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bstract

This work presents an experimental analysis of circular-planar type intermediate-temperature solid oxide fuel cells, and the interpretation of the
xperimental results with a finite volume model. The model is developed to generate cell mass and energy balances and internal cell profiles for all
he relevant thermodynamic or electrochemical variables, and includes a fluid-dynamic analysis focusing on the investigation of the cell internal
ow conditions. Experiments have been carried out at the Edison laboratories, where several single cells fuelled with hydrogen were subject to
olarization curve analysis and internal temperature measurements. The model is calibrated and validated over experimental voltage–current data,

rovides information on cell internal losses and demonstrates the capacity of predicting the single cell behavior and overall energy balances when
hanging significantly the cell operating conditions. The discussion also addresses the effects of diffusion losses appearing in the experiments
arried out at high current output and low fuel hydrogen content.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Detailed investigation of fuel cell thermal and electrochemi-
al behavior is recognized as a useful tool for the discussion of
uel cell-based system performances, especially when dealing
ith non-standard FC operating conditions (e.g. with variable

nlet flow conditions, variable cell operating conditions and par-
ial load simulations) [1–5]. Experiments allow to investigate
uch aspects, while computer simulation is often used to extend
he possibility of analyzing and understanding the cell behav-
or. Among the different approaches available for a detailed fuel
ell analysis, the finite volume method conjugates advantages in
erms of flexibility, reasonable accuracy and (mostly with respect
o computational fluid-dynamic codes or CFD simulations) short

omputational time [6–8].

In this work we propose a report of experimental tests, inter-
reted through a finite volume model, for a circular-planar type

Abbreviations: PEM, polymer membrane electrolyte fuel cell; PEN, positive
lectrode, electrolyte and negative electrode structure; SOFC, solid oxide fuel
ell.
∗ Corresponding author. Tel.: +39 02 2399 3862; fax: +39 02 2399 3940.

E-mail address: stefano.campanari@polimi.it (S. Campanari).
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ntermediate-temperature solid oxide fuel cell (IT-SOFC), based
n the Hexis design [10].

Experiments have been carried out at the Edison laboratory
acility of Trofarello [11], where several cells have been tested
ith hydrogen as fuel, developing polarization curves and mea-

urement of cell internal temperatures under different air and
uel utilization rates.

The model calculates electrochemical and thermal balances,
ielding cell internal temperature and flow composition profiles,
uel and oxidant utilization, cell power output and cell voltage
r current output (depending on the calculation option). The
lectrochemical analysis evaluates the cell losses by mean of a
otal resistance term, depending on few coefficients which have
een calibrated over available experimental results, while the
hermal analysis is based on a separate fluid-dynamic calculation
f cell internal heat transfer conditions.

The model shows the capacity of predicting the cell behav-
or and overall energy balances under the experimented cell
perating conditions, providing a support for the interpretation

f the experimental results. Although all the experiments and
imulations are limited to single cells and are based on the
se of hydrogen as fuel, the model includes the possibility of
imulating the operation with natural gas or partially reformed

mailto:stefano.campanari@polimi.it
dx.doi.org/10.1016/j.jpowsour.2007.07.014
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Nomenclature

A area (m2)
F Faraday’s constant: 96,487 C mol−1

h specific enthalpy (J mol−1)
i cell current (A)
ni molar flow of specie i (mol s−1)
P pressure (Pa)
r cell radial coordinate (m)
R overall cell resistance (�)
Rg universal gas constant: 8.314 J mol−1 K−1

T temperature (K)
Ua oxidizer utilization
Uf fuel utilization
V cell voltage (V)
VNersnt Nernst cell potential (V)
Xi molar fraction of specie i
σ standard deviation (mV)

Subscripts
amb ambient
c cathodic air
cat cathode
ext external
f fuel
int internal
loc local
r cell radial coordinate (m)
s solid structure (anode, cathode, electrolyte)

Superscripts
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• Fuel (Fig. 3 shows only H2 for clarity), on the anode side.
• Solid, made by the anode–electrolyte–cathode structure.
• Oxidizer (air), modeled as an O /N mixture.
re reacted
pr produced

yngas, which will be investigated in future works together
ith an analysis of the cell performance when assembled into a

tack.

. Cell description and model assumptions

The model has been developed to simulate a circular-planar
ype IT-SOFC (Fig. 1) by a finite-volume approach [5,7]. The
xperimented cells are manufactured by H.C.Stark-InDEC B.V.,
nd are made of an annulus shaped membrane (composed by the
lectrolyte and electrodes layers, often referred to as PEN struc-
ure), over which, on both sides, an array of parallelepiped type
eparators with edge of 1.5 mm and height of 0.8 mm is placed
Fig. 1). Internal and external diameters are 10 and 78 mm,
espectively. Shape and position are consequences of structural
nd manufacturing needs. Separators are required in order to
eep the PEN solid structure detached from the interconnects,

dentifying two distinct zones where air and fuel flow. In the cell
tack configuration air is fed externally and is first preheated
ithin the preheating channel (Fig. 2a). Fuel enters from the

enter of the annulus, then flows radially to the external side t
Sources 171 (2007) 617–625

f the fuel cell with a co-flow arrangement with respect to the
reheated air.

From the point of view of the calculation grid, the fuel cell is
ivided radially in a user-defined number of sections as shown in
ig. 2a and b. For each section the electrochemical and thermal
quations discussed in the following paragraphs are progres-
ively solved with an iterative approach.

Simulation is performed with the following assumptions:

Stationary conditions.
Uniform cell voltage (isopotential electrode surfaces).
Assigned temperature profile of the PEN structure.

he last assumptions reflect the necessity to simulate single-
ell performances, where the fuel cells are tested within a
emperature-controlled environment discussed in the following
ections.

Input data for the simulation are:

Number of cell radial sections.
Cell geometry (internal and external diameter, channels height
and PEN structure thickness).
Inlet fuel and air flow thermodynamic properties (T, P) and
chemical compositions.

he model generates chemical concentration profiles and yields
eactant utilization and cell power output. Two calculation
ptions are allowed: the first, given the cell voltage, where the
alculation is performed directly (or explicitly), as discussed in
he following; the second, given the cell current (or current den-
ity given the cell active area), where the calculation follows an
terative procedure based on a first trial voltage value.

.1. Electrochemical model

Usual finite volume modeling requires the integration of an
lectrochemical model with a thermal model [5–8], where the
lectrochemical model is first solved with a tentative temperature
rofile, yielding values of chemical species fluxes, cell current
nd electric power output. Results are then passed to the ther-
al model, repeating the process until convergence is reached

ccording to a user-defined residual error. The work presented
ere focuses on the simulation of single cells, where the tem-
erature profile is assigned, thus allowing a direct calculation of
he electrochemical model.1

The electrochemical model calculates for each cell section
Fig. 3) the current power output and the molar compositions of
athode and anode flows. Thanks to the cylindrical symmetry
f the cell configurations, each section is made of three sub-
lements or finite volumes:
2 2

1 In a future work, specifically dealing with the simulation of IT-SOFC stacks,
he thermal model will be addressed in detail.
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Fig. 1. Fuel cell geometry (view from the top; lengths in mm).

Fig. 2. (a) Fuel cell cross-section. (b) F

Fig. 3. Principles of the electrochemical model.
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uel cell radial grid subdivision.

n each section, calculation is based on inlet flow compositions
nown by the previous section, with the exception of the first
ne that uses the assigned input conditions. Once the reactant
ompositions are known, cell local current is calculated by:

loc (A) = VNernst − Vloc

Rloc
(1)

s a function of the following local variables: VNernst or ideal
otential, Vloc or actual potential and Rloc the overall cell resis-
ance, accounting for cell internal losses.

The Nernst potential VNernst is calculated by:

Nernst (V)=E0+RgTs

2F
×
[

ln

(
XH2X

0.5
O2

XH2O

)
+ ln

(
Pcat

Pamb

)0.5
]
(2)

ith Xi the molar fractions inside each finite volume (inlet con-
itions) and E0 = 1.2723 − 2.7645 × 10−4, Ts the ideal voltage
or hydrogen oxidization at ambient pressure, expressed as a
unction of temperature at cell reaction sites [9,20].

Following a simplified approach already used by other
uthors [12,13], cell resistance Rloc is assumed to have the fol-

owing temperature dependence:

loc (�) = Z exp (�E/BTs)

Aloc
(3)
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here T is the local PEN temperature, B the Boltzmann con-
tant, �E = 0.63 eV the activation potential assumed according
o Refs. [12,14,19] and Aloc is the local area of the considered
ell section.

The choice of lumping together the polarization effects in one
quivalent resistance allows to perform an effective model cal-
bration without the necessity of knowing detailed cell material
nformation (e.g. electrochemical and gas diffusion properties,

icro-scale properties). Such information are not available in
he open literature for this kind of FC; indeed they would be
ecessary to correctly individuate the single polarization con-
ributions in terms of activation, ohmic and diffusion losses, as
erformed in previous works for other SOFC geometries [5].

Some counterparts of this simplified approach, in terms of
odel accuracy and calibration issues, are addressed in the

ollowing sections, where it is discussed to extend Eq. (3) by
onsidering an additional loss term specifically related to dif-
usion losses, which have demonstrated their importance in the
xperiments featuring high currents and/or low hydrogen fuel
ontent.

Once the current i is calculated from Eq. (1), the number of
oles of hydrogen and oxygen consumed in each section, as
ell as the generated water can be determined as follows:

re
H2

= i

2F
; nre

O2
= i

4F
; n

pr
H2O = i

2F
(4)

t is finally possible to find the composition of the flows given
o the next cell section as

i+1
H2

= ni
H2

− nre
H2

; ni+1
O2

= ni
O2

− nre
O2

;

i+1
H2O = ni

H2O + n
pr
H2O (5)
he model is developed in Fortran code [16]. In principle, the
odel has been developed to consider different possible fuels,

ncluding hydrogen as well as natural gas or partially reformed
yngas. For the latter cases, reforming and water gas shift reac-

t
d
n

Fig. 4. Velocity vectors, in a mean horizontal section of the chann
Sources 171 (2007) 617–625

ions generate H2 and CO from the hydrocarbons and steam
ontained in the fuel flow, with a mechanism modeled as dis-
ussed in previous works [5,7]. However, cell experimental
esting and model validation performed in this work have been
eveloped using pure hydrogen as fuel.

From the point of view of boundary conditions, we con-
ider here to simulate isolated cells, inserted in a test bench,
here a user-defined temperature profile can be assigned to

he cell PEN structure along the radial direction. The temper-
ture profile depends on the oven heating capabilities and on the
ell thermal balances, and in the experiments carried out here
as demonstrated to be rather smooth, i.e. the PEN is kept at
n approximately constant temperature of 800 ◦C by the com-
ined effect of the oven heating and by the thermal inertia of
he air mass flow rate employed in the experiments. As already

entioned, the PEN temperature is directly assigned to the elec-
rochemical model.

.2. Gas flow fluid-dynamic conditions

A separate detailed investigation of the gas flow conditions
nside and outside the fuel cell (air and fuel flows) has been
arried out with a finite volume analysis based on computational
uid dynamics (CFD) software (Fluent®) [22].

The analysis was originally carried out to investigate the heat
ransfer conditions inside the fuel cell [23], and some results
egarding the gas flow arrangement are reported here because
f their relevance with respect to the interpretation of the cell
xperimental behavior. Gas flow shows interesting peculiarities
ue to the presence of the array of parallelepiped type separators
hown in Fig. 1, leading to the formation of preferential flow
aths and stagnation areas, which can be seen in Fig. 4.
The presence of stagnation areas, where it occurs a low reac-
ant circulation, and preferential gas paths, causes a non-uniform
istribution in the reactant utilization and in the current density,
egatively influencing the cell performances. Moreover, the gas

el, at the cell inlet, under typical operating conditions [23].
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load, which are also made in platinum.

After placing the cell on the anodic support, the cathodic disk
is placed on top of the cell (Fig. 6); the oven is then completely
closed.
Fig. 5. Gas distribution on the electr

ow condition shown in Fig. 4 considerably changes with the
eactant mass flow rate (as a general rule, increasing the mass
ow rate yields an extension of stagnation areas and concen-

rates the flow over the preferential paths), variably affecting the
ell performance. A detailed analysis of this issue can be found
n Ref. [23].

. Experimental analysis

Several experimental tests have been conducted on circular-
lanar IT-SOFC single cells. A preliminary set of tests yields
thermal characterization of the cell inner channels and PEN

olid layer, showing the validity of axial symmetry assumption
or the simulation model. A second experimental campaign has
een carried out in order to obtain a complete characterization
f the cell electrical behavior through voltage–current measures.
his phase allowed to perform a calibration of the model over
xperimental data, as explained in the following paragraphs.

.1. The test facility

The fuel cell facility is located at the Edison R&D Cen-
er, Trofarello (TO). The lab features five independent test
enches, allowing single cell and small stacks test activities,
oth on SOFC (tubular and planar design) and PEM technologies
11,24].

The lab activities mainly consist of tests for the cell charac-
erization under different operating conditions (temperature, gas
ows and load) and long-term tests aimed at assessing the cell
urability.

.1.1. Test stand description
The planar SOFC test stand consists of an oven hosting the

ell housing, an electronic load, a gas flow regulation system
nd a software application, which controls the above-mentioned
ub-units and performs the test data acquisition.

The integration of the stand sub-units was designed and real-
zed by the Edison R&D staff, based on the experience gained
hrough the realization and tuning of other test benches previ-
usly developed at the fuel cells laboratory.

The oven, hosting the cell housing, is the core element of the
tand.

The cell housing has no seals to separate the anode and cath-
de compartments; for the purpose of testing single cells, the

wo reactants are ducted to the center of the electrode surfaces
hrough the supporting ceramic disks, then spread radially along
he whole active area by means of channels dug on the same disks
Fig. 5). The test configuration for a single cell is then coherent
urfaces in the single cell test bench.

ith the fuel cell model discussed above (Figs. 2 and 3), with
he simplification derived from the absence of the air-preheating
hannel.

After exiting the fuel cell, unused hydrogen from the anode
xhaust burns with the ambient air; this oxidation occurs right
utside the cell periphery.

Each current collector is composed of two thin metallic
auzes placed one upon the other between the cell and the corre-
ponding ceramic disk. The gauze material is nickel at the anode,
nd platinum at the cathode.

Current is collected through several platinum wires placed in
he ceramic channel and welded to the gauzes; the wires are then
wisted together to connect to the power leads of the electronic
Fig. 6. Oven and cell housing.
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The cell is loaded with weights by means of a ceramic tube
aying on the cell housing and extended across the oven cover
all, up to the external side; by this way the cell housing is

ompressed in order to get a good electric contact and sufficient
as-tightness.

The oven, built with refractory bricks, is heated by means
f electric resistances; several thermocouples are used to moni-
or the oven temperature distribution, especially around the cell
ousing. The “hot module” consisting of the oven and the cell
ousing has been provided by the Energy Research Centre of
he Netherlands (ECN).

The power generated by the cell is fed to the power circuit
ade by the series of the electronic load and an auxiliary volt-

ge supplier; the latter is needed to increase the overall circuit
oltage and to allow the load to work properly, due to the low
oltage/current ratio provided by a single cell.

The gas flow is controlled by four thermal mass flow regu-
ators: two are dedicated to an accurate tuning of the hydrogen
ow in the range of interest for the tests, while the other two are
espectively used to control the nitrogen flow, used in the anodic
ow to allow variations in the hydrogen concentration, and air,
hich is the cathodic gas.
A further gas line is dedicated to a nitrogen–hydrogen mixture

3% hydrogen, balance nitrogen) which is used in any emergency
ituation to maintain a reducing environment on the anode side
f the cell while the oven cools down, preventing the risk of
ickel oxidation.

The control and data acquisition software allows to set all the
arameters required by the test (i.e. gas flows, temperatures and
urrent), with the possibility of designing long term automatic
ests to follow specific profiles (polarizations, temperature ramps
nd galvanostatic steps).

.2. Test procedures
The test period lasts a minimum of one week, as the cell needs
o be heated up and cooled down with low temperature gradients
<30 ◦C h−1).

3

o

Fig. 7. Example of complete report of a planar SOFC test
Sources 171 (2007) 617–625

Moreover, a preliminary activation procedure is carried out
nce for each new cell, lasting about two days and consisting of
wo stages:

anode reduction: after preheating at 750–800 ◦C, an increas-
ing hydrogen flow is fed to the anode, aiming to reduce the
nickel oxide.
a 48 h galvanostatic step, after which the cell is ready to
undergo the planned tests.

n some cases, tests have been carried out for long periods (e.g.
000 h), in order to investigate the cell durability and perfor-
ance decay issues (Fig. 7).
The majority of the other tests have been developed aim-

ng to describe the electrical performances of the cell through
oltage–current polarization curves, obtained with different fuel
ompositions and mass flow rates.

Tests are performed with imposed current and measured cell
oltage, for different fuel compositions and mass flows feeding
he cell anode. Different fuel compositions are obtained mixing
ogether pure hydrogen and nitrogen gas currents with variable
roportions before entering the cell. The experimental appara-
us also includes a saturator device for humidification of the fuel
as: the gas mixture is injected in a water vessel kept at a con-
tant temperature of 29 ◦C. The molar fraction of water in the
uel gas after saturation depends on water temperature and in all
ases is close to 4% [21]. The internal temperature of the cell is
easured through two thermocouples inserted in the anode and

athode channels at 2/3 of the cell radius. As already mentioned,
he temperature profile on the PEN structure is kept almost uni-
orm at 800 ◦C thanks to the action of the oven heat supply and
he thermal inertia of the air mass flow rate employed in the
xperiments.
.3. Test results

Table 1 reports the experimental characteristic curves
btained with different fuel gases: the corresponding

. The vertical lines are periodical polarization tests.
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Table 1
Experimental values of cell voltage as a function of imposed current for different fuel compositions and mass flow rates (see Table 2)

Current (A) Vref (V)

1a 2a 3a 4a 5a 6a 7a 8a 9a 10a 11a

0 1.007 1.001 0.997 0.993 0.983 0.981 1.002 1.015 0.997 1.001 1.008
1 0.993 0.986 0.981 0.975 0.963 0.960 0.985 1.002 0.980 0.986 0.992
2 0.981 0.972 0.966 0.959 0.946 0.942 0.971 0.991 0.964 0.972 0.978
3 0.969 0.960 0.953 0.944 0.929 0.925 0.957 0.980 0.950 0.960 0.964
4 0.958 0.948 0.940 0.931 0.914 0.910 0.945 0.970 0.937 0.948 0.953
5 0.948 0.937 0.928 0.917 0.900 0.894 0.933 0.960 0.924 0.937 0.941
6 0.937 0.926 0.917 0.905 0.885 0.880 0.922 0.951 0.912 0.926 0.931
7 0.928 0.916 0.906 0.893 0.871 0.865 0.912 0.942 0.901 0.916 0.920
8 0.919 0.906 0.895 0.881 0.858 0.850 0.901 0.934 0.889 0.906 0.910
9 0.910 0.896 0.885 0.869 0.845 0.835 0.891 0.925 0.878 0.896 0.901

10 0.901 0.887 0.874 0.858 0.831 0.820 0.882 0.918 0.867 0.887 0.891
15 0.859 0.841 0.825 0.800 0.745 0.712 0.834 0.880 0.814 0.841 0.848
20 0.820 0.798 0.775 0.730 0.416 0.789 0.847 0.756 0.798 0.807
25 0.783 0.753 0.717 0.547 0.742 0.816 0.668 0.753 0.768
30 0.745 0.701 0.608 0.683 0.786 0.701 0.728
35 0.704 0.619 0.572 0.757 0.619 0.683
40 0.653

a Curve number.

Table 2
Fuel mass flow rate and fuel composition (the water content is complementary
to 100%) used for experimental characterization of the cell

Curve number Fuel mass flow
rate (g s−1)

H2 (vol. %) N2 (vol. %)

1 0.00342 76 20
2 0.00514 60 36
3 0.00626 50 46
4 0.00737 40 56
5 0.00850 30 66
6 0.00757 31 65
7 0.00755 51 45
8 0.00748 74 22
9 0.00589 48 48

10 0.00783 48 48
1
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1 0.01170 48 48

irflow rate is always set to 0.0324 g s−1.

uel gas composition and mass flow rates are given in
able 2.

As it can be observed in Table 1, voltage at open circuit
VOC) and maximum cell current can be in some way related to
ydrogen concentration at the anode.

More specifically, the fuel mass flow seems to have a small but
ignificant influence on the VOC, also when the fuel composition
s constant (see for instance cases 9–11). Such variation suggests
hat the VOC is somehow influenced by the flow field in the
nodic channels, probably due to the local flow non-uniformity
videnced in the fluid-dynamic analysis discussed in Ref. [23]
nd partially reported at Section 2.2 above.
. Model calibration

A model calibration has been performed utilizing data from
he experiments of Table 1.

s
b
p
r

0.620

Calibration allowed to find a set of parameters that minimizes
he difference between calculated and experimental data. Param-
ter Z in Eq. (3) of cell resistance adopted in the calculation
odel is 3.4 × 10−8 � m2.
The comparison of experimental VOC tension and Nernst

deal potential, calculated by Eq. (2), shows a constant gap of
bout 58 mV, which was not expected by theory.

The difference can be probably explained by the exis-
ence of parasitic currents between electrodes, depending on
pecific cell manufacturing features, which are rather dif-
cult to be evaluated. However, the difference is almost
onstant in all cases, so that the calculated voltage in the pro-
ram could be corrected with a simple offset parameter of
8 mV.

Following this additional assumption, the first calibration
ields an average absolute difference between model predic-
ion and experimental results (average over the 11 calibration
urves) limited to 1% for currents up to 10 A, 2% up to 20 A and
ncreasing up to 5–6% at 30–40 A.

Despite the good general accordance between model and
xperimental data, this first calibration showed some difficulties
n the high current regions of some polarization curves, limited
o the cases where the hydrogen content of the fuel mixture is
ow.

To better focus this aspect, Figs. 8–10 represent examples of
omparison between experimental and calculated values (con-
inuous curves, label “Calculated 1”), respectively for the cases
, 3 and 5 of Table 2.

The accordance between the model and the experiments is
lways good in the first figure (referred to case 1 in Table 2,
ut substantially representative also of cases 2,8,10 and 11, not

hown here for brevity), while some discordance at high current
egins to appear in Fig. 9 (referred to case 3; the same would hap-
en with the results of cases 6,7 and 9 of Table 2) and becomes
ather large in Fig. 10 (referred to case 5, which is the worst
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Fig. 8. Experimental and calculated values for case 1.
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Fig. 9. Experimental and calculated values for case 3.

ondition; a similar but less critical situation would appear with
he results of cases 4 and 6).

The main difference among these cases is that going from
igs. 8 to 10, the fuel mass flow increases and the hydrogen
ontent becomes lower; it is possible to conclude that the model
hows good accuracy in predicting the experimental curves in all

ases with higher hydrogen concentration, while it yields some
ifficulties at high current/low hydrogen content.

The phenomenon can be explained considering diffusion
osses, whose effect becomes important when hydrogen concen-

Fig. 10. Experimental and calculated values for case 5.
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ration at the anode is rather low and the fuel utilization factor
proportional to the current output) is high. As mentioned in
aragraph 1.1, the algorithm adopted in the program does not
nclude a mathematical model for a separated description of
iffusion losses, but all the polarization losses are lumped in
n equivalent resistance term, so that the diffusion loss effect
annot be captured by the simulation.

Aiming to partially overcome this issue, we have considered
o add a second resistance term to Eq. (3), accounting for dif-
usion effects with an approach based on the introduction of
limiting fuel utilization, which turns into a limitation in the

ydrogen consumption. The new expression of the cell overall
esistance is then:

loc (�) = Z exp (�E/BTs)

Aloc

+ k log

(
1 − (mH2,in − mH2,loc)/mH2,in

Uflim

)
(6)

here the terms Z and B, remain the same discussed at Section
.1, Ts is the local PEN temperature, K is an external parameter
nd Uflim is the limiting fuel utilization. At the numerator of
he new term, mH2,in is the mass flow of hydrogen entering the
uel cell, while mH2,loc is the local mass flow along the cell
adius.

A further calibration has been carried out, yielding the results
hown with the dotted lines in Figs. 8–10 (label “Calculated 2”),
here Uflim is always set to 80% and best fitting results are
btained when K is calculated following the empirical expres-
ion:

(�) = 0.688 log(XH2,in) + 0.187 (7)

here XH2,in is the molar fraction of hydrogen entering the fuel
ell.

The additional term of Eq. (6) becomes progressively relevant
hen the fuel utilization approaches 80%, which has been set

s a limit value, never reached in the experiments.
The new equation yields good results in the case of Fig. 9,

here the standard deviation between experimental and calcu-
ated polarization curves (calculated over the entire diagram)
emains below 40 mV versus 92 mV of the first calculation. As
t could be expected, thanks to the logarithmic form of the term
dded in Eq. (6), the situation remains also good in Fig. 8 where
he two equations yield similar results and the standard deviation

is about 40 mV in both cases.
The use of Eq. (6) allows also a significant reduction of the

tandard deviation for case 5 in Fig. 10, which represents the
orst condition, now reachingσ ∼= 150 mV versus about 330 mV

or the same case calculated in the first manner. Trying to fur-
her reduce the error for case 5 considerably worsen the good
esults obtained in Figs. 8 and 9, so that this final condition can
e considered a reasonable calibration compromise among the
ifferent cases.
Finally, in all experiments it can be noted that there is no
vidence of a convex behavior of the curves in the vicinity of
he VOC tension, as can be expected for an intermediate or high-
emperature fuel cell, where activation losses are typically low.
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he result is captured in all the simulations, independently of
he use of Eq. (3) or Eq. (6) for the cell resistance loss.

. Conclusions

In this work we have presented experimental results of testing
ver circular-planar type intermediate-temperature solid oxide
uel cells, based on the Hexis design [10], interpreted through a
nite volume model.

The model has been calibrated over the results of experiments
arried out at the Edison laboratory facilities, where several cells
ave been tested with hydrogen as fuel, developing polarization
urves and measurement of cell internal temperatures under dif-
erent air and fuel utilization rates. The work reports the test
odalities and the results of the experiments, discusses the com-

arison between the model simulations and the experimental
esults, and evidences the dependence of the cell performances
n the operating conditions. The comparison demonstrates the
apacity of the model to predict the cell behavior and overall
nergy balances when changing significantly the cell operating
onditions, and discusses the effects of diffusion losses appear-
ng in the experiments carried out at high current output and low
uel hydrogen content.
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