting the equations that represent the physical model, realization procedure of a
calculator code in FORTRAN will begin. This code consists of four steps; the first step
represents the data reading which consists of the following parameters: the ideal potential
coefficients ‘a’ and ‘b’, the operating temperature ‘T’ and the supply pressure ‘P’, the
concentrations of the three species ‘Xn2’, ‘Xn20° and ‘Xo2’, the limiting current density of each
electrode 'ijan' and ‘iicat’, the transfer electron number ‘n’, the Faraday number ‘F’ and the
thickness of each cell heart component ‘ea’, ‘ecat’ and ‘eee’. The second step concerns the
variable calculations that are not current density functions: the ideal and Nernst potentials ‘Eo’

and ‘Enerst’, the electrical conductivities of the anode ‘can’, the cathode ‘oca’ and the electrolyte
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‘oele’, the electrical resistances of the electrolyte ‘ree’” and the electrodes ‘ran” and ‘rea’, the pre-
exponential factors of the anode ‘Kan” and the cathode ‘Kz’ and the anode and cathode exchange
current densities 'io.an' and "o car. The third step concerns the variable calculations that are current
density functions which are: the activation, the concentration and the Ohmic losses of each
component ‘mactan’, ‘Aactcat’s ‘Heoncan’s Heoncan’s Hohman’, “Honmeat” and ‘nonm.ete’, the cell tension
‘E’ and the cell power density ‘Pq’ for each current density value. Finally, the fourth step is the

result display. The calculator code chart is given by the Figure 1.

15t step: Data reading.
a,b,T,P,XH20, XH2, Xo2, ian, licat, N, F, €an, Ecat, Celec

v
[ 2" step: Calculation of independent variables of the current density. \
Eo=a+b.T, Exernse = Eo + 2x [l (PH;:ZOOZ)], oo = 334104 e CF),
Tete = 222, Kan = 6,54 1011.% Keqe = 2,35.101 2
\ lo,an = Kan-€xp (— %), lo,cat = Kcat-€Xp (— lif.‘;t) /

JV

=i+l

A

i=1
]
[ 3rd step: Calculation of variables that depend of the current density. \
RT . . _4 i RT L
Nactan = - --Sinh 2ion ) MActeat = oop -sinh™* { o cat
R.T i T
Nconcan = ~ % In (1 - ﬁ), Nconc,cat = _ﬁ' In (1 B ilcat)'

Nohm = L. (Tan + Teqe + rele)v Nact = Nact,an T Nact,cat »
Ncone = Nconcan T Nconc,cat E = Enernst — Nonm — Nact — Nconc

\_ P,=i.E Y,

4™ step: Result display.

FIGURE 1. Resolution algorithm.
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3. Results and Discussion

After writing a computer Fortran language program based on the previously presented model
[3,5,9,16-32], all object curves in our study are made using a spreadsheet type visualization

software to plot these obtained curves.

The results are presented in five classes. In the first class, the impact of each polarization on the
total polarization is demonstrated. In the second class, the explanation of the operating
temperature effect on the cell potential and power density is presented. While in the third class,
the supply pressure effect on the potential and the power density is discussed. As to the fourth
class, the water steam and oxygen concentration contributions in the variation of the cell
potential and power density are illustrated. Finally, the fifth class concerns the obtained results
analysis with the different electrolyte thickness dimensions. All parameter values that are used
for obtaining these results are given in Table 5.

TABLE 5. Used parameter values in the simulation.

Parameters | Class 1 Class 2 Class 3 Class 4-a Class 4-b | Class5

T, (k) 1073 | 973,1073,1173 | 1073 1073 1073 1073

P, (bar) 1 1 1,23 1 1 1

Xh20 0.05 0.05 0.05 | 0.03,0.06,0.09 0.05 0.05

Xn2 0.95 0.95 0.95 | 0.97,0.94,0.91 0.95 0.95

Xo2 0.21 0.21 0.21 0.21 0.21,05,1 0.21

€an, (um) | 100 100 100 100 100 100

€cat, (M) 100 100 100 100 100 100
€ele, (L) 50 50 50 50 50 5,50,500

3.1. Impact of each Polarization on the Total Polarization

Polarization and power density curves are obtained in the case of a solid oxide fuel cell at
supported electrodes. The electrolyte and electrodes are supposed to be made with standard
materials: (Ni-YSZ) for the anode, (LSM) for the cathode and (YSZ) for the electrolyte. Cell
heart element thicknesses are (100 um) for the electrodes and (50um) for the electrolyte. The

cell is supplied with the humidified hydrogen as fuel (Xw20 = 0,05) and the air as an oxidizer
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(Xo2 = 0,21). Fuel and air pressure values are the same (1bar). The operating temperature is
assumed to be the same and equal to (1073 K). Three distinct loss types are shown in Figure 2.
The first is the greatest loss. It is generated by the Ohmic polarization and localized mainly at
the electrolyte. The second potential drop is due to the activation over-potential. The third is the
smallest loss; it brings up the reactive diffusion problem to the catalytic sites. In addition, the
cell potential maximum value reached in this simulation is (0,7731 V). It is alone of Nernst to

a nil current density.

The maximum current density is about (17000 A.m) which is suitable for very low potential
and very large exothermic. The maximum produced power density by the cell is upper to (3027
W.m?); it is defined by a current density of (8390 A.m2). In the minimum current density
values, the power density is low. It increases hyperbolically in relation to the current density up
to its maximum value at (8390 A.m2), then a hyperbolic collapse of the power density that is

resulted by the different over-potentials.
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— 3000
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n
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FIGURE 2. SOFC tension, power density and all over-potentials curves.
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3.2. Operating Temperature Influence

The operating temperature effect on the polarization and the power density values is shown in
Figure 3. The fuel is the humidified hydrogen (Xw20 = 0,05), and the air is the oxidant (Xo2 =
0,21). Supply pressure is common for the fuel and the air. It is identical to one bar. The operating
temperatures are supposed similar to (973, 1073 and 1173 K). In addition, the important Nernst
potential noticed among the three carried out tests is the one which suits with an operating
temperature equal to (973 K). The minor Nernst potential value is recorded for an operating
temperature identical to (1173 K). Reasonably, the Nernst potential that corresponds to an
operating temperature similar to (1073 K) is between the two Nernst potentials previously
exposed. The highest values of the real potential and the power density belong to the cell
operating at a temperature similar to (1173 K). The lowest values of the power density and the
real potential are recorded for the cell operating at a temperature equivalent to (973 K).
However, an operating temperature of (1073 K) leads to power density and real potential
average values, which demonstrates that the Nernst potential is inversely proportional to the cell
operating temperature. Hence, the real potential is proportional to the cell operating
temperature. In other words, all the losses are inversely proportional to the cell operating
temperature, which leads directly to a potential and a power density proportional to the

operating temperature.

1,0 6500
09 L 6000
B3k | 5500
0,8 - ]
T=103K | 5g09
ET=973 K
0.7 7 — P - 4500
d,T=1173 K
0,6 Pd,T:1073 K [ 4000
—Pyr=o73k | 350000
—
> 0]5 - ~—~
< L 3000 S
0 :
044 | 2500 3,
VN
0,3 - 2000
L 1500
0,2
L 1000
0.1 L 500
010 T T T T T T T T 0
0 2000 4000 6000 8000 10000 12000 14000 16000 18000

i (Am?

FIGURE 3. Potential and power density evolutions according to the operating temperature.
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3.3. Supply Pressure Effect

The operating pressure effect on the polarization and power density curves, which are obtained
by the model simulation, is shown in Figure 4. The supply pressures are common for both
gasses; they are recognized by (1, 2 and 3 bars). In addition, the highest values of Nernst
potential, real potential and power density noticed in the three tests belong to the cell having a
supply pressure identical to one bar. While the lowest values of Nernst potential, real potential
and power density recorded in the realized simulation tests belong to the cell that has a supply
pressure of four bars. Logically, the Nernst potential, real potential and power density that
correspond to an intermediate air and fuel supply pressure have intermediate values which are
between the values of the two Nernst potentials, two real potentials and two power densities
presented previously. It means that the Nernst potential and power density are inversely
proportional to the cell operating pressure. It is because the change in the cell operating pressure
does not influence all the over-potentials.
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FIGURE 4. Potential and power density evolutions according to the operating pressure.
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3.4. Steam and Oxygen Concentration Effects

Figure 5 shows the effect of the steam content in the fuel and the oxygen concentration in
oxidant on the different polarizations and on the delivered cell power density.

The cell operating temperature is identical to (1073 K). Hydrogen humidification rates are (Xw20
=0,03, 0,06 and 0,09). The oxygen concentration rates in the oxidizer are (Xo2 = 0,21, 0,50 and
1,00). The highest values of Nernst potential, real potential and power density noticed in the
performed tests on the various water contents are the values that fit a fuel humidity rate of (0,03).
Whereas the smallest values of the same parameters are recorded for the cell that has a fuel
humidification rate of (0,09). The Nernst potential, real potential and power density
corresponding to a middle fuel humidification rate have average values that are between the two
Nernst potentials, two real potentials and two power density cited previously. It means that the
Nernst potential, real potential and power density are inversely proportional to the fuel
humidification rate. For an SOFC cell that operates by the pure oxygen as oxidizer, the values
of Nernst potential, real potential and power density are maximal. These parameters take
minimal values for the air as an oxidizer of an oxygen rate of (0,21). Logically, the Nernst
potential, real potential and power density correspond to an oxygen rate in the oxidizer of (0,50).
They have intermediate values which are between the two Nernst potentials, two real potentials
and two power densities discussed previously. The Nernst potential and real potential are
proportional to the oxygen concentration rate in the oxidant. In addition, the cell power density

is proportional to the oxygen concentration in the oxidant.
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FIGURE 5. Potential and power density evolution according to the H,O and O, concentration.

a) H,O concentration effect, b) O, concentration effect.
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3.5. Electrolyte Thickness Effect

The electrolyte thickness effect on the polarization and power density curves is shown in Figure
6. The fuel is a humidified hydrogen (X20=0,05) and the oxidant is the air (Xo2 = 0,21). Supply
pressure values are common for the fuel and air (1 bar). The operating temperature is equal to
(1073 K). Electrolyte thicknesses are taken equivalent to (5, 50 and 500 um). The obtained
values of the ideal and Nernst potentials in all the realized tests according to several electrolyte
thicknesses are the same, which demonstrates that the electrolyte dimensions do not affect the
Nernst and ideal potentials. Highest values of the real potential and the power density are
obtained in the case of the smallest electrolyte thickness. However, the lowest values of the real
potential and the power density are identical to the produced values by the cell having the largest
electrolyte thickness. Logically, the real potential and power density values corresponding to a
medium electrolyte thickness are between the values of the two real potentials and the two
power densities presented by the two electrolyte dimensions mentioned earlier. It confirms that

the real potential and the power density are inversely proportional to the electrolyte thickness.
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FIGURE 6. Potential and power density evolution according to electrolyte thickness.
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4. Conclusions

SOFC is an electrochemical device. It serves to convert the chemical energy to the electrical
and thermal energies. This study is based on the SOFC thermodynamic performance study.
Particular attention is given to the delivered power density optimization. Mathematical
equations are solved using a program in the FORTRAN language that is developed locally.
Based on the obtained result analysis, it appeared that the developed model by combining the

several sub-models can be a design tool. The main results are:

- The greatest loss is only generated by the Ohmic polarization. The smallest produced loss is
due to the reactant diffusion in the catalytic sites. It can be neglected compared to the activation
and Ohmic losses.

- SOFC potential and power density are proportional to the operating temperature and to the

oxidant oxygen concentration.

- The potential and the power density are inversely proportional to the supply pressure, to the
fuel humidification and to the electrolyte thickness.
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