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Abstract: The process of reactant transportation greatly affects the performance of solid oxide fuel
cells (SOFCs). Therefore, a three-dimension numerical SOFC model was built to evaluate mainly
the effect of the reactant transportation coupling of heat and mass transfer and electrochemical
reactions, and the reliability of numerical calculations was validated. Numerical studies revealed the
correlation of both increase of reactant concentration gradients and improved mass transfer capability
of multi reactants in gas diffusion electrode with the enhancement of the SOFC performance, in the
condition of enough supplies of the fuel and the oxidant. Further studies identified the oxygen ions
conductivity in electrolytes played a critical role in energy output and thus the performance of SOFCs.
For example, the current density would increase by 65% if the ionic conductivity of electrolytes
doubled. This study gives insight into the significance of operational conditions, electrolytes, and
structures on the ionic oxygen conductivity and further on the optimization of the SOFCs. Overall,
the numerical modeling leads a clear path toward the optimization of SOFCs.

Keywords: solid oxide fuel cell; numerical modeling; reactant transportations; current density

1. Introduction

A fuel cell is a unique efficient energy conversion system, being able to convert storable
chemical energy directly into instantly usable electricity [1], among which the solid oxide
fuel cell (SOFC) is generally considered to be a scalable, flexible, silent, and emission-free
power source [2]. SOFCs have received considerable attention in theoretic and modeling
studies on the provision of in-depth mechanism insights, which has achieved speed-up
development [3]. In the two configurations of SOFCs, the planar SOFC has a higher
density and better efficiency than the tubular one. The most commonly used planar SOFCs
for material microstructure studies are the circle button cells [4]. A common button cell
structure is an assembly with a circular disc-like electrode, and the fuel and oxidant flowing
through a concentric cylindrical tube assembly [5]. Button cells play a major role in the
development and evaluation of new SOFC materials and membrane–electrode assembly
architectures [6]. The majority of studies cover the exploration of the design aspect, recent
advances such as the improvement of materials and new fabrication techniques, and
new configurations and applications [7,8]. Some other studies addressed characteristics
of dynamic behaviors of SOFCs [9] and the expansion of fuels via high hydrocarbons
reforming [10].

New materials and fabrication techniques were developed to lower operating tem-
peratures and enhance the performance of SOFC, which emphasized electrode materials.
A correlation between the microstructure of the anode electrode and its electrochemical
performance for a tubular design was reported [11]. The possibility of using Ni-based
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anodes was investigated as alternatives to the Pt-based anodes for thin-film SOFCs op-
erating at low temperatures [12]. Symmetric solid oxide fuel cells (SSOFCs) based on
the Co-free La0.5Sr0.5Fe0.9Nb0.1O3-delta (LSFNb) perovskite oxide has been successfully
prepared by the sol-gel method [13]. Juan et al. [14] tested several SOFC electrode materials
and optimized them to operate in symmetrical SOFCs. Su et al. [15] summarized the
advances in the development of electrode materials and structures for symmetrical SOFCs.
Different types of self-supported SOFCs have been compared from a technical point of
view [16]. There seemed a missing relevance to another critical material, which is the
electrolyte. Previous research also addressed novel designs, configurations, optimization,
and applications of SOFCs. For example, the fuel processing unit was modified to convert
effectively raw fuel into hydrogen-rich gas [17]. A planar SOFC apparatus was designed
for operation in both regular cell and button cell configurations, in which fuel and oxidant
chambers were included to improve the SOFC performance [18].

The development of mathematical models on SOFC has greatly enhanced the capabili-
ties of exploration of mechanical insights and further optimization of operating conditions
on the performance of SOFC, in a low cost, high efficiency, and enough accuracy [19].
Typically, a model for the planar SOFC stack was developed to show the dependence of the
cell output strongly on the rib width [20], and the mass transport behaviors in the anode
side of a one-cell stack of a planar SOFC [21]. A multidimensional model was developed to
perform parametric studies to obtain insights on behaviors and efficiencies of the direct
internal reforming SOFC system [22]. A two-dimensional model based on the lattice Boltz-
mann method (LBM) was established to study mass transport in the porous electrodes
and fuel and air channels [23], and a two-dimensional model was developed to predict
and evaluate the performance of an anode-supported SOFC button cell [24]. For more
accurate predict behaviors of SOFC, many three dimensional mathematical models were
developed or adopted to study, such as the influence of electrolyte thickness and operating
parameters [25], optimized interconnect designs [26], different reactant flow channels [27],
hydrodynamic and electrochemical behaviors [28], and the reaction and thermodynamic
state [29]. To the best of our knowledge, there were few reports on elucidating restricting
factors on mass transportations and electrochemical reactions of reactants, which was
critical to material development, better designs, and optimization of SOFCs.

To evaluate the influence of reactants' transportations and their reactions on the SOFC
performances, a three-dimensional numerical model of SOFC was established, coupling
heat transfer and mass transfer and electrochemical reactions. By carrying out the numerical
calculations, detailed reactant profiles in gas channels and porous electrodes were obtained,
the multispecies mass transportations, ionic conductions, and current density in electrodes
and electrolyte were discussed. Based on this, the most significant factors on reactant
species transportation and performances of the given SOFC were critically investigated
and identified. The numerical model and results realized the establishment of clear and
insightful views on the significance of reactant transportations in SOFCs.

2. SOFC Modelling
2.1. Numerical Model

For the structure of SOFC stacks, it can be seen as composed of many repeating
cell units. The cell unit is connected electronically and thermally with metallic
interconnects [29–31]. To evaluate the effect of reactant transportations on the perfor-
mance of a SOFC, a three-dimensional model was established for a planar SOFC coupling
heat and mass transfers and electrochemical reactions based on the literature [25,27,30],
which is shown in Figure 1. The geometric and physical parameters of the numerical
model are listed in Table 1. The oxidant and fuel flow in a counter pattern in the gas
channels, which are treated as ideal gases. The representative materials were adopted, and
the model is composed of the metal interconnects (stainless steel), reactants flow channels,
the anode electrode of the nickel/yttria-stabilized zirconia (Ni–YSZ), cathode electrodes of



Energies 2021, 14, 1212 3 of 14

the strontium-doped lanthanum manganite/yttria-stabilized zirconia (LSM–YSZ), and the
electrolyte of the yttria-stabilized zirconia (YSZ).

Figure 1. Numerical solid oxide fuel cell (SOFC) model.

Table 1. Geometric and physical parameters of the model.

Parameter Symbol Value

Length of cell Lcell 100 (mm)
Reactant channel height hch 1 (mm)
Reactant channel width wch 2 (mm)

Interconnect height hint 2 (mm)
Cell unit width wcell 4 (mm)

Anode thickness ta 0.15 (mm)
Electrolyte thickness tel 0.1 (mm)
Cathode thickness tc 0.1 (mm)
Operating pressure p0 1 (atm)

Operating temperature T0 800 (◦C)

2.2. Governing Equations

Equations for ion, electron, momentum, gas-phase species, and heat transport are
to describe the different phenomena of momentum transport, mass continuity equation,
species transport, and charge transport in the model of SOFC. In the model, radiation
heat transfer was ignored [20,32,33]. The governing equations are summarized in Table 2.
The parameters of thermal conductivities, densities, and heat capacities in the model are
summarized in Table 3.

Table 2. Governing equations.

Equations Domain

Electrochemical model
∇ · iel = ∇ ·

(
−σ

e f f
el ∇ϕel

)
=

{
−Scurrent in anode
Scurrent in cathode

∇ · iio = ∇ ·
(
−σ

e f f
io ∇ϕio

)
=


Scurrent in anode

0 in electrolyte
−Scurrent in cathode

Electronic and ionic current
densities

E = EOCV − |ηact| − ηohm − ηconc Actual potential

iloc = i0
[
exp

(
αa

Fηact
RT

)
− exp

(
−αc

Fηact
RT

)] The Butler-Volmer charge
transfer kinetics equation

Mass and momentum transport ∇ · (ρu) = 0 Fluid flow in the gas channels,
ρ
ε (u · ∇)u = −ε∇p +

∇
[
µ
((
∇u + (∇u)T

)
− 2

3 (∇ · u)I
)]
− εκ−1µu + εF

Electrodes

Species transport ∇ ·
(

ωiρu− ρωi
n
∑

j=1
Dij

(
∇xj +

(
xj −ωj

)
∇p

p

))
= 0 Material transport

Heat transfer ρεcpu · ∇T = ∇ · (k∇T) + Q
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Table 3. Operation condition, thermal conductivities, densities, and heat capacities.

Parameter Symbol Value

Operation temperature T 1073 (K)
Reference diffusivity kd 3.16 × 10−8 (m2/s)

Viscosity, fuel µa 2.4320 × 10−5 (Pa·s)
Viscosity, oxidant µc 4.4574 × 10−5 (Pa·s)

Diffusion volume, H2 νH2 7.07 × 10−6 (m3/mol)
Diffusion volume, H2O νH2O 12.7 × 10−6 (m3/mol)
Diffusion volume, O2 νO2 16.6 × 10−6 (m3/mol)
Diffusion volume, N2 νN2 17.9 × 10−6 (m3/mol)

Porosity, anode and cathode εa/c 0.4
Tortuosity, anode and cathode τa/c 3.8
Pore size, anode and cathode rpore,a/c 5 × 10−7

Permeability, anode and
cathode κa/c 1.76 × 10−11 (m2)

Thermal conductivity, anode ka 11 (W/m·K)
Thermal conductivity, cathode kc 6 (W/m·K)

Thermal conductivity,
interconnect kint 20 (W/m·K)

Thermal conductivity,
electrolyte kel 2.7 (W/m·K)

Composition, anode Ni-YSZ
Composition, cathode LSM-YSZ

Composition, electrolyte YSZ
Composition, interconnect Stainless steel

Density, interconnect ρint 3030 (kg/m3)
Density, electrolyte ρel 5160 (kg/m3)

Heat capacity, anode cp,a 450 (J/kg·K)
Heat capacity, cathode cp,c 430 (J/kg·K)

Heat capacity, electrolyte cp,el 470 (J/kg·K)
Heat capacity, interconnect cp,int 550 (J/kg·K)

2.3. Boundary Conditions and Operating Parameters

The numerical model was built with the main parameters of [27], where the voltages
of the top interconnect were set from 0.5 V to 0.9 V, and that of the bottom interconnect
was set as an electrical ground. The thermal periodic condition and the electric insulation
condition were set for the span-wise sidewalls of the model [29], which means the same
temperatures and the heat fluxes across both surfaces.

At the inlets of the gas channels, the oxidant velocity was 3 m/s with the mass fraction
ratio O2 and N2 of 0.15:0.85, and the fuel velocity was 0.4 m/s with the mass fraction ratio
of H2 and H2O of 0.4:0.6. The ambient conditions were set for the pressure outlet of both
channels. The current densities of anode and cathode were set as 4637.4 and 1166.2 A/m2,
respectively. The parameters of operation, thermal conductivities, densities, and heat
capacities for the gases, anode, cathode, electrolyte, and interconnect are listed in Table 3.

3. Results and Discussion
3.1. Validation of the Numerical Calculation

The numerical simulations were carried out by the commercial finite element software
COMSOL Multiphysics 5.4 (COMSOL AB, Stockholm, Sweden). The grid-independent
results were obtained, and the grids on the cross section are shown in Figure 1. To validate
the numerical calculation, the numerical results of SOFC performance were compared with
those in the published literature [25,27], and the cell voltage and power density versus
current densities are shown in Figure 2a,b, respectively.
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Figure 2. Comparison of the numerical results with those in [25,27]: (a) cell voltage versus current
density and (b) power density versus current density.

The numerical results agreed well with the experimental results and those of the
numerical results in the literature [25,27]. The compared results confirmed the success-
ful coupling of heat transfers into the overall numerical model and finally validated the
accuracy and reliability of the present numerical model. Some acceptable errors were
derived mainly from several factors, such as assumptions of ideal processes of the transport
and reaction in the SOFC, and ideal values of physical parameters of the stack compo-
nents [28,34,35].

3.2. Effect of Interconnect in Numerical Model and Model Simplification

Previous studies [2] argued the necessitation of the inclusion of the interconnect in
the numerical model. The metallic interconnect is usually used in contact with electrodes
and reactant gases, enabling the electronic current and the heat transfer. It is made of
metallic materials in which the electronic conduction is enough rapid. The exclusion of
the interconnect in the current model can avoid the simulation in a full three-dimensional
geometry, and thus greatly reduce the computational time and cost, but still be able to
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simulate fields of flows and pressures in fluid channels. This study also revealed the
minimal variation of temperatures along the fuel channel at different operating voltages,
such as about 2 ◦C at an operating voltage of 0.9 V and 50 ◦C at an operating voltage of
0.5 V, implying that the temperature variation was about 6.3% at most at the operation
temperature of 800 ◦C, which was in the same magnitude of errors between numerical
and the experimental results. Therefore, the exclusion of interconnects may be feasible
to simplify the model via assuming isothermal conditions in numerical modeling to save
computational resources.

To accurately identify the significance of the interconnect on the SOFC performance,
the cases with inclusion and exclusion of interconnects in the numerical model were com-
pared and studied. The model with the exclusion of interconnect is shown in
Figure 3 including fuel and oxidant channels, gas diffusion electrodes, and the electrolyte
layer. The numerical simulation was carried out at 800 ◦C, the electrical potential at the
cathode ranged from 0.5 V to 0.9 V while the anode was grounded, isothermal condi-
tions were assumed, and the other model parameters were the same as those described
previously.

Figure 3. Numerical model without the interconnect.

The main parameters of performance, cell voltage and the power density with their
associated current densities under two simulation conditions of inclusion and exclusion
of interconnects, were compared to those from the experiments, as shown in Figure 4.
Both two numerical results (with/without interconnects) shared similar tendencies in their
current densities and power densities. The errors between the experimental results and
numerical results by the exclusion of the interconnect were about 20%. Cell voltages and
power densities by the exclusion of the interconnect were about 26% greater than that
those by the inclusion of the interconnect at the same current density. The difference in
numerical results of the two cases was mainly attributed to the ignored ohmic overpo-
tential in interconnects and applied constant model parameters in the numerical model
for absolutely non-uniform temperatures. To discuss further the effect of interconnect on
the fuel cell performances, the numerical results of two simulation cases were selected
with almost the same current density in the two models. This study further confirmed
that the current density was 2348 A/m2 in the case with the exclusion of interconnects,
compared to 2313 A/m2 in the case with the inclusion of interconnects. Moreover, contours
of mole fraction profiles of both oxygen and hydrogen, model concerning interconnects in
Figure 5a and not concerning interconnects in Figure 5b, were almost in the same patterns
along the channels in these two cases, which presented reactant profiles at different cross
sections along the gas channels in two cases. Therefore, the numerical model with the
exclusion of interconnect can be used to accurately evaluate the effect of operating pa-
rameters on the performance of the planar solid oxide fuel cell. For the convenience and
simplification of numerical calculations in this study, all results and discussions were based
on the numerical model with the exclusion of the interconnect unless specifications.
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Figure 4. Comparison of main SOFC performance parameters.

Figure 5. Distribution of mole fractions of oxygen and hydrogen along the cathode channel: (a) model
concerning interconnects and (b) model not concerning interconnects.
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3.3. Effect of Contents of Gas Reactants

In typical SOFC stacks, the excess fuel is generally supplied to avoid the anode
oxidation and the cell degradation arising from species concentration gradients and cor-
responding chemical stresses [29] under high operating temperatures [22]. On the other
hand, in practice, there is a desire to improve the one-pass hydrogen utilization efficiency
and minimize hydrogen leakage via the exhaust. Practically, the incompletely reacted fuel
is generally recirculated back to be mixed with the fresh fuel and thus re-enters the fuel
channel. Therefore, the elucidation of the effect of hydrogen concentrations (arising species
concentration gradients) on the performance of the given SOFC stacks would be essential
to maximize the system efficiency while avoiding materials degradation.

The parametric study was conducted by varying the inlet mass fraction of hydrogen
from 0.4 to 0.6 to enhance hydrogen concentration gradients while maintaining constant
inlet velocity and other parameters of fuel. The transport properties of the fuel were
determined by reference [36]. The numerical results of the main SOFC performance
parameters are shown in Figure 6.

Figure 6. Comparison among the different inlet gas conditions.

The curves of the main SOFC performance parameters were almost completely over-
lapping. At the inlet hydrogen mass fraction of 0.6 and the cell voltage of 0.8 V, the
distribution of hydrogen mole fraction on different cross sections along the anode channel
is shown in Figure 7.

Likely, the oxygen mass fraction in the cathode also contributed impacts on the per-
formance of the SOFC. Similarly, while maintaining other parameters as constant, the
effect of oxygen gradient by varying oxygen concentration from 0.21 to 0.4 was exam-
ined. The numerical results of the main SOFC performance parameters were presented in
Figure 6. It is not surprising that the curves of the main SOFC performance parameters are
almost completely overlapping in these two cases. The results show that for the currently
given parameters, while fuel and oxidant being sufficiently supplied, the increased concen-
tration gradients of either hydrogen in the fuel channel or oxygen in the oxidant channel
did not affect the performance of the SOFC.
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Figure 7. Distribution of hydrogen mole fraction along the anode channel.

3.4. Effect of the Multi-Reactants Transportation

Multi-reactants mass transportations in the gas channels and electrodes, described by
the Maxwell-Stefan equation, were another important factor to be considered in operating
SOFC. It has been found in the previous Figure 5 that there were bigger oxygen concentra-
tion gradients on the cross sections in the oxidant channel because the oxygen concentration
in the cathode electrode was much smaller than that in the oxidant channel. In Section 3.3,
it was also found that the increased reactant concentration gradients in the gas channels
did not affect the performance of the SOFC, which may imply the likelihood of the greater
restriction on the performance of the SOFC existing in multi-reactants transportations in
the gas diffusion electrodes.

Further considering multi-reactants transportations in the gas phase of electrodes,
the molecular diffusion coefficients Dij was an important parameter describing the mass
transfer of a multi-component reactant mixture system, which is defined by the following
equation [37]:

Dij =
kd · T1.75 ·

(
1

Mi
+ 1

Mj

)0.5

p ·
(

v
1
3
i + v

1
3
j

) (1)

where kd is the reference diffusivity, and Mi and νi are molar mass and diffusion volume,
respectively.

Taking oxygen transfer as an example, diffusivity kd of oxygen can theoretically
be assumed 100 times greater than the real one which was as a reference, for example,
3.16× 10−8 m2/s as the reference and 3.16× 10−6 m2/s presenting the case of the improve-
ment in the multi-reactant mass transports in the gas diffusion electrodes. The mole fraction
contours of oxygen on the middle cross section of the gas channels and gas diffusion layers
were compared at the cell voltage of 0.8 V in Figure 8a, and the mole fraction distributions
of oxygen along the normalized width of the electrode are shown in Figure 8b.
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Figure 8. Distribution of oxygen mole fraction on the middle cross section: (a) mole fraction contours
of oxygen and (b) mole fraction of oxygen in electrode.

Profiles of oxygen mole fractions in Figure 8 showed that the oxygen mole frac-
tions within the cross section vary from 1.330 mol/m3 to 0.652 mol/m3 when kd was
3.16 × 10−8 m2/s, and the difference was 51%. When kd was increased by 100 times, the
difference between the biggest and smallest oxygen mole fractions decreased to 0.5%. Simi-
lar results were obtained for the mole fraction distributions of hydrogen, and the difference
of the biggest and smallest mole fractions on the cross section was 3.86% when kd was
3.16 × 10−8 m2/s, which decreased to 0.2% when kd was assumed to be 3.16 × 10−6 m2/s.
The numerical profiles of oxygen mole fractions implied that the multi-reactant mass trans-
ports in the gas diffusion electrodes can be improved greatly when kd was assumed to
be increased.
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The results of main SOFC performance parameters were compared between results
of two cases with different gas diffusivities, leading to a similar conclusion as presented
in Section 3.3 of analyzing the effect of reactant concentrations in gas channels. For the
given transport properties and sufficient supply of reactants, enhanced multi-reactant mass
transport in the gas diffusion electrodes did not enhance the performance of the SOFC.

3.5. Effect of Ionic Conduction in Electrolyte

The aforementioned numerical analysis revealed the irrelevance of both the enhanced
reactant concentration gradients in flow channels and the improvement in multi-reactant
mass transports in gas diffusion electrodes to any enhancement of the SOFC performance
for the given parameters of the SOFC unit. This implied the performance improvement
of SOFC would be other controlling factors. Alternatively, the SOFC performance must
address electric current, concerning the electron transportation in the electrodes and the ion
transportation in the electrolyte. Electronic and ionic current densities are both governed
by the charge continuity equations associated with Ohm’s law, which involve an ionic
conducting phase and an electronic conducting phase. The electron and ion conductivities
are two parameters that are usually used to present the conducting process. The ion
conductivity in the electrolyte was specifically noticed on its crucial influence on the overall
conductivity because its value is lower than the electric conductivities by several orders of
magnitude.

To evaluate the effect of conducting the process, the ionic conductivity of electrolyte
(YSZ) was assumed to be increased to 4.5338 S/m by 100% from 2.2669 S/m. The doubled
value of the ionic conductivity is just a hypothetical and fictitious value to evaluate its
affection. The comparison results on main SOFC performance parameters in these two
cases are shown in Figure 9a.

Figure 9. Comparison between two cases with different ionic conductivities: (a) cell voltage and the power density and (b)
current density distribution.

As expected, the current density was enhanced greatly, by 65%, at the same cell voltage
when the ionic conductivity was increased by 100%, and similarly, the power density was
also increased by 65% at the same current density of SOFC. It implied that the oxygen ions
conductivity in electrolytes plays a most critical role in the conducting process in SOFC.
This agreed well with previous studies [25], which found that the power density increased
with the decrease of the electrolyte thickness. The thinner electrolytes, the less resistant the
ionic conductivity in the electrolyte.

The current density distributions at the cathode sides of the electrolyte in two cases
are depicted in Figure 9b. In addition to the increased average current density with the
increase of the ionic conductivity, it was also found that the current density was not uniform
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within the electrolyte. The nonuniform difference between the biggest and smallest current
densities was 3.32% at an ionic conductivity of 2.2669 S/m, and this difference increased
to 4.95% at an ionic conductivity of 4.5338 S/m. The nonuniform of current density was
likely attributed to the SOFC geometric arrangement of the gas channel and interconnect.
The metallic ribs of interconnects were in contact with porous electrodes, enabling the
flow of electronic current [38]. Because the electrons are conducted through the ribs and
interconnects in the SOFC unit, the area with the bigger current density in the gas diffusion
electrodes lies in the contacting part of the interconnect ribs to electrodes, and the area
with the smaller current density exists close to the reactant channels. This was not true
for the current density along the reactant flow direction, which did not vary obviously.
This benefited from the much bigger electron conductivities in the electrodes and excess
hydrogen and oxygen supplied into the gas channels.

Further studies following the current study would be a schematic investigation on
the optimization of the SOFC performances, correlating several aspects in operational
conditions (such as temperatures and pressures and reactant species), material develop-
ments (mainly electrolytes), and structures and dimensions (affecting temperature and
pressure profiles). The numerical modeling would help in insightful understandings and
problem-identification on the affecting factors toward performances of SOFCs, leading a
clear path toward the speed-up and optimization of SOFCs.

4. Conclusions

This study focused on the effect of reactant transportations on the performance of a
given SOFC. The applied method was numerical modeling techniques based on COMSOL
software package thus a three-dimensional SOFC model was established, involving all
necessary SOFC components, such as interconnects, reactants flow channels, porous elec-
trodes, and the electrolyte. The numerical results agreed well with the available results in
the published literature, and the reliability of the numerical calculations was confirmed.
Further studies found it is feasible to exclude the interconnect in the numerical model of
the SOFC for the purpose of saving time while maintaining enough accuracy.

In the search for critical factors restricting mass transfers and electrochemical reactions,
numerical studies revealed the irrelevance of both the increase in reactant concentration
gradients in flow channels and the improvement in multi-reactant mass transports in
electrodes to any enhancement of the SOFC performance when sufficient fuel and oxidant
supplied for the given parameters of the studied SOFC unit. Further studies identified it is
the ionic conductivity of electrolytes that could significantly change the SOFC performance.
It was concluded that all factors affecting the ions conductivity in an electrolyte, such as
temperatures, electrolyte materials, and dimensions, played a critical role in the energy
output and performance of SOFCs.

It is believed that it is of great significance to compare the open-circuit voltage with
the theoretical Nernst potential and to achieve a quantitative conclusion about the effects
of the reduction of film thickness compared with the increase of conductivity; this will
be carried out in future research. Overall, the numerical modeling provides insights into
the transportations of involved reactants in the SOFCs, leading a clear path to design and
optimize SOFCs.
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