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Abstract

Solid Oxide Fuel Cells are regarded as a high-efficiency, low-environmental impact technology for power
and heat generation. SOFCs based on proton-conducting electrolyte are one of the most attractive technolo-
gies, mainly due to their high efficiency in energy conversion and operation at the intermediate range of
temperatures. The main objective of this paper is an investigation into the possibility of applying the reduced
order model proposed by Milewski [1] to model proton-conducting Solid Oxide Fuel Cells. The reliability of
the simulation results were verified with experimental data reported in the literature. It was shown that the
reduced order model is valid for both ion-conducting SOFCs and proton-conducting SOFCs.
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1. Introduction

Solid Oxide Fuel Cells (SOFCs) are regarded as
a high-efficiency, low-environmental impact technol-
ogy for power and heat generation. SOFCs are based
on the concept of direct conversion of fuel chemi-
cal energy into electricity through an electrochemi-
cal process. But the low reliability and durability of
SOFCs, directly linked with the high operating tem-
perature (ca. 800...1000◦C), restrict the practical ap-
plication and commercialization of SOFCs.

Extensive research studies have been conducted
into developing proton-conducting materials which
are able to operate at an intermediate range of
temperatures. The available literature reports sev-
eral analyses of proton-conducting Solid Oxide Fuel
Cells performances, adopting various approaches
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and models. In general, there are two types of ap-
proach for SOFC modeling.

The first focuses on detailed analysis of fuel cell
working mechanics (e.g. electrochemical reaction
kinetics, gas transport) [2–4]. For instance Ni [5] re-
ported a detailed electrochemical model of a proton-
conducting SOFC, which includes analysis of over-
potential concentrations on the anode and cathode
side.

The second approach called “the reduced order
model” in a simplified way allows one to determine
the key fuel cell parameters, from the power engi-
neer’s point of view (e.g. power output, fuel con-
sumption) [1]. This second approach provides power
engineers with a simplified model having sufficient
accuracy to investigate the fuel cell’s behavior after
integration with power machines.

Due to the fact that research indicates that SOFCs
based on proton-conducting electrolyte is a promis-
ing technology, with interesting advantages over
their SOFC ion-conducting counterparts, mainly be-
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cause of their operating at an intermediate range
of temperatures and with greater energy conversion
efficiency than classical SOFCs [6–8]. In addi-
tion, Ni [7] performed a thermodynamics compari-
son between proton-conducting and ion-conducting
SOFCs, which are fed by ammonia. This anal-
ysis indicates that a proton-conducting SOFC has
higher theoretical maximum efficiency than a clas-
sical SOFC.

Therefore, the aim of this analysis is to investi-
gate the possibility to apply the reduced order model
approach, which gave satisfactory agreement with
classical SOFC operation, to proton-conducting fuel
cells.

Furthermore, studies were carried out at the Uni-
versity of St. Andrews to discover electrolyte mate-
rials with sufficient proton-conducting properties in
the temperature range of 150...400◦C [9].

2. Theory

The principle of proton-conducting SOFC operation
is similar to classical solid oxide fuel cells.

Figure 1: Schematic of a proton-conducting SOFC

However, in the proton-conducting SOFC (see
Fig. 1) hydrogen molecules are oxidized into protons
and electrons at the anode side. The electrons flow
through external wire from the anode to the cathode,
forming direct-current electricity. At the same time,

protons are conducted through the electrolyte to the
cathode/electrolyte side, where the O2 is delivered
and reacts with H+ and e− to form water vapor (Eq. 1
and Eq. 2). Then, the water vapor leaves the fuel cell
at the cathode surface. Both global electrochemical
reactions at the anode and cathode can be written as
follows:
reaction at the anode-electrolyte side

H2 + O2− → H2O + 2e− (1)

reaction at the anode-electrolyte side

1
2

O2 + 2e− → O2− (2)

The generation of water vapor at the cathode side
increases the hydrogen partial pressure. Therefore,
the overall system efficiency increases with respect
to the classical SOFC. The main advantage of elec-
trolyte made with proton-conducting material is the
high ionic conductivity at an intermediate range of
temperatures (sufficient performances are reported in
the literature at 600...700◦C [10]). The most popular
type of material for solid state proton conductors are
perovskite-type oxides structures which, in the pres-
ence of a wet atmosphere and elevated temperatures,
exhibit high protonic conductivity [11].

3. Model development

The singular cell of the SOFC is composed of
three main layer “elements”: anode, cathode and
solid electrolyte. Other elements the SOFC mod-
ule includes (e.g., electrode assemblies, gas mani-
folds) are not taken into account in this simulation,
because there are not regarded as singular cell com-
ponents [1].

The SOFC simulator was created using Aspen
Hysys software, which accurately predicts thermo-
dynamic properties of reactions occurring on the an-
ode and cathode sides of fuel cells.

The maximum (ideal) voltage the fuel cell can the-
oretically achieve if there were no losses, depends on
the hydrogen partial pressures at the anode and cath-
ode side, as well as, the fuel cell operating tempera-
ture, and is expressed by the Nerst equation:

Emax =
RT
2F

ln
pH2anode

pH2anode

(3)
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Figure 2: SOFC simulator in Aspen Hysys

Figure 3: Fuel cell equivalent electric circuit [1]

In Fig. 3 the resistances r1 and r2 stands for fuel
cell ionic resistance and electrical resistance, re-
spectively. The r3 resistance denotes the external
load resistance. On the basis of this electric circuit,
Milewski [1] derived the equation of fuel cell volt-
age, using Ohm’s and Kirchhoff’s law as well as elec-
trical dependence on fuel flow. Therefore, the volt-

age generated by the fuel cell can be expressed as
follows:

ES OFC =
Emax − r1 · ηH2 · imax

r1
r2
· (1 − ηH2) + 1

(4)

The maximum current density (imax) which can
theoretically be drawn from the cell, can be ex-
pressed by the relationship:

imax =
2 · F · nH2,equivalent

A
(5)

In other words, the value of imax denotes the max-
imum current which can be drawn from the singular
centimeter of the fuel cell if all of the fuel is utilized,
for a given fuel.

3.1. Estimation of model parameters
Due to insufficient data reported by Sun [4] con-

cerning the conductivity factors of particular elec-
trodes, the area specific ionic resistance (r1) and elec-
trical resistance were estimated on the basis of the
available experimental results.

In order to estimate the dependence of these model
parameters on temperature, the model was vali-
dated with experimental data at different tempera-
tures (700◦C, 650◦C, 600◦C and 550◦C) and the new
values of those parameters were calculated.

Figure 4: Estimation of model parameters’ dependence on tem-
perature

Thus, on the basis of Fig. 4, the equations for the
area specific ionic resistance and electronic resis-
tance were approximated to the following relations:
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r1 = 0.0003 · T 2 − 0.0425 · T + 15.65 (6)

r2 = 0.002 · T 2 − 0.275 · T + 97 (7)

However, because r1 and r2 depend not only on
temperature, but also on fuel cell thickness and ma-
terial properties [1], the above equations (Eq. 4 and
Eq. 5) are valid only for this particular material and
fuel cell thickness.

3.2. Model validation

The numerical model of a proton-conducting
SOFC was verified with experimental data reported
in the literature by Sun [4]. The anode, electrolyte,
cathode of the fuel cell described in this experiment
are made with NiO-BZCY, BZCY and SSC-SDC, re-
spectively. The electrochemical performance of the
fuel cell was tested in a home-made cell testing sys-
tem at a temperature range of 550–700◦C by a DC
Electronic Load (ITech Electronics model IT8511).
The hydrogen was fed to the anode chamber at flow
rate 25 ml min−1(STP), while the cathode was ex-
posed to static air.

Table 1: Values of input parameters used in model validation

Parameter Value Unit

1. Hydrogen flow
rate

25 ml min−1

(STP)
2. Fuel cell area 0.23 cm2

3. Pressure at anode
side

1 bar

4. Pressure at
cathode side

1 bar

Table 1 presents input parameters which were used
to validate a mathematical model of the Solid Oxide
Fuel Cell.
The simulation showed sufficient agreement with ex-
perimental data (Fig. 5). However, due to the approx-
imation of parameters r1 and r2, this model is not able
to investigate how the thickness of the electrolytes
affects cell performance. Despite this drawback, the
SOFC simulator is able to examine the influence of
key parameters on fuel cell performance, due to the

Figure 5: Experimental data reported by Sun [4] and modeling
results

fact that all important parameters have physical ex-
planations, thus, they can be varied over practically
achieved ranges.

4. Results

The validated numerical model was used to inves-
tigate the correctness of model behavior with respect
to changing operating conditions (temperature and
pressure).

Figure 6: Fuel cell performance at different operating tempera-
tures

Firstly, the influence of operating temperature on
the power generated by the fuel cell was analysed.
The investigated range of temperatures corresponds
to the electrolyte’s possibility to operate at a given
temperature.

Fig. 6 shows that the lower the operating temper-
ature, the higher the maximum voltage generated by
the cell. This could be caused by the fact that, with
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a drop in temperature, the partial pressure of hydro-
gen at the cathode side decreases as well. Therefore,
the theoretical maximum voltage increases, because
the difference between hydrogen partial pressures at
the cathode and anode increases.

Figure 7: The influence of operating pressure on SOFC perfor-
mance

Additionally, the influence of operating pressure
on fuel cell performance was examined (see Fig. 7).
According to the numerical simulation, the increase
in operating pressure is able to slightly boost the per-
formance of the fuel cell. This is could be caused
by the fact that O2 is able to diffuse to the elec-
trode/electrolyte interface more easily when the op-
erating pressure is higher [2].

The results presented above indicate that the
power output changes in a way that is well-known
and described in the literature.

Interestingly, the above phenomenon and the in-
termediate operating pressure (700◦C) of the SOFC
open up a path for implementation of a hybrid sys-
tem based on a SOFC to increase overall system ef-
ficiency through the utilization of high quality waste
heat.

5. Discussion

Proton-conducting Solid Oxide Fuel Cells are re-
garded as a technology that will bridge the gap
between Proton Exchange Membrane Fuel Cells
(PEMFCs) and classical SOFCs, due to their lower
operating temperatures and extended working life.
Therefore, one possibly key issue with a view to suc-
cessfully integrating SOFCs with power machines

could be the creation of a reliable simulator to pro-
vide accurate predictions of SOFC performance un-
der different operating conditions as well as with
other power machines.

In the literature, various approaches of SOFC
modeling are reported. In this paper, a simplified
approach was verified to apply to proton-conducting
SOFC. This reduced order approach allows power
engineers in a simplified form to determine fuel cell
performance with sufficient agreement. This tool en-
ables power engineers to investigate SOFC perfor-
mance in integration with thermodynamics cycles,
mainly due to the fact that all parameters used in the
simulation process have their own physical explana-
tions and changing one does not require the others to
be updated.

6. Summary

Solid Oxide Fuel Cells are identified as a high-
efficiency and low-environmental impact technology
for power and heat generation. The benefits include
high efficiency, low emission of pollutants and silent
operation (no moving parts). In general, there are
two types of electrolyte possible for use in a SOFC:
proton-conducting and ion-conducting electrolyte.

Proton-conducting SOFCs have several interest-
ing advantages over classical SOFCs, particularly
in terms of lower operating temperature and higher
efficiency. Therefore, SOFCs based on proton-
conducting electrolyte are expected to play an im-
portant role in clean power generation in the coming
decades.

In this paper, the reduced order model approach of
a proton-conducting SOFC is presented. The govern-
ing equations of the model are described. The model
was constructed in accordance with an approach de-
scribed by Milewski [1]. The developed mathemati-
cal model was verified with experimental data.

In addition, the model behavior was verified
with respect to changing operating conditions. The
change of key model parameters corresponds to be-
havior that is well-known and described in the litera-
ture.

The presented model produced by the Milewski
approach [1] turns out to be valid not only for high
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temperature ion-conducting SOFCs, but also for in-
termediate temperature proton-conducting SOFCs.
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Nomenclature

ηH2 hydrogen utilization factor

A active area

Emax maximum cell voltage, V

ES OFC cell voltage, V

F Faraday constant, C/mol

imax maximum current density, A/cm2

nH2 hydrogen molar flow, mole/s

pH2,an hydrogen partial pressure at anode side

pH2,cat hydrogen partial pressure at cathode side

R universal gas constant, J/mol/K

r1 area specific ionic resistance, cm2/S

r2 area specific electrical resistance

T temperature, ◦C

T temperature, K
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