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The aim of this paper is to evaluate numerically the effect of varying the electro-
chemical model and its parameters on the performance and entropy generation of
a mono-block-layer build (MOLB) type geometry of a solid oxide fuel cell. Partic-
ularly, the influence of the exchange of current density, the electrical conductivity
of the electrodes and the electrolyte has been studied and the prediction of the
thermodynamic irreversibility by means of an entropy generation analysis is con-
sidered. The numerical analysis consider a 3-D CFD model that takes into account
the mass transfer, heat transfer, species transport, and electrochemical reactions.
Several numerical simulations were performed and each contribution to the local
entropy generation rate was computed. The results show different trends of the
current density, temperature, species, activation loss, ohmic loss, and concentra-
tion loss along the fuel cell. Also, the results show strong variations of the local
and global entropy generation rates between the cases analyzed. It is possible to
conclude that the fuel cell performance and the prediction of thermodynamic irre-
versibility can be significantly affected by the choice of the electrochemical models
and its parameters, which must be carefully selected.

Key words: CFD, MOLB-type geometry, electrochemical model parameters,
thermodynamic irreversibility, solid oxide fuel

Introduction

Fuel cells are considered as a promising power generation technology and therefore
they have been intensively studied in the last decades. A fuel cell allows a direct conversion
of the chemical energy of a fuel into electrical energy by means of electrochemical reactions.
Consequently, fuel cells have some advantages compared to the traditional power generation
systems [1], such as: high efficiency, fuel flexibility, and low emissions of CO,, SO,, and NO,.
Furthermore, fuel cells allow the integration with turbine plants and cogeneration systems [2].
However, some drawbacks such as high costs and durability issues have impeded an extensive
diffusion of the fuel cells as a power generation technology. As a result, several research works
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have been conducted with the aim of improving fuel cells. In particular, many works have fo-
cused on the development of efficient and accurate numerical models to simulate solid oxide
fuel cells (SOFC).

The CFD models permit a detailed description of both fuel cell geometry and physical
phenomena, consequently such numerical techniques have been employed for improving and
optimizing fuel cell design. Ferguson et al. [3] developed a 3-D SOFC model and they com-
puted temperature, species concentration, and electric potential distribution for various SOFC
geometries. Furthermore, this numerical model was used as design tool to obtain optimal val-
ues of some fuel cell geometrical parameters. Kulikovsky [4] developed a model for anode
performance of a planar-supported SOFC fed by hydrogen. Andersson et al. [5] studied the
relationships between the electrochemical active area-to-volume ratios, the couplings between
the electrochemical activation energies, the current density distribution, and the activation po-
larizations for an anode-supported planar SOFC in a 3-D numerical model supplying a mixture
of hydrogen and steam water as working fuel.

On the other hand, works based on the second-law of thermodynamics have become
popular. In particular, entropy generation and exergy analyses have been found effective methods
to deal with system performance improvements [6], since these methods provide an insight that
can not be achieved by an energy analysis. Several works are available in the literature concerning
second-law analysis of fuel cells. However, most of them consider black box models [7-9] and
only few works investigate the causes of thermodynamic irreversibility and their local distribution
throughout a fuel cell. Calise er al. [10] presented a detailed local exergy analysis of a tubular
SOFC stack, in particular, a complete parametric analysis was carried out in order to localize the
sources and the magnitude of irreversibility along the components of the stack. Then, this analysis
was used to detect the parameters to be optimized in order to reduce the overall irreversibility rate
in the cell. Rangel-Hernandez et al. [11] investigated the entropy generation related to several
transport phenomena occurring in a circular proton exchange membrane fuel cell. The authors
introduced several dimensionless parameters that allow an easy recognition of the main source of
irreversibility and the identification of possible ways of improving fuel cell design. Finally, Li and
Faghri [12] proposed design improvements of a direct methanol fuel cell on the basis of entropy
generation, which allows a thermodynamic irreversibility decrease.

Although entropy generation analysis has been found to be an effective method, it re-
lies on accurate modeling of physical phenomena and on a proper choice of model parameters.
This aspect can be crucial if a second-law analysis is used for improving the performance of
SOFC, since such devices are characterized by multi-physics and coupled phenomena.

There are reported several numerical works that use different electrochemical models
and parameters, and it should be noted that, to the best of the authors knowledge, there is not
a reported work that show the influence of the fuel cell performance due to the variation of the
electrochemical model and its parameters in SOFC.

Therefore, a 3-D CFD-based model is developed to evaluate the effects of current
density, temperature, activation loss, ohmic loss, and concentration loss distributions along
the fuel cell varying the electrochemical model, and its parameters, commonly reported in the
literature. In particular, the influence of the exchange current density and electrical conductivity
of the electrodes and electrolyte has been studied. The numerical model solves the complex
interaction between fluid dynamics and electrochemical kinetics in a MOLB-type geometry
SOFC including mass transfer, heat transfer, species transport and electrochemical reactions. It
is also used to compute local and global entropy generation rate due to the previosly mentioned
phenomena. Four different sets of electrochemical models and parameters are used in order to
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investigate how the entropy generation prediction is affected and to highlight the main irrevers-
ibility inside of the fuel cell.

Mathematical model formulation

The SOFC geometry

The MOLB-type geometry consists of a
trapezoidal cross-section channel for the fuel
and air circulation, where the fuel flows along
the internal trapezoidal channel, and the air
flows along the external channels.

Because of the system geometry, only a
part of the fuel cell was modeled and meshed,
including one repeating cell unit with a posi-
tive-electrolyte-negative, air and fuel channels.
The dimensions of the MOLB-type SOFC ge- 39 ‘
ometry are depicted in fig. 1 with a length of | 159 |
100 mm. Figure 1. The SOFC: MOLB-type geometry
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Electrochemical model

The oxidant reduction reaction takes place in the cathode, where hydrogen is used as
fuel, and it is expressed:

%oﬁze* - 0" (1

The oxygen ions are transferred through the electrolyte and then into the active reac-
tion areas of the anode. The electrochemical reaction of H, on anode catalyst is:

H,+0> - H,0+2¢ 2)
So, the overall reaction for the
. Table 1. Model parameters [14, 16]
SOFC is:
1 P ity [] Anode 0.5
OroSst —
H,+20, > H,0 G) Y Cathode 0.5
Electrochemical reactions were ) Anode 3
assumed to occur at the interfaces Tortuosity [] Cathode 3
between the electrodes and the elec- Anode 1710
trolyte [13]. Permeability, [m?] :
Cathode 1.7579-10°1°
Thermo-fluid model Anode 6.23
The model adopted here con- Them[‘s\ln‘;of‘d“fjti"ity’ Cathode 9.6
. o = me
sists of a set of PDE descrllbln.g the Electrolyte 27
transport phenomena occurring in the Anod 62000
fuel cell [14, 15]. Model parameters Density fode -
are shown in tab. 1. The following as- [kem ] Cathode 6000.0
sumptions have been adopted: steady- Electrolyte 5560
-state, incompressible Newtonianideal Anode 650
gas mixture, homogencous and isotro- Specific heat, [Jkg'K'] | Cathode 900
pic porous media, and thermal equi-
librium between solid and gas phases. Electrolyte 300
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Under the previous assumptions, the equations adopted are, therefore, the continuity
equation and the Navier-Stokes equation:

Vpv=0 “4)
p(V VWV =-Vp+uVv (5)

In the porous media, i. e. anode and cathode, the continuity eq. (4) and the Dar-
cy-Brinkmann eq. (6) have been used to model the velocity and pressure fields:

p(V V)V = -Vp+ 4V —%v (6)

where K is the permeability of the porous media, v — the velocity field, p — the pressure, p — the
density, and u — the dynamic viscosity. The conservation of each chemical species i have been
considered by means of the following transport equations:

V(pwV)=-VJ, +S,, (7)

where w; is the mass fraction of the i specie and S; — the source term due to chemical reaction
and is the diffusive flux which is expressed through the Fick’s law:

j[ = _pDi,cffva)iDij (8)

The binary diffusivity, D, required to compute D; ., is obtained through the Full-
er-Schettler-Gidding correlation [17]. In the fuel and air channels, D, coincides with D,
while in the porous media, the effective binary diffusivity is computed [18]:

£
D, ==D 9
T

i i

where ¢ and 7 are the porosity and the tortuosity of the porous media, respectively. Electrochem-
ical reactions take place at the three-phase-boundary (TPB), therefore the source terms S; are
expressed accordingly to Faraday’s law:
/M TPB
s ={nF (10)

0 elsewhere

where M, is the molar mass of the i species and is j the current density. The temperature distri-
bution and heat transfer problem is solved by means of the energy equation neglecting viscous
effects:

V[/ﬁ(h +§)} =V(koVT =X hJ)+S,, (11)

where k. is the average thermal conductivity of the coexisting solid and gas phases. The source
term, S,, accounts for the ohmic heating, activation losses, and reversible heat due to electro-
chemical reactions. Ohmic heating takes place in the electrolyte and electrodes, while the other
heat source terms are located in the TPB:

.2 .
L yn. —L-TAS  TPB
S,.=10 n,F (12)

0 elsewhere

where n,. — the activation potential, AS — the entropy change associated with the electrochem-
ical reactions, and ¢ — the electric conductivity. Buttler-Volmer eq. [19] is used for the compu-
tation of the current density:
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i {exp[%nacl}—exp{—%nm}} (13)

where j, is the exchange current density and f — the transfer coefficient. The reversible potential
V. 18 obtained through the Nernst’s equation:

:VO RT sz ﬂpo2 (14)

rev

Finally the operating voltage of the fuel cell is given by:
V = V - nact - nohm - nconc (1 5)

rev

where ng,, is the ohimic loss and n.,. — the concentration loss.

Local entropy generation rate formulation

Entropy generation quantifies the thermodynamic irreversibility occurring in a sys-
tem, as a consequence, entropy generation also measures the decrease of available work [20].
According to the second-law of thermodynamics, a reduction of entropy production results in
a more efficient system. For this reason, second-law analysis has become a very popular tool to
investigate and design efficient energy systems.

Entropy production is due to several mechanisms, such as: heat transfer, mass transfer,
and viscous friction [21]. The formulation of the local entropy generation rate is:

kYT A:r
§, =——t—
T

=25 +z,-(pRl-D,-)(Vw,- %} (16)

From eq. (16) it is possible to notice that the entropy generation rate is split into three
contributions, each one related to a specific transport phenomena:

S, =5,+5,+s, (17)

The first term of the right hand side is the entropy generation rate due to heat transfer,

the second term is the contribution of the viscous stress, and the last one is the entropy gener-

ation rate due to mass transfer. In addition, in a fuel cell the entropy production due to ohmic
loss must be considered:
(7
Sohm :_[]_j (18)

o

The entropy generation rate due to the activation loss is considered as a surface term:

Sact — jnact (19)
T
Finally, the global entropy generation rate over the entire fuel cell for each contribu-
tion is obtained:

S, = [s,av (20)

The previous integral is performed over the entire fuel cell domain, and the term s; is
the single contribution, indicated in egs. (17)-(19).
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Cases studied and boundary conditions

Four cases have been considered to investigate the effects of the model parameters.
The cases are characterized by different exchange current density and electric conductivity for-
mulations. Table 2 summarizes the models adopted for j,, and j,., in Cases I and I, a variable
exchange current density has been used, while constant values for j,, and j, . have been chosen
in Cases III and IV. Furthermore, different pre-exponential coefficients and activation energies
have been used for Cases I and 11, as reported in tab. 3.

Table 2. Exchange current density formulations [14, 18, 22-25]

Anode jj,, [Am?] Cathode jj., [Am?]
0.25
£
Case I and II Vo= Pr Lo, exp[ T ] Va _Po, exp e
szy ref pOZ, ref RT poz,rEf RT
Case III and IV 2300 5300
Table 3. Exchange current density parameters [14, 22, 25] Table 4 reports the
Case | Case 11 relations used for the
Anode pre-exponential coefficient, y, 7.10° 7.108 electrical conductivity
Cathode p.re-e.xponential coefficient, y, 7-10° 55-108 te)leet::f(?ll;tee.le;;roglees g?s(i
Anode activation energy F,,, [Jmol™] 100 110 three cases, a tempera-
Cathode activation energy E,., [Jmol™] 120 120 ture dependent conduc-
Anode transfer coefficient, 8 2 2 tivity has been adopted,
Cathode transfer coefficient, 0.6 0.6 while in Case IV it has

been taken as a constant.
Table 4. Electrical conductivity formulations [14, 18, 22-25]

Anode g, [Q'm™] Cathode o, [Q'm™] Electrolyte o, [Q'm ']
100 100 100
Case I, and Il | 0.00298 exp(—@J 0.008114exp (5—00] 10exp| L——L
T T T 1273.15
Case IV 8261 102191 8.635

Concerning the boundary conditions, a mass flow rate of 4.78-10°° kg/s is imposed
at the anodic fuel cell inlet, while a mass flow rate of 9.18- 10 kg/s is imposed at the cathode
side. Inlet molar fraction of hydrogen is set to 0.49. Fuel inlet temperature is set equal to 973 K,
while air enters to the fuel cell at 873 K. Furthermore, ambient pressure is imposed on the outlet
cross-sections. Fuel cell is considered to be adiabatic and symmetry boundary conditions are
imposed on the left and right planes illustrated in fig. 1. Finally, fuel cell voltage is imposed.

Numerical approach

The transport equations previously illustrated have been solved by means of the com-
mercial finite volume code ANSYS Fluent v 15.0. An iterative algorithm has been implemented
through user define functions (UDF) in order to deal with the coupled multi-physics equations
previously illustrated, fig. 2. The Navier-Stokes equation and the other transport equations are
firstly solved to obtain velocity, temperature, and species concentration distributions. Then, the
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local current density is computed
and subsequently the local energy
and species source terms are updat-
ed. The procedure is repeated until

i b {’ Input parameters:
MOLB - type fuel cell muppi Inlet temperature, inlet mass
geometry 3 ' flow rate, pressure, molar
,,,,,,,,,,,,,,,,,,,,,,,,,, : X fractions for fuel and air

convergence is achieved. Finally,

the local and global entropy genera- (G.V) for

Guess values

model outputs

Solve:
Mass, momentum,
energy and species.
Eqs. (4)-(9) and (11)

Mass diffusivity and
source terms
Eqgs. (10) and (12)

H

tion rates are calculated and stored.
A grid independence study has been
performed increasing density and
quality from 38000 up to 1121000
cells and a structured mesh of
290000 cells has been found to be
sufficient to achieve grid-indepen-
dent solutions with a relative error
of 1.5 %.

Results

As illustrated previously, the ]
cases analyzed in this paper differ in
the choice of the model parameters.
Therefore, it is expected that for a
given cell voltage, the net electric
power output of the SOFC differs from case to
case. However, in order to perform a meaning-
ful comparison, it has been chosen to study the
different cases at the same power density. For a
given case, this has been achieved by proper-
ly tuning the fuel cell voltage until the desired
power density was obtained.

Figure 3 illustrates a scattered plot of
power density against fuel cell voltage for sev-
eral simulations performed in this study. Only
the marked cases have been compared. As it can
be seen, the power density is kept constant and
equal to 5800 W/m?.

Calculated
values for
conservation
laws

Calculated
values (C.V) for
electrochemical
model outputs

Solve:
Electrochemical model
Egs. (13)-(15)

Entropy analysis
Eqgs. (25)-(29)

[ Solved using FLUENT
[ Solved using UDF

Output parameters:

Temperature, pressure, velocity and mass fractions gradients
for fuel and air, current and entropy generation

Figure 2. The SOFC model diagram
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Figure 3. Power density obtained from voltage
variation of the cases under study

The computational time required to reach the convergence using a 2.2 GHz CPU with
6 GB in RAM computer for the Case I, II, III, and IV, takes around 14, 12, 3, and 2 hours, re-
spectively. This behavior, particularly in Case I is due to the species concentration dependence
of the exchange current density and the temperature dependence of the conductivity, while in

the Case IV these values are constants.

The SOFC performance: current density, temperature, and losses distributions

Figure 4 illustrates current density and temperature distributions along the fuel cell
and significant differences can be noticed among the four cases. Current density increases along
the fuel cell for both Case I and Case II. The behavior is similar since the same formulation of
exchange current density and electrical conductivity is used. Only pre-exponential factors and
activation energies are different, as reported in tab. 3 in particular, £, at the anodic side is lower
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Figure 4. Distribution along the fuel cell; (a) current density, (b) temperature

in Case I1. Consequently, current density is higher for z larger than 0.06 m for Case Il since tem-
perature is higher near the fuel cell outlet. Current density behavior is strongly affected by the
electrodes and electrolyte properties when electric conductivity is modeled as constant (Case
1V), current density decreases along the fuel cell. Moreover, the average current density is 12%
lower for Case IV compared to Case II. Such behavior is strictly related to the temperature
distribution illustrated in fig. 4(b). Electric conductivity is a decreasing function of temperature
in Cases I and II; therefore, in such cases ohmic resistance decreases along the fuel cell. As a
consequence, the electric current increases along the fuel cell. On the other hand, Case IV is
characterized by constant electrical conductivities thus, internal ohmic resistance is not affected
by temperature. As a result, the current decreases due to the increase of activation and concen-
tration losses, as illustrated later. The temperature increases along the SOFC, provoked by the
heat release due to ohmic heating, activation losses and reversible heat of the electrochemical
reactions. As indicated in eq. (12), the heat source terms increase if the current increases, as a
result, larger temperatures are obtained for Cases I and II. Case III presents a current density
distribution that initially increases and then decreases slightly for z larger than 0.06 m. In such
case, electric conductivity is variable, i. e. temperature dependent, thus the initial increase of
current is again due to a lower ohmic resistance. However, the exchange current density is as-
sumed to be constant, i. e. not affected by species concentration and temperature near the fuel
cell outlet. As a result, current density near the inlet is larger in Case 11l compared to Cases |
and II, while it does not vary significantly for z larger than 0.06 m.

The voltage losses in each of the cases analyzed are shown in fig. 5. It can be seen
that ohmic loss decreases along the fuel cell in Cases I, 11, and 111, since temperature dependent
electrical conductivities are adopted. Ohmic loss is almost constant in Case IV because electri-
cal properties are not affected by temperature. Ohmic loss decreases about 50% along the cell
for Cases I and II, which show a very similar behavior. The effect of temperature is even more

0.14 0.1

H'""'-.\u 0.08 ,’}'
o1 % =4 Case |

o O. 4= Casel | 0.06 =4=Case |
== Case |l . == Casell —=Casell
]
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Figure 5. Distribution along the fuel cell; (a) activation loss, (b) ohmic loss, (¢) concentration loss
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pronounced in Case III, indeed, voltage loss near fuel cell outlet is about one-third of the loss
at the inlet region. It can be noticed from fig. 5 that ohmic loss is predominant in all cases: it
represents 50% of the overall losses in Case IV and 80% in Case 1. The activation 10ss 7, 1S
depicted in fig. 5(a): when constant current density is adopted (Case III) 7, it is particularly
relevant near fuel cell outlet. As a result, current density is limited for z larger than 0.06 m in
Case 111, as illustrated in fig. 4(a).

It should be noted that the activation loss in the cases that consider constant exchange
current density follow the same tendency of the current density distribution, as it can be ob-
served in fig. 4(a) and fig. 5(a). For case 1V, with constant conductivity, the current density de-
creases throughout the fuel cell, fig. 4(a), the same tendency is observed for the activation loss
fig. 5(a). For Case III, with temperature dependent conductivity, the current density increases
throughout the fuel cell, fig. 4(a), therefore the activation loss follow the same trend, fig. 5(a).

The concentration loss increases in all the cases along the fuel cell, fig. 5(c) since
chemical species are depleted due to the electrochemical reactions. The current density distri-
bution for Case IV differs significantly from the others. Consequently, the concentration loss
reported in fig. 5(c) also shows a different behavior. Near the inlet, the current density is larger
for Case I, which results in a larger amount of fuel and oxygen depleted and, therefore, the
concentration loss is more relevant. The opposite situation occurs at the fuel cell outlet, where
current density for Case IV is lower compared to the other cases.

Significant local differences can be also noticed between the cases. Figure 6 depicts
hydrogen and oxygen mass fractions at the electrode-electrolyte interfaces for Cases I and IV.
Major differences are found in the cross-section at the outlet of the fuel cell: fuel mass fraction
is lower for Case I compared to Case IV, especially near the bottom corners. This is related to
the different electrical parameters adopted in the two cases. Current density is higher for Case |
because of the temperature dependency of the electrical conductivities. The opposite situation
occurs near the fuel cell inlet: a larger amount of H, is consumed when constant properties
are chosen (Case IV) because of
a higher current density in the

proximity of the fuel entrance. .S?%gg = %%é%?
At the cathode side, the major o o7z 16601
differences are observed along 80602 62601
the upper plane of the fuel cell. Go0e02 Eé:Ei
In this region, oxygen is almost B gggigg B e
completely depleted for more gigggtgg p2e02
than half of the fuel cell length 48502 o

4.49e-02

if Case I is considered. On the 413002
other hand, in Case IV the first I
half of the fuel cell is predicted
to be the more critical one. The
concentration loss illustrated in
fig. 5(c) is directly related to the g igure 6. Mass fraction distribution of H, and O,; Case I and
species distributions depicted in  Case IV (for color image see journal web site)

fig. 6.

2.32e-02
1.16e-02
0.00e-00

3.42e-02
3.06e-02
2.70e-02

4 v 4.64e-02
d 3.48e-02
4

Mass fraction H, Mass fraction O,

In Case 1V, relevant loss for z larger than 0.06 m is due to the low reactants mass frac-
tion, both at anode and cathode sides of the fuel cell. Such marked differences in the prediction
of the species distribution can be particularly important when models are used to investigate
upcoming fuel cell design with the aim of avoiding failures due to low reactants concentration.
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Entropy generation distributions and
the effect of the model parameters on the SOFC

An entropy generation analysis has been performed for the four cases previous con-
sidered in order to assess the effect of the model parameters on the prediction of thermody-
namic irreversibility. This is a crucial aspect since possible design improvements are based

uCasel mCasell u Casell m CaselV on the results in terms of irreversibility. In
700E:03 order to perform a comparison, the global en-
600E03 tropy generation rate has been computed for

Global entropy generation [WK']

o
[=3
=1
m
i
o
S

the cases. Since fluid-flow in the fuel cell is
oo laminar, viscous stresses are not relevant and
Figure 7. Global entropy generation the corresponding thermodynamic irrevers-

(for color image see journal web site) ibility are not significant.

The entropy generated due to the heat transfer is comparable to the entropy generat-
ed due to the activation loss. However, the major contribution for all the cases is Soum, that is,
entropy production related to the ohmic loss. It can be observed that the larger thermodynamic
irreversibility occur in Case III. This case is characterized by a significant entropy production
due to the heat transfer and the activation loss. In Case III, constant exchange current density
is adopted and, consequently, activation potential 7, is higher compared to the other cases as
shown in fig. 5(a). As a result, the largest value of the global entropy generation s, occurs in
Case 111, showing an almost two-fold increase with respect to Case I1. The s, is also relevant in
Case 1V, which further indicates that higher activation loss is predicted when constant exchange
current density is adopted.

>/00E03 all the cases. In fig. 7, the specific global en-
4,00E-03 - - .

100r0s tropy generation rates are compared. First of
200603 all, it can be observed that the contributions
1,00£.03 ' b due to the fluid friction are negligible for all
' S S» Sen Se S

Sn ohm

On the other hand s, is not particularly
relevant when variable exchange current den-
sity is used, in particular in Case 1. The min-
imum value of the global entropy production
S Occurs in Case IV, for this case Sy 1S
54% lower compared to Case III. It can be no-
ticed that for Case 1V, irreversibility due to the
ohmic loss are significantly smaller compared
to the other cases because constant electrical
conductivity is adopted in every case. Finally,
the entropy generation due to the mass transfer
s,, 18 negligible for all the cases.

The entropy generation analysis con-
ducted by CFD, allows one to investigate the
local distribution of irreversibility within the
system. In fig. 8, the entropy generation due
to the heat transfer is depicted for Cases III
and IV. For both cases, the entropy generation
Figure 8. Entropy generation due to the heat is located near the electrolyte, since it is here
transfer; Case I1I and Case IV (for color image where heat is released because of the electro-
see journal web site) chemical reactions.
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However, it can be noticed that entropy
generation due to the heat transfer is less rele-
vant in Case IV compared to Case III. Both the
magnitude and the spread of s, in the cell are
larger for Case III, as a consequence, the glob-
al entropy generation due to the heat transfer is
twice in Case III, compared to Case 1V, as illus-
trated in fig. 7.

Figure 9 illustrates the entropy generation
rate due to the activation loss s, along the elec-
trode-electrolyte interface. This kind of irrevers-
ibility is predominant in Case I1I and it increases
from the inlet to the middle section of the SOFC.
In Case 1V, the activation entropy generation
rate shows the opposite trend, the entropy pro-
duction is more relevant near the inlet and it de-
creases along the fuel cell. Moreover, the magni-
tude of s, is larger for Case I1I. As a result, Case
IIT shows the highest global irreversibility due to
the activation as pointed out in fig. 7.

The entropy generation due to the ohm-
ic loss is depicted in fig. 10. This contribution
is only present in the solid conductive compo-
nents, i. e. electrodes and electrolyte. It can be
immediately noticed that local value of 5., 1S up
to one order of magnitude higher that the contri-
butions shown in figs. 8 and 9. As a result, this
kind of irreversibility is the most relevant, as it is
also reported in fig. 7. However, the distribution
of squm in Case III differs significantly from Case
IV. The entropy generation due to the ohmic loss
decreases along the fuel cell in Case IV, since the
current density shows the same behavior, fig. 4,
and constant electrical conductivities are adopt-
ed. On the other hand, s,., increases from fuel
cell inlet to the middle part of the cell, where the
highest irrevesibility are found when temperature
dependent properties are used (Case I1I).

Conclusions

[WK'm?]

9.01e-01
8.58e-01
T 8.14e-01
C 7.71e-01
7.28e-01
6.85e-01
6.42e-01
5.99e-01
5.56e-01
5.13e-01
- 4.69e-01
4.26e-01
3.83e-01
3.40e-01
2.97e-01
2.54e-01

2.11e-01
1.68e-01
1.25e-01
8.15e-02

3.84e-02

Case lll

Case IV

Figure 9. Entropy generation due to activation
loss; Case III and Case IV (for color image see
Jjournal web site)
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Figure 10. Entropy generation due to ohmic
loss; Case III and Case IV (for color image see
journal web site)

In this work, the effect of varying the electrochemical model and its parameters for
a SOFC has been assessed. In particular, the influence of the exchange current density and the
electrical conductivity of the electrodes and electrolyte have been studied. The numerical anal-
ysis is based on a 3-D CFD model that takes in account the mass transfer, heat transfer, species
transport, and electrochemical reactions. Besides, a second-law analysis of the SOFC has been
performed. The entropy generation contributions due to fluid friction, heat transfer, mass trans-
fer, ohmic heating, and activation losses have also been considered. The analysis indicates that:
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The choice of the electrochemical model and its parameters affect significantly the compu-
tational time of convergence, mainly due to the species concentration dependency on the
exchange current density.

Numerical predictions of fuel cell behavior are strongly influenced by the exchange current
density and electrical conductivity adopted in the model. Current density decreases along
the fuel cell when electrical conductivity is assumed to be constant. On the other hand when
a temperature dependent electrical conductivity is used, current density increases along the
fuel cell because of a reduction of the ohmic resistance. Exchange current density mainly
affects the activation loss: if a constant exchange current density is adopted the model pre-
dicts higher activation loss.

The numerical prediction of thermodynamic irreversibility shows relevant variations if dif-
ferent model parameters are used. When a variable electrical conductivity is used, the glob-
al entropy generation shows about a two-fold increase compared to the case with constant
electrical properties. The major contribution to the overall irreversibility is always due to
the ohmic heating, which can account up to 70% of the total entropy generation. Neverthe-
less, its contribution strongly depends on the selected model. The entropy production due to
heat transfer and activation loss is comparable. However, the activation entropy production
is predicted to be more significant when a constant exchange current density is used in
the model. Finally, the entropy generation contributions due to mass transfer and viscous
effects are not relevant in the SOFC configuration. As a result, from this analysis it can be
stated that the prediction of the thermodynamic irreversibility are significantly affected by
the choice of the electrochemical model parameters. This is a key aspect if entropy genera-
tion is used to improve the performance of a SOFC.
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Nomenclature

D;  —mass diffusion coefficient, [m?s™'] s,  —mass transfer entropy generation rate,
D,.; - effective mass diffusion coefficient, [m?s™'] [WK'm=]

E,. - activation energy cathode, [Jmol™'] S, — entropy generation rate, [WK'm]
F — Faraday constant, [96,487 Cmol '] s,  —fluid friction entropy generation rate,
J;  —diffusive flux of species i, [kgm2s] [WK'm=]

j — current density, [Am~] T — temperature, [K]

Jo — exchange current density, [Am 2] \% — velocity, [ms™]

k — thermal conductivity, [Wm'K™'] V. —voltage, [V]

ket — thermal effective conductivity, [Wm'K™] X — molar fraction of species i

M;  —molecular weight of the species i [kg mol™']

n.  —number of electrons, [-] Greek symbols

M. —activation potential, [V] B — transfer coefficient

Nonm  — ohmic loss, [V] y — pre-exponential factor

Neone  — concentration loss, [V] A — strain tensor, [s™!]

p  —pressure, [Pa] € — porosity, []

R —universal gas constant, [Wmol K] U — viscosity, [ms?]

S, — global entropy generation rate, [WK™'] ) — density, [kgm™]

Soe  — energy source term, [Wms™'] o — electrical conductivity, [Q'm™']
S,;  —species source term, [kgm3s] - — tortuosity [-]

S, — heat transfer entropy generation rate, W

;  —mass fraction of species i
[WK'm3]
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