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The use of computer simulation to predict the behavior of devices and materials allows for the
acceleration of system operation and reduces costs, as it eliminates the need to build prototypes for
testing. This work proposes the construction of 3 models with different complexities to simulate the
electrical behavior of a solid electrolyte fuel cell. Experimental data were compared with simulation
data. The experimental data were obtained from the production of a solid YSZ by tape casting, sintered
at 1550 °C. The material was characterized using impedance spectroscopy in atmospheric air. From
the experimental data, a computer simulation was conducted by using commercial code (COMSOL
Multiphysics v.5.4). The construction of the model was developed to 1D, 2D axisymmetric and 3D
dimensions to simulate an electrolyte to use in cylindrical planar SOFC. Nyquist Impedance graphics
were plotted for the three geometries in comparison with the experimental value. No variation was
observed between the curves obtained by the different geometries for the same interface. In other
words, the interface complexity did not interfere in the result obtained for the same experimental data.
‘We concluded that the 1D model is ideal to predict the influence of operational parameters because it

is simpler and saves analysis time, maintaining the reliability and accuracy of the results.
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1. Introduction

The electrolyte of a solid oxide fuel cell (SOFC) is a
dense ion-conducting ceramic that transports ions between
electrodes'. The most used materials in the manufacture
of electrolytes for SOFCs are ceramics with a fluorite-like
structure, mainly yttria-stabilized zirconia (YSZ)*3. To fulfill
their function, the electrolytes must have a relative density
above 95% to prevent mixing of fuel and oxidizing gases,
high ionic conductivity (above 0.1 S.cm™), low electronic
conductivity (electronic transfer number less than 10~) and
uniform thickness to reduce ohmic losses*”.

Electrochemical impedance spectroscopy (EIS), also
known as alternating current (AC) impedance is among
the most common methods of analysis performed for the
electrical characterization of the electrolyte. This technique
is based on the analysis of the response generated by the
current when subjected to small sinusoidal disturbances in the
electronic potential. Such disturbance is applied to a certain
frequency range, which generally varies from 0.1 MHz to
30 MHZ®. The variation in frequency makes it possible to
differentiate the processes and mechanisms that occur on
the surface of the electrodes and inside the electrolytes’.

*e-mail: anaouba@hotmail.com

The main difficulty in the study and development of
SOFCs is the operating temperature of the electrolyte, which
works around 1000 K, limiting the choice of materials, and
reducing the life of the device due to thermal degradation and
corrosion of the materials. This also makes it difficult and
expensive to build new systems!’. Due to these challenges,
the interest in solving problems through computer simulation
has increased. This resource allows the acceleration of the
system operation in time, makes it possible to predict possible
accidents that could occur during the implementation of a
real system and saves economic resources, as it eliminates
the need to build prototypes for testing!!. However, the
construction and complexity of the model to be used in the
simulations is one of the biggest challenges to use these
simulations extensively in the search for new materials.

Simulation is a computational tool used to study physical
and chemical phenomena that, together with modeling,
makes it possible to describe a system through a set of
known equations and laws'2.

The modeling of the SOFC cell can be studied as a function
of the transport phenomena in fluids using Computational
Fluid Dynamics (CFD) by applying the Finite Element
Method (FEM). Fluids are ruled by differential equations
that represent mass and energy conservation laws. Depending
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on the phenomena to be studied, or, the formulation of the
problem, there are three study depths determined by their
dimensions (Table 1 and Figure 1).

There is also the 2D axisymmetric model which consists
of a three-dimensional model expressed in cylindrical
coordinates (1,0,z) that undergoes an integration of the
variable 6 and becomes a two-dimensional problem (r,z)".

The simpler the domain is, the easier it will be to understand
the influence of different reactions on an electrochemical
system, in addition to facilitating the convergence of the
problem and providing a good estimate of the current
voltage behavior'®. In this way, a 2D axisymmetric model
represents a simplification of a three-dimensional domain,
where only the revolution section needs to be discretized
(Figure 2).

The characterization of the electrical behavior of SOFC
components can be carried out by electrochemical impedance
spectroscopy (EIS). This technique consists of evaluating the
response of the material to the application of an alternating
voltage and measuring the real and imaginary parts of the
complex impedance as a function of frequency. The real
part corresponds to the resistive part and the imaginary part
corresponds to the part of capacitive and inductive reactance®.
The response of the material to the application of this signal
provides semicircles that represent the contributions of

M Bipolar plate of reagent distribution channels ,//\\\ )

3D

B2 Gas diffusion layer
M TPB sites -
[Z Electrolyte

Figure 1. Modeling domains applicable in the characterization of
the problem to be analyzed.
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electrical properties associated with electrodes and contacts,
grain boundaries and bulk of the grains'®!”. Each semicircle
can be associated with the behavior of resistive, capacitive
and inductive elements combined in equivalent circuits
formed by resistors (R), capacitors (C) and inductors (L).
In practice, most samples do not exhibit an ideal behavior,
that is, generally the arcs appear flat, revealing a high angle of
decentralization and suggesting the presence of phenomena
with different time constants'®. In such cases, the non-Debye
relaxation phenomenon occurs, which results in Constant
Phase Element (CPE) in equivalent electrical circuits. This
is due to the heterogeneities between the characteristics
of each grain, as well as the heterogeneities between the
characteristics of each grain boundary combined in series/
parallel connections'.

Before starting the construction of a model, in addition to
choosing the dimension of the study domain, it is necessary to
evaluate and define the best interface to analyze the problem.
Regarding the EIS evaluation, there are three possibilities
of current distribution interfaces: primary, secondary and
tertiary®.

The secondary current distribution interface considers
activation overpotentials, but disregards possible changes
in electrolyte composition. It defines the transport
of charged ions in a uniform electrolyte. The current
conduction in the electrodes and electrolytes is calculated
using Ohm’s law in combination with a charge balance.
The relationship between charge transfer and activation
overpotentials is made by arbitrary kinetic expressions
such as the Butler-Volmer and Tafel equations. Neumann
boundary conditions are used to describe current flow
conditions. This interface can also be combined with mass
transport interfaces to describe concentration-dependent
current distributions.

This work aimed to develop and validate an EIS model
for SOFC from experimental data of an YSZ electrolyte
with platinum electrodes. The model construction was
developed for 1D, 2D axisymmetric and 3D dimensions to
simulate an electrolyte to be used in cylindrical planar SOFC.
The three dimensions were evaluated via the secondary
current distribution interface available in the commercial
code (COMSOL Multiphysics v.5.4).

Table 1. Modeling domains applicable in the characterization of problems according to the design.

Dimension Axis Region Analysis
Reagent flow
D 4 Electrolyte Reagent concentration
TPB sites Temperatures
Electrical and electrochemical potentials
y-z Electrolyte Reagent flow
TPB sites Reagent concentration and products
2D [PV .
X-Z Gas diffusion region Temperatures
Canals Electric and ionic potentials
Reagent flow
Electrolyte Charge losses
TPB sites Reagent concentration and products
3D X-y-Z

Canals

Gas diffusion region

Temperatures
Heat removal
Electric and ionic potentials
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Figure 2. Domain and contour simplification in axisymmetric cases.

2. Experimental

2.1. YSZ fabrication and characterization

The YSZ electrolyte, formed from the tape casting
process, was sintered at a 2°C/min heating rate up to 600°C
to avoid warping of the sample during the removal of the
organic components and then it was heated at a 10°C/min
rate up to 1550°C with a 4-hour threshold for sintering and
component densification. After sintering, the sample was
characterized by evaluating the apparent density (AD), apparent
porosity (AP), X-ray diffraction (XRD) and electrochemical
impedance spectroscopy (EIS).

For the AD and AP calculations, the dry mass of the
sample ("4ry) was measured after remaining 24 hours at
110°C in an oven. Then, measurements of the mass of
the immersed sample ("immersion) Were carried out in the
hydrostatic balance after remaining immersed in distilled
water for 24 hours and, finally, measurements of the mass
of the wet sample (m,,.;) were carried out, which consists of
the measurement in the air of the same sample previously
immersed'®.

The mass values were applied to Equation 1 to determine
AD (g/cm?) and in Equation 2 to determine PA (%)'S:

mg,
A M

Mypet =~ Mimmersion

Mypet = My

AP = x100 )

Mypet — Mimmersion

The XRD data were obtained using a Shimadzu
diffractometer with Ka(Cu) radiation = 1.54060 A, in an
angular variation range of 20 from 5° to 90°, and a 2°/minute
scan speed. Phase identification was performed using the
software Crystallographica Search-Match.

Platinum electrodes were deposited (Fuel Cell Materials)
to evaluate the YSZ sample electrical properties. The EIS
measurement was performed in atmospheric air with a
disturbance amplitude signal of 300 mV, measuring the real
and imaginary parts of the complex impedance as a function
of frequency between 1 Hz and 1 MHZ®. The analysis results
were interpreted using the software Frequency Response
Analyzer (FRA), which obtains the results directly from
the potentiostat and transmits them to the software Zview®
Version 3.0. used to evaluate the results obtained. This software

employed equivalent circuits to determine the resistance of
the material, which was converted into resistivity through
Equation 3:

_R4A
p=—" 3)
Where:

p: resistivity (Q.m)

R: electrical resistance ()

A: sample section area (m?)

e: sample thickness (m)

Resistivity is the inverse of conductivity, as Equation 4:

oL @)
(o2

2.2. Simplifications of the computational model

The commercial code (COMSOL Multiphysics v.5.4)
was used to obtain the mathematical model. This software
has a pre-installed fuel cell module with tools to model
electrochemical reactions and transport phenomena?.

Some concepts are currently accepted for the construction
of a simplified mathematical model study?:

a) All reactants and products are in the gas phase, in
other words, there is no phase change in any of the
cell regions;

b) The gases were considered ideal;

¢) The flow is incompressible and laminar due to the
fact that the pressure gradients and the flow velocity
are small;

d) The electrolyte is impermeable to gases, in other
words, the losses by permeation of reagents are
disregarded;

e) The structure and composition of SOFC components
are considered isotropic and homogeneous;

f)  The cell operates under isothermal conditions;

g)  The ohmic losses are disregarded in solid components;

h) The SOFC operates in a stationary state.

The model construction was developed for the dimensions
1D, 2D axisymmetric and 3D to simulate a cylindrical
planar SOFC. The three dimensions were evaluated by the
secondary current distribution interface.

2.3. Geometries

During the fabrication of the SOFC, the component used
as a support must be thick to provide mechanical stability
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to the unit cell. In electrolyte-supported cells, the YSZ
membrane usually has a typical thickness of 1.5 x 10 m*.

Figure 3 illustrates planar cylindrical geometry in 1D
space. The lengths shown in the figure indicate the thickness
of the components. Thus, we established that the thickness of
the electrolyte was equal to 1.5 x 10 m and that the thickness
of the electrodes was equal to 1.0 x 10 m. The isolation
was applied to the extremities of the electrodes.

As described earlier, the 2D axisymmetric geometry
represents the SOFC revolution section Figure 4 illustrates
the planar cylindrical geometry in the 2D axisymmetric space.
In this geometry, the thickness of the components corresponds
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to the length used in the 1D formulation. We established that
the electrolyte diameter, which is the supporting component,
was equal to 1.2 x 10 m. The diameter of the electrodes
was 7.2 x 10 m.

The 3D geometry best represents a real model.
Figure 5 illustrates the planar cylindrical geometry in the
3D space. The dimensions of the three-dimensional model
are the same as those used for the previous models.

The three geometries were built in COMSOL Multiphysics®
using the geometry node. Table 2 shows a detail of the
parameters used for the construction of the three studied
geometries.

o
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Figure 3. Planar cylindrical geometry in 1D space.
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Figure 4. Planar cylindrical geometry in 2D axisymmetric space.
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Figure 5. Planar cylindrical geometry in 3D space: a) higher perspective view; b) bottom perspective view; c) side view.

Table 2. Geometric parameters used to build 1D, 2D and 3D models.

Description of geometric parameters 1D model 2D model 3D model
Electrolyte thickness 1.5x 10*m 1.5x 10*m 1.5x 10*m
Thickness of platinum electrodes 1.0x 10*m 1.0x 10*m 1.0x 10*m
Electrolyte radius - 6.0x10° m 6.0x10° m
Radius of platinum electrodes - 3.6x10° m 3.6x10°m
Electrolyte diameter - - 1.2x102m
Diameter of platinum electrodes - - 72x10%°m
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2.4. Secondary current distribution interface
nodes and equations

2.4.1. Electrolyte and porous electrode node

The secondary current distribution interface is constructed
and deduced from the mass conservation equation, which
can be described by the equations for each species i diluted
in an electrolyte, according to Equation 5%*:

oc;
a—;JrV'Ni =R; tor (5)

Where:

N; is the total flow of species i (mol/(m?s)).

R; 101 1s the total reaction rate for species i (mol/(m*'s)).
From the simplification of the study in stationary state,

the variation of the concentration as a function of time is

eliminated from Equation 5, remaining only the N; gradient.
The N; magnitude is obtained by the Nernst-Planck

equations, which present the species flux as a set of transport

mechanisms by diffusion, migration and convection, shown

in the respective order on the right side of Equation 6:

N; ==DVe; =z ;FeiV ¢y + cu (6)

Where:
¢; is the concentration of ion i (mol/cm?)
z; is the valence of ion i
Dy is the diffusion coefficient (cm?/s)
Upm,i is mobility (s - mol / kg)
F is Faraday’s constant (96485 C/mol)
V¢ is the electrolytic potential gradient (V)
u is the ion velocity vector (cm/s) for reaction m (oxidation
or reduction)
The current density in the electrolyte (i7) in A/m? can be
described using the sum of all fluxes of species i, according
to Equation 7:

i =FXzN; (N

Assuming an electroneutrality condition and neglecting
the charge-carrying ion concentration gradients, the current
density is simplified by Equation 8&:

iy = =F* L2ty ety ®)
Assuming that the composition of charge carriers is

constant, the electrolytic conductivity oy (Q,cm)’l can be
defined by Equation 9:

o= Fzzz,?um’,-ci )

In this way, the current density in the electrolyte will
be equivalent to the product between the conductivity and
the ionic potential gradient, in other words, it has the same
form as Ohm’s law, as shown in Equation 10%:

(10)

As Ohm’s law is also used to conduct current in the solid
electrode phase, Equation 11 will give the general equation
for the electrodes:

i] = —O'ZV(D]

iy =~ VO, (11

Where:
i is the current density in the solid electrode (A/cm?)

os is the conductivity of the solid electrode (Q.cm)71
Vs is the potential gradient of the solid electrode (V)
Ohm’s law is used in combination with a charge balance
to describe the current flow through the electrodes. In this
way, the secondary current distribution interface defines two
dependent variables, one for the electrolyte potential ().
These variables are the current source densities (Q), which
vary as a function of the current density gradient (v.;), as
shown in Equation 12:
Veig =0 (12)
Where:
O is the source of electron current in the electrode (A/cm?)
Vei is the current density gradient of the electrode
Similarly, Equation 13 gives the electrolyte current source:

Veip =0 (13)

Where:
O is the ion current source in the electrolyte (A/cm?)
Ve is the electrolyte current density gradient

The advantage of the ohmic expression is the linear
relationship of current density to ionic potential for secondary
current distribution.

2.4.2. Sub-node reaction in the porous electrode

The secondary current distribution interface considers the
activation overpotential (1), which is specific for a reaction
taking place at the interface and depends on the electron
potential at the electrode (@) and the ionic potential (d)),
according to Equation 14%:

ﬂm:q)s7®17Eeq,m (14)
Where:
Eeq, m is the reaction m equilibrium potential.

The corresponding potential difference in ®;, called
ohmic drop, alters the electrochemical equilibrium position.
In this case, an additional potential in the electrical circuit
may be required to generate an equivalent overpotential.

The electrode kinetics settings will define the local current
density i, , (A/cm?) at the interface between electrolyte and
electrode. This value will depend on the overpotential (M)
and the equilibrium potential (Eq, ). For all expressions,
the exchange current density i, (A/cm?) is a measure of
kinetic activity.

The Butler-Volmer equation describes the current
density due to an electrochemical reaction as a function
of overpotential and reactant and product concentrations
for a reversible process. If the kinetics do not depend on
the concentration, the general form of the Butler-Volmer
equation is given by Equation 15%:

. . a.Fn —-a.Fn
1) =1Ip| €X —€X
loc,m 0[ p( RT J P( RT J]

(15)
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Where:

..., 18 the local charge transfer current density for reaction m
The equation above describes the electrode kinetics and it

is used in the “porous electrode reaction” node. The parameters

of the anodic charge transfer coefficient & (dimensionless)

and cathodic charge transfer «_(dimensionless) will affect

how much the i, will change with changes in overpotential.

2.4.3. Electrical double layer capacitance sub-node

As described earlier, the Butler-Volmer expression is
used to calculate the magnitude of the electrolysis current
or faradaic current. Nonetheless, the interface between the
electrodes and the electrolyte can consume capacitive current
due to the attraction or repulsion of ions, creating a layer of
oppositely charged ions close to the electrode.

The charge layer on the electrode and the opposite charge
layer on the adjacent electrolyte are called double layer and
can be thought of as a parallel plate capacitor. The charge
will vary with the current density at the electrode.

The physics of the structure and formation of two layers
is highly complex and not yet well understood. One of the
simplest empirical methods to explain the observed influence
of capacitance on polarization curves is to introduce a constant
ideal capacitance at the interface between the electrode and
the electrolyte.

In the double layer region of SOFCs with YSZ electrolyte,
the current density is zero and the capacitance presents values
of tenths of 1F / cm? for temperatures higher than 700°C?".

2.4.4. Harmonic perturbation

The EIS technique, also known as alternating current
(AC) impedance, is based on the analysis of the response
generated by the current when subjected to small sinusoidal
perturbations in the electronic potential. This perturbation
is applied to a certain range of frequencies, which makes it
possible to differentiate the processes and mechanisms that
occur on the surface of the electrodes®.

The harmonic disturbance node is used to specify the
amplitude of the voltage or current disturbance applied in
the frequency domain, which can vary according to the study
or boundary condition selected.

2.4.5. Boundary conditions

The boundary conditions of the secondary current
distribution interface are given by the nodes pre-installed
in the study interface, which are the isolation of the walls,
the initial values of the dependent variables, the electrolyte
potential at the electrode boundary and the current of the
electrode bordering the electrolyte'.

The isolation boundary condition describes that the walls
of a cell or cell boundaries are in contact with a conductor.
The boundary condition is shown in Equation 16™:

(16)

izen=0

Where:
i, is the current density vector for electrolyte (1) or electrode (s)
n is the normal flow vector of the molar species.

The second boundary condition is related to the initial
values of the dependent variables, that is, de ®; e @,
according to Equation 17 and Equation 18:
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®; =0 (17)

(18)

Finally, an electrolyte potential node is added to organize
the boundary conditions at the boundary between the
electrode and the electrolyte. These conditions are related
to the electrolyte potential (®;) in this region according to
Equation 19:

D) =Dy ppg =0 (19)

Moreover, with the electrode current in the boundary
region according to Equation 20:

I igendp =i, avemgeI dp (20)
oN o

Where:

0Q: is the boundary area between the electrolyte and the

electrode

D, pna: is the electrolyte potential at the boundary between

the electrolyte and the electrode

Is, average: is the average current density at the electrode.
The value of current density at the electrode (i) is

considered constant and it has a magnitude equal to is average.

The use of the value of is average aims to mitigate an unequal

potential distribution at the boundary between the electrolyte

and the electrode.

2.5. Summary of equations and parameters used

The nodes and sub-nodes added to the secondary current
distribution interface are summarized in Table 3.

The parameters used in the simulation interface are
shown in Table 4.

3. Results and Discussion

3.1. YSZ characterization

Figure 6 shows the YSZ sample XRD results after
sintering and removing the organic compounds at 1550°C.

The analysis shows that the only phase detected was
cubic Yttria Stabilized Zirconia (¥y ;15219 8501 93), according
to datasheet 30-1468 from the software Crystallographica
Search-Match, no trace of other impurities was observed.
Datasheet comments describe the composition as being
a common composition to use in solid state electrolytes.
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Figure 6. XRD of YSZ.
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Table 3. Nodes, sub-nodes and equations used in the simulation interface.

Node or sub-node Equation used Formula Ref
) Veip =0y
Electrolyte Ohm’s Law with charge balance - Daneshvar et al.
i =—o;Vd;
Isolation Boundary condition ipen=0 COMSOL™
D, =0
Initial values Boundary condition =0 COMSOL™
=
Veig = Oy ;
Porous electrode Ohm’s Law with charge balance Singhal a;‘d
iy =0,V Kendal
Reaction at the porous o . a.Fn ) -a.Fn Singhal and
electrode Butler-Volmer Kinetics oc,m =10 [exp[ RT j exp( RT Kendal?®
Electrical d.o uble layer Boundary condition COMSOL™
capacitance Cy#0
Electrolyte potential Boundary condition @) =D pyg =0 COMSOL™
Current in the electrode Boundary condition .[agis ndp =i average-[agdp COMSOL™
Harmonic perturbation - It depends on selected boundary condition Experimental
Table 4. Parameters used in the secondary distribution interface.
Parameter Symbol Value Ref
Platinum conductivity k 3.9x 10* S/em Burkov et al.””
YSZ conductivity o 1.8 x 10 S/cm Experimental
Temperature T 973 K Experimental
Equilibrium potential Eqq 0.95V Choi et al.*®
Anodic transfer coefficient Qg 3.5 Dickinson®!
Cathodic transfer coefficient % 0.5 Andersson et al.*
Average current density of the electrode lavg -0,05 x 10 A/em? Experimental
Perturbation amplitude Aiavg 0.9 A/em? Experimental
Exchange current density iy 4x10°% A/m? Okamoto et al.*
Double layer capacitance Cal 0.01 F/m? Ge et al.”’
Table 5. Resistance and conductivity obtained by EIS.
YSZ — Atmospheric air
T (°C) 350 400 450 500 550 600 650 700
R (Q) 1695.0 483.3 145.2 52.1 23.1 12.5 7.9 5.2
o (S/em)  58x10°  20x10*  68x107%  19x10°  43x10°  79x107°  13x102  1.8x107

The composition reference consists of ZrO, doped with 8%
by mol of Y, O, sintered at 1400 °C for six days*.

As previously described, the materials used as electrolytes
need to have low porosity (below 5%). The average apparent
porosity measured in four specimens, as described in item 3.1,
was 3.44% and the average apparent density was 5.63 g/cm’.
The theoretical density of YSZ is 5.9 g/cm® ¥, since the
apparent density obtained was 95.4% of the theoretical density
(TD), it is possible to affirm that the material presents the

necessary values for application as an electrolyte in SOFC
and that the parameters and procedures used for sintering were
effective to promote the minimum densification necessary.

Finally, the analysis of the impedance spectra by the
ZView software allowed us to obtain the resistance values
to calculate the electrical conductivity of the YSZ electrolyte
at temperatures between 350 and 700 °C.

Table 5 shows comparisons with the electrical resistance
value and total conductivity of the components at temperatures
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Figure 7. Nyquist Impedance vs. Ground (Q.cm?) for secondary
current distribution interface compared to experimental value.

between 350 and 700 °C. The area of the deposited electrode
is equal to 0.38 cm?.

The conductivity values for the YSZ were similar to
those values found in the literature, that is, they must be
greater than 10 S/cm for temperatures above 600 °C* and
greater than 10 S/cm to be able to be used as electrolytes
in SOFC373, Due to this fact, the computer simulation was
performed at 700 °C, as it presented the highest values of
total conductivity.

3.2. Secondary current distribution interface

For the secondary current distribution interface, an
intensity of 4 x 107 A/cm? was used for the exchange current
density and a value of 1 x 10 F/cm? for the double layer
capacitance. Figure 7 shows the Nyquist plots of Impedance
vs. Ground (Q.cm?) for the three studied geometries in
comparison with the experimental value.

The equivalent circuit used to fit the plots is presented
in Figure 7 and is composed of a resistor (R1) connected
in series to another resistor (R2) connected in parallel to a
constant phase element (CPE1). The value of R1 corresponds
to the charge transfer resistance equivalent to the polarization
resistance of the sample.

Comparatively, the experimental curve presented very
close values for the imaginary part, which corresponds to the
capacitive terms. However, it presented a difference in the real
part, which corresponds to the resistive terms. That difference
in the resistive terms indicates that the real resistance is greater
than the resistance calculated by the simulation, probably due the
simplifications applied in sub-item 3.2 that disregard the material
defects and changes in flow gases during the measurements.
Nonetheless, this difference was already expected and did not
affect the result obtained, since the computer simulation is
performed in order to estimate the behavior of a given material.

It was possible to observe that there was no variation
between the plots obtained by the different geometries for
the same interface. In other words, the complexity of the
interface did not interfere in the result obtained for the
same experimental data. However, the greater the number
of dimensions studied is, the greater the number of degrees
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Table 6. Number of freedom degrees and solution time for the
different geometries used in each interface studied.

Geometry ~ Number of freedom degrees ~ Solution Time
1D 44 25s
2D 938 41s
3D 76886 499 s

of freedom is and, consequently, the longer the time needed
to solve the simulation is.

Table 6 shows the values of freedom degrees and solution
time for the geometries studied at the two interfaces.

The number of freedom degrees quantifies the credibility
of each uncertainty component. In general, the freedom
degree is the total number of measurements (N) minus one,
so it can be said that a high degree of credibility implies a
high freedom degree®.

The study carried out for 3D geometries presents a high
degree of credibility according to the respective numbers of
freedom degrees. Nonetheless, this implies a longer solution
time and a greater difficulty in the convergence of the problem.
The use of the 1D model simplifies the problem and saves
time in observing the influence of operational parameters,
maintaining the reliability and accuracy of the results.

4. Conclusions

Comparatively, the simulation data were very similar to
the experimental value for the exchange current density and
double layer capacitance values used. The assumptions made
at the time of construction of the mathematical model to
simplify and adapt it to the study carried out were consistent
with the experimental results.

The secondary current distribution interface and the literature
values stipulated (Table 4) allowed a good approximation of
the simulation and experimental results. Finally, the model
built for the three studied geometries showed no variation
between the curves obtained, that is, the complexity of the
interface did not interfere with the result obtained for the
same experimental data. Thus, we concluded that the use of
the 1D model is ideal, as it simplifies the problem and saves
time in observing the influence of operational parameters,
maintaining the reliability and accuracy of the results.
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