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Abstract

This work considers electronic conductance in solid oxide fuel cells and consequences of its existence. Var-
ious types of electrolyte are analyzed. The voltage characteristics of cells show differences between a the-
oretical maximum circuit voltage and open circuit voltage (OCV). A relationship is assumed between the
OCV value and electronic conductance. Based on experimental measurements an appropriate mathematical
model was created. The model is used to calculate the temperature dependence of electronic conductance for
the most popular types of electrolytes: GDC (Gadolinia-Doped Ceria), ScSZ (Scandia Stabilized Zirconia),
LSGMC (Cobalt, Strontium, and Magnesium Doped Lanthanum Gallate), YSZ (Y'ttria-Stabilized Zirconia).

The obtained results point to the possible existence of a very tight relationship between the electronic
conductance and the open circuit voltage. This relationship enables OCV to be calculated when electronic
conductance is known. Appropriate formulae can be determined.

Temperature is one of the factors which influences the value of electronic conductance. Other influencing
factors also exist but their impact on OCV is not well know. This article mentions some of them.

1. Introduction The main aim of the work presented in this ar-
ticle is to define electronic conductance and to

While the volume of literature on fuel cells grows ~ determine the temperature dependence of elec-
ever greater, some aspects are still unexplained. One ~ tronic conductance for the following materials:
is the difference between voltage values: theoretical ~ (C€2)08(Gd0os)o2 — GDC, (Zr02)09(Sc203)01 —
maximum voltage and open circuit voltage, to be pre-  S¢SZ, (Zr02)0.9(Y203)0.1 — YSZ. These materials are

cise. This article attempts to find an explanation for ~ the ones most often used as electrolytes in SOFC and
this phenomenon. therefore attention is given to them in this article.

They each have a particular molar composition, as
is shown, e.g. the molar fraction of gadolinium ox-
ide in GDC is 80 %. This molar composition varies
according to electrolyte.

This issue is assumed to be a consequence of the
existence of electronic conductance in electrolytes.
While ionic conductance has been tested quite well
and widely described, electronic conductance is yet
to be thoroughly examined. The obtained results are presented in the form of
graphs. All calculations were done on the assump-
tion of O D theory. A 1 D or 3 D approach is unneces-
sary since the calculations are based on discrete val-
ues.
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Figure 1: Voltage-current characteristics of the fuel cell

of LSGMC and the influence of various factors on its
electronic conductance.

The calculations were based on data taken from
[1-8]. Those articles present results of experimental
measurements which contain OCV values in various
operating temperatures of SOFC.

For each considered material data from at least two
different articles are collected. This is done because
it enables the received values to be compared and
it affords an opportunity to perform a correlation to
check if the results are more or less collinear.

The only exception is LSGMC. Since the authors
could not find appropriate measurement results for
the second sample, it was impossible to carry out the
correlation test for this material or verify the results.

2. Theory

An example of the voltage-current characteristic
of the fuel cell is shown in Fig. 1. The curve shows
the current density dependence of the potential dif-
ference in external circuit. This makes it possible to
compare different fuel cells without taking into con-
sideration the geometrical construction of each cell.
Dividing the current which flows through the exter-
nal circuit by the area of the fuel cell, it is possible to
compare the performance of each cell irrespective of
whether the cell area is 1 cm? or 10 cm?.

The graph charts the theoretical maximum volt-
age (the dotted line) and OCV. For i=0 A/cm? the
difference between the calculated maximum voltage
(E,ax) and the measured E,., (AE = E, .y, — E ., > 0)

external load
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Figure 2: Schematic diagram of a working fuel cell when the
external circuit is open

is observed. The OCV is lower than the calculated
theoretical voltage. The difference between both can
be very little, but sometimes it reaches a considerable
value (up to 20 % of E,,,,). This great range of dif-
ference motivated the work presented in this article.

The principle underpinning the operation of fuel
cells is well known. If the external circuit is open,
theoretically, the fuel cell will not work — the cur-
rent will not flow through it. In fact, this sentence is
contrary to the real state which is mentioned above
because of AE existence. It would not been observed
if fuel cell did not work at all. And in such case E,.,
and E,,,, would be equal.

There are two possible explanations. The first is
that the electrolyte is a high-density solid body with
a micro-porosity structure. This porosity is not as
great as at the anode or cathode but it still exists in
the micro scale. The internal leakages of substance
from one side of the electrolyte to the other are pos-
sible through this porous body until fuel and oxidant
approach a state of thermodynamic equilibrium. The
second explanation is based on the fact that the elec-
trolytes form a crystal lattice which is wide enough
to transmit ions and electrons. For those two types of
particles the crystal lattice can be viewed as a porous
material. Some of the oxygen ions always move from
the cathode to the anode across the electrolyte layer.
On the anode layer they react with fuel and electrons
appear as a result. If there is a lack of electrons on
the cathode layer and an excess of them on the anode
layer, a movement of electrons across the electrolyte
will take place. In consequence, the current flows in
an ‘internal’ circuit of electrolyte. The electrolyte is
not an ideal insulator as it has an unlimited electronic
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Figure 3: Equivalent electric circuit of the cell (after [9])

resistance. This phenomenon is illustrated in Fig. 2.

It is assumed however that the external circuit is
open and the fuel cell works. This is caused by the
internal current flow across the electrolyte layer. The
oxygen ions move from the cathode to the anode.
The electrons overcome resistance and move through
the electrolyte in the opposite direction at the same
time. Part of the fuel is oxidized in spite of the open
external circuit.

Fig. 3 presents an equivalent electric circuit of the
cell. There are two samples of conductance (resis-
tance) in the fuel cell: ionic r; and electronic r;. Both
are connected with electrolyte. Resistance r; repre-
sents an external load which can be changed by the
SOFC operator. If the limb of circuit with r, did not
exist, the internal current flow would not appear. In
that situation equilibrium would occur between E,,,,
and E,.,. This proposition comes clearly from elec-
tric circuit theory. The assumption that only ionic
conductance is present in the fuel cell seems to be
wrong.

The existence of resistance r, in the crosswise limb
of the circuit causes internal current flow in spite
of the open external circuit. This explains the phe-
nomenon of the voltage drop from E,,,, to E,...

Analytic functions which describe the current den-
sity dependence of voltage can be found in the litera-
ture. Substituting j=0 into those equations, the volt-
age goes to infinity.

The presented further line of thought gives the
methodology of finding the analytic relationship for
electronic conductance in electrolytes.

The appropriate mathematical model is presented
below.

The basis for further calculation is the ionic con-
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Figure 4: Temperature dependence of ionic conductance for
various types of solid oxide electrolytes

ductance chart presented in Fig.4 (after [9]). It
shows the temperature dependences of ionic conduc-
tance for various types of SOFC electrolytes.

Based on this data the ionic resistance of elec-
trolyte can be calculated by the equation

ne=l (1)
a1
where: o— electrolyte thickness [cm]; o;— ionic
conductance for solid oxide electrolyte [S/cm].
Tonic conductance for solid oxide can be described
by the following relationship

_E
01 = 0pexprr

(2)

where: o [S/cm]; E [kJ/mol] — factors depending
on type of used material.

The maximum voltage of a single cell is repre-
sented by

RT
ln pOZc’athude (3)

Emax =
4F p 02an0a’e

where: T — absolute temperature [K]; R — univer-
sal gas constant (R=8.314 J/mol/K); po,......— OXY-
gen partial pressure at cathode inlet [bar]; po,,,.
— oxygen partial pressure at anode inlet [bar]; F —
constant of Faraday (F=96485 C/mol). Hysys soft-
ware is used to calculate appropriate values of par-
tial pressure of oxygen. Calculations are based on
Peng-Robinson thermodynamic functions and mini-
mization of Gibbs free energy.

84—
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Figure 5: Temperature dependence of electronic conductance
in ScSZ electrolyte (for A and B electrolytes)

The second type of resistance occurring in elec-
trolyte is electronic resistance — r, (Fig. 3). The tem-
perature and electrolyte thickness dependence of this
kind resistance is still not well known.

The values of solid oxide electrolyte ionic conduc-
tance vary across a broad range. The influence of this
conductance is inconsiderable when the fuel cell is
operating. In this situation the fuel conversion factor
achieves a high value.

Electronic resistance has a particular impact on the
OCV value. The value of electronic resistance from
experimental data can be estimated.

Assuming that the fuel conversion factor equals O,
OCV can be calculated by an equation which joins
the values of both types of resistance

Emax

Epev = 4
141 X

rn

The difference between OCV and maximum theo-
retical voltage is shown in Fig. 1.

AE = Epux — Eoey (5)

For given values r; (from Fig.5 — when tempera-
ture is determined), E,,,, (value calculated using eq.
3) and E,. (from experimental data) the value of
electronic conductance can be presented by the equa-
tion

Emax

- Eocv
—) (0)

0'2:0'](
Eocv

where: o, — electronic conductance of electrolyte
[S/cm].

The value of electronic conductance calculated us-
ing eq. 6 is the first approximation of real value. An
iteration process is required to find a value which is
very close to the real value. This routine is demanded
because of oxygen ion transmission through the elec-
trolyte layer. The partial oxygen value modification
on the anode site is caused by that transmission. All
this impacts on E,,,,. In consequence the new value
of o, must be determined.

The value of electronic resistance can be calcu-
lated by

Ik ™)
02
Having ry, 1, and AE it is possible to obtain the
value of the internal current flowing through the elec-
trolyte layer when the fuel cell is fed by fuel and ox-
idant and the external circuit is open

I - _AF A (8)
INTERNAL = (" S

where: A — effective surface of fuel cell [cm?].

The po,yee a0d Po,.we Values can be calculated
by entering the appropriate data into the HYSYS
software.

Oxygen is observed on both sides of the electrolyte
layer. On the cathode side oxygen pressure equals
the oxygen partial pressure in the oxidant. On the
anode side the po,, . value is minimal. It can attain
107>* and vary by a couple orders of magnitude. In
spite of the small value, changes in it have a major
influence on E,,,, and ionic conductance (due to the
presence of this value in the denominator of the log-
arithm in eq. 3).

The state of thermodynamic balance must be
achieved on both sides of the electrolyte in a con-
sidered fuel cell. This balance relates to the trans-
mission of oxygen ions through the electrolyte layer.
Once again the iteration process is necessary during
the calculation. If the value of E,,,,, (value calculated
using eq. 3) does not change in the following steps
of iteration, the iteration stops. If no difference ap-
pears between the old and the new value of E,,,,, this
means that the state of thermodynamic balance has
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Figure 6: Schematic graph of oxygen pressure in the electrolyte
layer

been achieved and the correct value of o, can be cal-
culated.

The presence of oxygen on the anode side is the
consequence of thermodynamic balance between the
anode and cathode layers. Oxygen ions are transmit-
ted even when the external circuit is open. Chemi-
cal reactions are observed between oxygen ions and
hydrogen on the anode-electrolyte boundary. Free
electrons are products of those reactions. They move
from anode to cathode and cause internal current
flow. This is the fundamental assumption in the
work.

In the chemical reaction

1
H, + 502 < H,O0 (9)

It is clearly observed that one hydrogen mole
needs half an oxygen mole. So equality between hy-
drogen and oxygen flows will occur when

(10)

ny, = 2nop,

Then the stoichiometric reaction will take place.
The current generated from this reaction is

(11)

where: ny, — molar flow of reacting hydrogen with
oxygen which is transmitted from the cathode layer
[mol/s].

Connecting formulae 10 and 11, the equation for
the amount of oxygen ions moving across the elec-
trolyte is achieved (external circuit is open)

IinterNaL =2 - F - ny,

_ IINTERNAL

no, = = (12)

This value is used by HYSYS software to model
the transmission of oxygen from the cathode to the
anode layer.

The algorithm presented below is used to find the
appropriate values of electronic conductance. The
following steps are:

e define the type of electrolyte;

e find in articles information about thickness of
electrolyte, effective area of cathode, type and
amount of supplied fuel and oxidant;

e determine the temperature at which all calcula-
tions are done;

e determine the ionic conductance for the elec-
trolyte using formula 2 and Fig. 5;

e calculate ionic resistance ry;

e input the data into HYSYS software and calcu-
late pOZam)de’ pOZz‘mhode Values’

e calculate E,,;, using formula 3;

e take E,., from the article for determined tem-
perature;

e determine r, and o, using formulae 6 and 7;
e calculate internal current using formula 11;
e calculate oxygen molar flow using formula 12;

e modify values of fuel and oxidant flows (new
values) in HYSYS. The new oxidant flow is
lower than previously by the value of calculated
no,. The fuel flow is now enriched by ng, value

b

e take new po,,..> Porus Values and calculate
the new value of E,,, (value calculated using

eq.3) ;

e check the difference between the old and the
new values of E,,,. Repeat iteration when nec-
essa‘ry USIng new pOZamrde’ pOeratlmzle’ r2 and nOZ Val_
ues.

The iterations process stops when the difference be-
tween the old and the new E,,, value is less than
0.001.
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Figure 7: Electronic conductance in function of temperature for
the ScSZ electrolyte in symmetric SOFC

3. Results
3.1. ScSZ

The ionic conductance of ScSZ electrolyte can be
described by the following equation

Osesz = 13.479¢760192

where: x=1/RT [1/(kJ/mol)].

The results of calculations for three different ScSZ
electrolytes are presented below. The first two elec-
trolytes were almost the same from the construction
point of view. They were subjected to laboratory
testing in similar environment conditions. The con-
struction elements of both cells consisted of the same
types of materials. The only difference was in the
size of powder used to manufacture the anode and
electrolyte layers. For more details, please see [1].

The achieved results of electronic conductance for
ScSZ electrolyte are shown in Fig. 5.

For verification purposes, another cell with ScSZ
electrolyte was considered. The construction and ex-
periment conditions are set out in [6]. Fig.7 shows
the result of the calculation.

(13)

3.2. YSZ

The ionic conductance of YSZ is given by the fol-
lowing relationship

Oysz = 390.95¢87:806x (14)

The results of electronic conductance of SOFC
with an YSZ electrolyte layer are presented below.
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Figure 8: Temperature dependence of electronic conductance
(based on data from [7])
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Figure 9: Temperature influence on electronic conductance of
YSZ (based on data from [2])

All used examples of cells contained an NiO-YSZ
anode layer, YSZ electrolyte layer and LSM-YSZ
cathode layer. This enables a comparison of the ob-
tained results with special attention in hopes of re-
peatability in fuel cells which share the same struc-
ture.

Based on data from [2, 7, 8] appropriate calcula-
tions were made. The results are shown in Figures
8-9.

3.3. GDC
Using the equation below, the ionic conductance

of GDC electrolyte might be calculated

ocpe = 25.931¢748112x (15)
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Figure 10: Electronic conductance graph of YSZ electrolyte
(based on data from [8])

0.01

0.001 4

o2, Slcm

0.0001

0.07 0.09 0.11 0.13 0.15
1/R/T, mol/kJ

Figure 11: The electronic conductance of LSGMC electrolyte
achieved for various thicknesses of electrolyte at 600°C and
800°C (thickness: A — 180 um; e— 275 pum; B — 500 um)
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Figure 12: Temperature dependence of electronic conductance
in the SOFC (based on an experiment with the LSCV-GDC-
NiO/GDC/LSCF-GDC fuel cell [4])
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Figure 13: The electronic conductance in NiO-
GDC/GDC/LSC-GDC fuel cells (the thickness of electrolyte
layer: version A — 15 um, version B — 25 um)

In this part the electronic conductance of GDC
electrolyte is presented. Based on data from two dif-
ferent experiments [4, 5] the results of the calcula-
tion were shown in the following figures (Fig. 12 and
Fig. 11).

Considerable differences were noticed between
theoretical maximum circuit voltage and open circuit
voltage during the calculations. Those differences
were more significant here than in previous exam-
ples.

Fig. 12 shows the results of the first considered ex-
amples. The others are presented in Fig. 11, where
two fuel cells are compared. The first (version A)
has a 15 um thick electrolyte layer and the second
(version B) has a 25 um thick electrolyte. The other
components and conditions were the same for both.

3.4. LSGMC
The ionic conductance of LSGMC can be de-

scribed by the following equation

JOrLsGMc = 545.826_44'603x (16)

The calculations for LSGMC electrolyte are based
on data from [3]. The electrolyte thickness depen-
dence of electronic conductance was analyzed. The
influence on electronic conductance of the used oxi-
dant was considered too.

Fig. 14 presents the calculation results. They were
obtained for a cell fed by pure oxygen and air as the
oxidant during the tests.
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Figure 14: Graph of temperature and used oxidant dependence
of electronic conductance for LSGMC electrolyte, B — elec-
tronic conductance for pure oxygen, e — electronic conductance
for air (at t =800°C)

Further calculations were done with electrolyte
thickness as a variable factor. Fig. 11 shows the dis-
crete values of electronic conductance for three dif-
ferent thickness at 600°C and 800°C temperature.

4. Discussion

The article demonstrates how to obtain the temper-
ature dependence of electronic conductance for vari-
ous types of electrolytes used in SOFC.

The electrolytes used in the work were YSZ,
ScSZ, GDC and LSGMC.

The central concept was to select comparable data
for each electrolyte so as to determine whether the
achieved analytic dependences are repeatable. A
second target was to find out if temperature is the
only factor which influences electronic conductance.
While it is possible to find the temperature depen-
dence for each electrolyte, the obtained results il-
lustrate that analytic equations are tightly connected
with the particular electrolyte. There is no sim-
ple transfer from the results of one electrolyte type
to other results of that same electrolyte type. The
achieved results for one type of material are not co-
herent, which means that some differences between
results are observed for the same sort of electrolyte,
e.g. in YSZ electrolytes. This non-repeatability of
results must be caused by different factors; not only
temperature influences on electronic dependence. In
addition to temperature, other factors can probably
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Figure 15: Comparison of ionic conductance in ScSZ elec-
trolytes

influence electronic conductance as well: the con-
struction of the fuel cell, technology of manufacture,
used oxidant.

For ScSZ 3 types of fuel cells were considered.
Two of them concerned the fuel cell manufactured in
the same way. Only the grain size of the used pow-
der was different for both - 0.56 um and 0.60 um.
These powders were used in the manufacture of elec-
trolytes. The third type of fuel cell considered was a
symmetrical fuel cell.

The achieved results present the lack of elec-
tronic conductance coherence for the considered
ScSZ electrolyte examples.

Fig. 15 presents the calculation results. It is clearly
shown that the differences in values for electrolyte
ScSZ1 are significant. It is all the more surprising
because the test conditions were the same for ScSZ1
— fuel cells A and B. The influence of grain size is
bigger than previously thought. This fact confirms
that other factors impact on electronic conductance.
The explanation of this phenomenon is likely to be
found in the crystal lattice — the different grain size
seems to cause this big divergence in results.

The OCV drop in ScSZ1 is caused by changes in
the structural properties of materials. The change of
grain size influenced general fuel cell performances.

A difference is observed too in results between
ScSZ1 and ScSZ2. But in this case the fuel cells have
a susbstantially different built-structure — not only in
terms of the electrolyte but generally the materials
used and manner of manufacture. Different materi-

— 89—
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Figure 16: Comparison results for YSZ electrolytes

als were used in the construction of ScSZ2. It can
also be assumed that the type of connected material
layers influence the achieved results.

The next considered material was YSZ. A table
with data taken from experiments for YSZ can be
found in [2]. In those tests fuel cells were used which
had NiO-YSZ as the anode and YSZ as the elec-
trolyte (spray coated on the anode). This table shows
that fuel cells operating at the same temperature but
with a different electrolyte layer thickness have dif-
ferent OCV. In formula 4 OCV is a function only of
E,.ax, 1, 12. But electrolyte thickness appeared in the
mathematical model and it influences oxygen flow
transmitting through the electrolyte layer. This is in
keeping with the laws of physics. The lower the elec-
trolyte thickness, the more oxygen transmits to the
anode through the electrolyte.

The article shows the results for several cases with
YSZ as electrolyte. They are different for the same
type of material used. Every examined fuel cell had
an NiO-YSZ anode and YSZ electrolyte.

Fig. 16 presents collected results of calculations.
The difference between particular results is noticed.
The reason for this fact should be found in the struc-
ture of particular elements. One possible reason
might be the different molar proportions of substrates
in the anode. A second reason might be the different
way the anode is manufactured. Each of the fuel cells
considered had a different sort of cathode.

The molar composition of each YSZ electrolyte is
very important. But in the considered cases based on
8 %YSZ and 10 %YSZ it does not greatly influence
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Figure 17: Comparison results of electronic conductance for
GDC

the results. The explanation of that fact can be found
in [10].

GDC is the next type of material considered. 3
fuel cells containing GDC electrolyte are described
in this article. Two of them were tested under the
same supply conditions. The materials in each elec-
trolyte layer were the same for both but the elec-
trolyte thickness were 15 and 25 um respectively.

Fuel cells with GDC electrolyte typically have
a much lower OCV than cells with other materi-
als. The authors of the articles on which the re-
searchers’ own calculation were based explained the
lower OCV as being due to the existence of a path
for electrons in GDC electrolyte. The path is present
because of the conductance in ceria. This point of
view is similar to the one presented in this article.

The results in this case are not convergent ei-
ther. Moreover, there is a visible difference between
electronic conductance of the GDC2—version A and
GDC2-version B fuel cells. This must be effect of
electrolyte thickness since all other factors remained
the same for the two fuel cells. The tests were per-
formed under the same conditions.

LSGMC is the last case considered. The experi-
mental data gave an opportunity to perform the cal-
culation and once more check the influence of elec-
trolyte thickness on electronic conductance. It was
possible to check the influence of the type of oxidant
on electronic conductance at 800°C — air was one ox-
idant, the second being pure oxygen.

During calculation the observation was made that

— 90—
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the type of oxidant influenced the result.

Electronic conductance in a fuel cell at 800°C is
0,=0.00256414 S/cm when it was supplied with air,
which is less than the value for pure oxygen. This can
be explained by different oxygen partial pressure in
the oxidants. The bigger difference in oxygen pres-
sure between the anode and cathode side, the more
oxygen is transported through the electrolyte. In con-
sequence, the amount of reacting hydrogen is greater
when pure oxygen is used as the oxidant. This im-
plies more current in the internal circuit. It is very
possible that the type of oxidant used has an impact
on the results obtained.

Calculations were made to check the influence of
electrolyte thickness on electronic conductance. The
appropriate values are shown in Fig. 11.

As previously, here the influence of electrolyte
thickness is observed too.

Fig. 11 throws up an interesting quirk: at 600°C
180 um thick electrolyte has the highest electronic
conductance, but at 800°C it does not have the high-
est value.

5. Conclusion

The work presented in this article focused on elec-
tronic conductance in materials used in manufactur-
ing SOFC. The presented model and results sought
reasons for differences between E,,,, and E,., when
the external circuit of the fuel cell is open. The cal-
culations performed give a partial answer. Electronic
conductance exists and is responsible for the drop in
voltage. The attempt of explanation this gave ap-
proximated results. Other factors which may have
influenced the obtained results were not taken into
consideration: electrolyte thickness, manufacturing
technology, grain size in the powders, used type of
oxidant etc.

To check the results obtained calculations for rel-
ative error were made, i.e. the difference between
the values calculated using eq. 4 and the experimen-
tal values. The maximum error was 3.8 %.

The putative mistakes could have been various in
origin. They might be the result of limited machine
word length, mistakes by digitalization of graphs
from articles and of course mean error by measure-
ments. All this make cumulated error which can

cause deviations in calculations.

The obtained approximated relationships make it
possible to calculate electronic conductance. But
they can be used only for specified types of fuel cells
with a determined structure (types of: anode, elec-
trolyte and cathode). General analytic relationships
have not been determined.

Here only specified functions o, = f(T') for sev-
eral types of ScSZ, YSZ, GDC and LSGMC are pre-
sented.

It seems that electronic conductance is the func-
tion of different variables. The presented approach
is an attempt to explain the phenomenon of voltage
difference between E,,,, and E,,.

Better dependences would be obtained if the fuel
cell were examined very precisely by changing only
one factor at a time. Then, step by step, the changes
in electronic conductance could be checked. This is-
sue deserves further investigation. From the results
of the experiments conducted, it is not possible to ob-
tain dependences of ‘pure’ electronic conductance.
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