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bstract

The tubular SOFC generator CHP-100, built by Siemens Power Generation (SPG) Stationary Fuel Cells (SFC), is running at the Gas Turbine
echnologies (GTT) in Torino (Italy), in the framework of the EOS Project. The nominal load of the generator ensures a produced electric power
f around 105 kWe ac and around 60 kWt of thermal power at 250 ◦C to be used for the custom tailored HVAC system.
Several experimental sessions have been scheduled on the generator; the aim is to characterize the operation through the analysis of some global

erformance index and the detailed control of the operation of the different bundles of the whole stack.
All the scheduled tests have been performed by applying the methodology of design of experiment; the main obtained results show the effect of

he change of the analysed operating factors in terms of distribution of voltage and temperature over the stack.
Fuel consumption tests give information about the sensitivity of the voltage and temperature distribution along the single bundles.
On the other hand, since the generator is an air cooled system, the results of the tests on the air stoichs have been used to analyze the generator

hermal management (temperature distribution and profiles) and its effect on the polarization.
The sensitivity analysis of the local voltage to the overall fuel consumption modifications can be used as a powerful procedure to deduce the

ocal distribution of fuel utilization (FU) along the single bundles: in fact, through a model obtained by deriving the polarization curve respect to
U, it is possible to link the distribution of voltage sensitivities to FC to the distribution of the local FU.
The FU distribution will be shown as non-uniform, and this affects the local voltage and temperatures, causing a high warming effect in some
ows of the generator. Therefore, a discussion around the effectiveness of the thermal regulation made by the air stoichs, in order to reduce the
on-uniform distribution of temperature and the overheating (increasing therefore the voltage behavior along the generator) has been performed. It
s demonstrated that the utilization of one air plenum is not effective in the thermal regulation of the whole generator, in particular in the reduction
f the temperature gradients linked to the non-uniform fuel distribution.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Gas Turbine Technologies (GTT) and Politecnico di Torino,
oth located in Torino (Italy), have installed a SOFC laboratory
n order to analyze the operation, in cogenerative configuration,

f the CHP-100 SOFC Field Unit built by Siemens Power Gen-
ration (SPG) Stationary Fuel Cells (SFC). The generator was
ommissioned on June 19, 2005, and to date has shown the
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ecord availability of 99.8%, showing more than 30,000 operat-
ng hours at this scale. The demonstration of this generator is the
rst phase of the EOS project (2004–2009), that has the follow-

ng aims: (i) to establish a research group that, joining university
nd industry, will allow the growth of the scientific knowledge
bout SOFC technologies; (ii) to provide GTT with installation
nd operational know-how with SOFC; (iii) to extend life testing
f SOFCs of varying pedigrees; (iv) to perform experimental
nd modeling activity to characterize the generator behavior.

t present, approximately 100 kWe of ac electrical energy are
elivered to the grid, and 55 kWt of thermal energy provides
eating and cooling for the facility’s buildings upon integration
ith a district HVAC. Politecnico di Torino has developed sev-
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Nomenclature

BoP balance of plant
CHP cogeneration heat and power
Di–j fundamental binary diffusivity in the electrode

(cm2 s−1)
Da(eff) effective binary diffusivity in the anode layer

(cm2 s−1)
Dc(eff) effective binary diffusivity in the cathode layer

(cm2 s−1)
E0 open circuit voltage (V)
F Faraday number (C mol−1)
FC fuel consumption (%)
FU fuel utilization (%)
HC high current
ias anode limiting current (A cm−2)
ics cathode limiting current (A cm−2)
ic cell current density (A cm−2)
I generator current (A)
L cell length (m)
LC low current
p cell pressure (Pa)
pa

H2
hydrogen pressure at the anode/electrolyte
interface (Pa)

pb
H2

hydrogen pressure at the anode bulk (Pa)
pa

O2
oxygen pressure at the cathode/electrolyte
interface (Pa)

pb
O2

oxygen pressure at the cathode bulk (Pa)

R universal gas constant (J mol−1 K−1)
SOFC solid oxide fuel cell
ta thickness of the anode layer (cm)
tc thickness of the cathode layer (cm)
T temperature (K)
TGEN setpoint temperature (K)
Tair air pre-heating temperature (K)
Vc cell terminal voltage (V)
Vdiff diffusion overpotential (V)
Vnernst Nernst potential (V)
V̄Nernst position averaged Nernst potential (V)
V̄Nernst,HC average Nernst potential, high current

approximation (V)
V̄Nernst,LC average Nernst potential, low current

approximation (V)
x axial position along the tubular cell (m)
xi regressor variables
yi molar fraction of reactants at the electrodes’ bulk
y0

H2
hydrogen molar fraction at fuel inlet condition

y0
H2O water molar fraction at fuel inlet condition

Yi dependent variable

Greek letters
βi regression coefficient
ε electrode porosity
ηact,a/c activation overpotential at anode and cathode (V)

ηconc,a/c concentration overpotential at anode and cathode
(V)

ηohm ohmic overpotential (V)
λ process air excess
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ral activities, like the design of the SOFC primary generator
hermal plant [1], the modeling of the generator and of the BoP
2–5], the safety design and analysis [6].

In particular, Politecnico has developed several experimental
est and analysis of the experimental results. The experimental
essions have been designed in order to investigate the effect
f four control factors at the nominal load operation: the fuel
onsumption FC, the air stoichs λair, the setpoint temperature
GEN, and the air pre-heating temperature Tair. The methodology
f the Design of Experiments has been used in the planning of
he experimental session (factorial design) [7,8]. In [9] a model
f the operation of the SOFC CHP 100 has been developed
sing a 0D approach and validated through a first session of
xperimental tests. In [10,11] the effect of the setpoint genera-
or temperature and fuel utilization factors on several dependent
ariables (i.e. dc and ac electric power, recovered heat, electric
nd global efficiency, efficiency of the pre-reforming process) is
nalyzed in form of screening tests and the process responses are
reated in form of response surface plots. In [12] the regression

odels have been used in constrained optimization procedures,
o have an overview of the optimal operation points which max-
mize different objective functions (ac electric power, recovered
eat, etc.).

The experimental tests showed that the most significant fac-
ors affecting the generator behavior are the fuel consumption
C and the air stoichs λair. In this paper results are presented
oncerning a deeper analysis of the sensitivity of voltage and
emperature distribution to modification of fuel consumption
nd air stoichs. The aim is the deduction of the local distribution
f fuel utilization (FU) along the single bundles, its drawbacks
n temperature distribution (possible overheating), and a dis-
ussion concerning the temperature regulation through the air
toichs which outline some problems.

In [13] the sensitivity of the measured terminal voltage of
tubular solid oxide fuel cell to the fuel utilization is used to

rovide information about ‘leaks’ through the cell. In [14] an
xperimental analysis on a short stack is presented and the pres-
nce of localized overheating is addressed to low fuel availability
n the anode side.

. Experimental

.1. Description of the plant
The CHP-100 kWe SOFC Field Unit (SPG SFC) utilizes
he commercial prototype air electrode supported cells (22 mm
iameter, 150 cm active length, 834 cm2 active area) and in-stack
eformers. The generator is fed with natural gas from the grid.



M. Santarelli et al. / Journal of Power Sources 171 (2007) 155–168 157

I
(

t
c
b
b
t
(
r
t
h
h
c
r
w
t
(

f
d
c
B

o
t
i
i
f
r
s

[
l
i
s
p
i
P
(

a
G

Fig. 1. Picture of the SOFC CHP test site in GTT (Torino, Italy).

n Fig. 1 the picture representing the CHP 100 test site in GTT
Torino, Italy) is shown.

The upper level of system hierarchy after the single cell is
he cell bundle, which consists of a 24-cell array arranged as 8
ells in electrical series by 3 cells in electrical parallel. Four cell
undles are connected in series to form a bundle row, and 12
undle rows are aligned side by side, interconnected in serpen-
ine fashion with an in-stack reformer between each bundle row
for a total of 1152 single cells). In the following of the paper we
efer to a cell sector, which is defined like the electrical serie of
wo cell bundles. In the new rebuilt a multi-pedigree cell stack
as been assembled; SOFC cells mainly differ for total running
ours; one of the interest of the experimentation is to study how
ell with different operating history work together in a stack. The
est of the system is composed by the balance of plant (BoP),
ith five major skids: Generator Module, Electrical Control Sys-

em, Fuel Supply System (FSS), Thermal Management System
TMS), and Heat Export System (HES) [1–6,9–12,15–17].

From the electrical point of view, the module is made up of

our parts: (a) the electrochemical generator; (b) the Power Con-
itioning System (PCS): an inverter, which operates the dc/ac
onversion; (c) the SOFC auxiliaries (blowers); (d) the Fuel Cell
oard (QFC), designed by Politecnico of Torino, which allows

(
s
a
p

Fig. 3. Simplified flow schematic of the SOFC CHP-100 B
Fig. 2. Schematic of the stack arrangement.

ne the electrical connection of the CHP 100 to the grid. From
he thermal point of view, the exhausts from the stack, passing
n a cross finned tubes gas-water exchanger, provide, in nom-
nal conditions, approximately 60 kWt of thermal energy, used
or the winter and summer conditioning (through a absorption
efrigerator cycle water-lithium bromide fed with hot water) of
ome offices of the GTT factory.

The schematic of the cell stack arrangement is shown in Fig. 2
17], outlining the position of the fuel ejectors and the power
eads. The simplified flow schematic of the SOFC CHP-100 BoP
s shown in Fig. 3, with the schematic of the primary generator
tructure. In Fig. 2, it is shown the position of the fuel ejectors and
ower leads. In the paper, the results will be discussed dividing
deally the primary generator in four main zones (North; South;
ower Leads side and Ejectors side), and also in the central zone
middle between power leads and ejectors side).

The commissioning date in GTT was June 19, 2005. The oper-
tional data at September 2006 report a number of run hours in
TT of around 10,000, with a total run hours of around 30,000
including run hours in the Netherlands and Germany); a average
tack temperature of 954 ◦C; a dc generated power of 123.6 kWe,
t 246.1 VDC and 502.3 A; a ac generated power of 113 kWe; a
ower to GTT workshop grid of 103 kWe (20% of the workshop

oP, and schematic of the primary generator structure.
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equirement); a heat generation of 60 kWt (hot water at 85 ◦C).
ther characteristics are: a reliable operation also with signif-

cant LHV changes of the natural gas; no measurable voltage
r power degradation; a very high availability of 99.5% (actual,
n annual basis); 4 stops (one operation error, three inverter
ailures); 24 successful operation transition to power dissipator
ue to utility (AEMD, Azienda Energetica Metropolitana Torino
istribuzione) or GTT grid failures; no thermal cycles; a very
ependable automatic operation (no operator in control room);
remote control capability via modem; a easy maintenance

replacement of air filters and of desulphurization reactant). In
year of operation the SOFC CHP-100 fuelled by natural gas

voids the production of 272 tonnes of CO2, the environmen-
al pollution of 1035 kg of NOx, the import of 121 tonnes of
il equivalent with respect to a gas turbine plant of higher size
in the order of 100 MWe; therefore, if compared to a similar
ize gas turbine, the advantage would be even higher). Green
ertificates are provided by the Italian Authority (GRTN) for
lectrical energy produced by a fuel cell generator (also using a
ossil fuel): the energy production estimate in 2006 is 900 MWh
18 certificates).

.2. Description of the experimental sessions

The scheduled tests have been carried out in the November
005 and March 2006, following the methodology of the Design
f Experiments. The main aim has been the characterization
f the operation of the single sectors of the system, pointing
ut the analysis on the behavior of the local temperatures and
oltages.

Four factors were investigated at the nominal load operation:
he fuel consumption FC, the air stoichs λair, the setpoint temper-
ture TGEN, and the air pre-heating temperature Tair. The most
ignificant factors affecting the generator behavior are the fuel
onsumption FC, the air stoichs λair.

The fuel utilization (FU) factor is defined as the ratio of the
uel mass flow that operates the electrochemical oxidation on
he anode surface, to the total fuel mass flow that enters the
enerator. The control variable fuel consumption (FC) factor is
efined in the same way, but, at the numerator it also takes into
ccount the fuel mass flow that is chemically oxidized on the
node side due to the air leakage from the cathode to the anode
hrough the electrolyte layer or other sources (of the order of
0–30 cm3 min−1 at 300 mA cm−2 according to [13]), plus the
uel by-pass through the insulation package.

The air stoichs factor (λair) is defined as the ratio of the total
ir mass flow which enters in the generator and the air mass flow
perating in the electrochemical reaction on the cathode surface.

The generator setpoint temperature (TGEN) is the higher mea-
ured temperature by the five thermocouples placed in the central
one of the generator.

The air pre-heating temperature (Tair) is the temperature of the
rocess air after its heating in the thermal management system

f the balance of plant and before entering the generator canister.

In order to ensure a safe operation of the generator, the
nvestigated experimental domain has been in the range of:
1.75% < FC < 84.25% and 4.6 < λair < 4.8, moreover, the aver- w
r Sources 171 (2007) 155–168

ge current density has been kept constant at the nominal value
f 0.2 A cm−2 (500 A generator current).

The investigated dependent variables focused on the distri-
ution in the generator of voltages and temperatures (average
emperatures of the generator in different planes: total stack
hermocouples, top plane thermocouples, middle plane thermo-
ouples and bottom plane thermocouples). From an electrical
oint of view it is possible to acquire the generator terminal
oltage and the voltage of two bundles in series (sector).

Once the setpoint was established, the data collection started
fter 60 min (to stabilize the signal data) for a period of 30 min,
ith a rate of 1 min. The single value of a variable is the mean
alue of the 30 values collected in every test length. To develop
he study, the factorial analysis and the response surface method
RSM) have been applied, and first and second-order regression
odels linking the dependent variable to the control factors have

een found and analyzed with an ANOVA. In many physical or
ngineering problems two or more variables are related and it is
f interest to model and explore this relationship. Suppose that
here is a single dependent variable or response Y that depends
n k independent or regressor variables, for example x1, x2, . . .,
3. The relationship between these variables is characterized by
mathematical model, called a regression model, that is fit to a

et of sample data. In some instances, the experimenter knows
he exact form of the true functional relationship between Y and
1, x2, . . ., xk.

However, in most cases, the true functional relationship is
nknown and the experimenter can choose an appropriate func-
ion in order to approximate it. Low-order polynomial models
re widely used as approximating functions. Thus, a regression
odel can be written in the following form:

= β0 + β1x1 + β2x2 + . . . + βkxk + ε (1)

s called a multiple linear regression model with k regressor vari-
bles. The parameters βj (j = 0, 1, . . ., k) are called the regression
oefficients. The parameter βj represents the expected change in
esponse Y per unit change in xj when all the remaining indepen-
ent variables xi (i �= j) are held constant. Thus, the regression
oefficient of a regressor variable is the sensitivity parameter
f the dependent variable to changes in the regressor variable
independent variable).

The method of least squares is typically used to estimate the
egression coefficients in a multiple linear regression model. If
n experimental session is designed by applying the method-
logy of the Design of Experiments then the investigated
ependent variables can be described by regression models.
ifferent forms of regression models can be obtained from an

xperimental session according to the chosen design of exper-
ments, for example first (Eq. (1)) or second-order regression

odels:

= β +
k∑

β x +
∑∑

β x x +
k∑

β x2 + ε (2)
0

j=1

j j

i<j

ij i j

j=1

jj j

Because of the reduced experimental domain of this analysis
e will deal with results obtained by a first-order design.
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Note that the central zone of the generator shows a maximum
of sensitivity of voltage to air stoichiometry: it is interesting to
notice the parabolic shape of the sensitivity distribution along
M. Santarelli et al. / Journal of

The data have been first analyzed through the Yate’s method
analysis of the factor significance on the dependent vari-
ble); after, first and second-order regression models have been
btained. Particular attention has been addressed in the descrip-
ion of the operation in terms of sensitivity maps. The analysis
s described in the following paragraphs.

. Results

.1. Sensitivity of the voltage distribution to fuel
onsumption and air stoichs

In this paragraph the results of the sensitivity analysis of local
oltages to fuel consumption and air stoichs are shown. As said
n the last paragraph, the coefficients of the regression models
epresent the sensitivity coefficients of the analyzed dependent
ariable to the factor. In this case the coefficients are expressed
n V/%FC and V/%stoichs, being the FC and λair factors the
lobal values (inputs of the operator).

In order to better understand the discussion about sensitivity
o fuel utilization tests some results are presented about the volt-
ge distribution in the stack and the polarization behavior [18].
n Fig. 4 (non-disclosure agreement with Siemens) the voltage
istribution in the stack sectors is shown for the following oper-
ting condition (I = 435 A, setpoint temperature TGEN = 967 ◦C,
C = 84.25%). In Fig. 5 a short polarization (from I = 435 to
75 A) is shown.

The average cell voltage is around 666 ± 14 mV, and
he estimated average area specific resistance is around
.04 ± 0.08 � cm2, comparable with other works [16,19]. The
erformance homogeneity (obtained by the estimated standard
eviation) of the single cell voltage is then 2%, which is a very
ood index of the operation; during different experimental ses-
ions, values of performance homogeneity of the single cell
oltage have been found up to 5%. It is also evident that the
dges’ sectors show a lower terminal voltage.
In Fig. 6 the sensitivity of the voltage of a sector (group of
6 cells in electrical series) to fuel consumption is shown. The
verage sector sensitivity is −44 mVsector/%FC. The increase
f the fuel consumption leads to a significant decrease of volt-

Fig. 4. Voltage distribution in the main stack’s sectors.
Fig. 5. Polarization behavior of two stack’s sectors.

ge in all the stack’s sectors, mainly because of the reduction of
he average Nernst potential and the increase of diffusion over-
oltages. The shape of the sensitivity voltage distribution in the
undle rows is parabolic, with a minimum in the central zone of
he generator: the sectors placed at the edges have very high sen-
itivity to FC, in particular the sectors placed at the generator’
orners of the ejectors’ side.

In Fig. 7 the sensitivity of the sector voltage to the air
toichs is shown. The average sector sensitivity is around
20 mVsector/0.1 stoichs. The increase of the air stoichiom-

try, λair leads to a significant decrease of voltage in all the
ectors (except for the ones placed at the generator’s edges: but
e have evaluated that the effect is statistically not significant).
Fig. 6. Sensitivity of the sectors’ voltage to fuel consumption.
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Fig. 7. Sensitivity of the sectors’ voltage to air stoichs.

he bundle rows and the complementary behavior between the
ir stoichs and the FC sensitivity.
As the SOFC CHP-100 is an air-cooled system, the decrease
f voltage, due to an increase of air stoichiometry, is mainly due
o the variation of the equilibrium temperature: an increase of
air causes a reduction of the equilibrium temperature with con-

c
c

t

Fig. 8. Voltage sensitivity to the factors of t
r Sources 171 (2007) 155–168

equent increase of overvoltages (mainly ohmic contribution).
his decrease of the temperature is almost uniform in all the bun-
le rows of the generator (the discussion is addressed in the next
aragraph), then also at the edges. Thus, it would be expected
hat also the edge sectors will present the same behavior, that
s a reduction of voltage with increasing of λair. The negligible
ffect of this operation on these sectors is explained with the
ypothesis that it is the local fuel consumption the dominant
actor of the operation in the edge sectors.

The last consideration concerns the linear dependence
etween voltage and temperature expressed by the obtained
egression models. Through the statistical analysis it was evalu-
ted that the first-order regression had a good fit (reduce lack of
t value). But from a physical point of view, the linear behav-

or is not expected and the performance is expected to be an
xponential dependence of operating temperature. In fact, the
olid oxide fuel cell behavior can be estimated by the Arrhenius
xpression as this is the behavior of ionic and electronic conduc-
ivities of the cell layers [20]. Therefore, the linear dependence
s explained with the small variation of the experimental domain
or temperature (953 ◦C at λair = 4.6 and 944 ◦C at λair = 4.8).

Looking at Fig. 8, it is interesting to notice the distribution
long the bundle rows of the voltage sensitivity of the single

ell to both fuel consumption and air stoichiometry, outlined for
ells placed at the ejectors and power leads’ sides.

The estimation of the single cell sensitivity to fuel consump-
ion is around −2.8 mVcell/%FC, comparable with other works

he single cells along the bundle rows.
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at the middle plane (in the figure the results are presented in
absolute value). Moreover, the central zone of the stack is greatly
affected by this regulation, due to the design of the air distribu-
tion plenum. Nevertheless, we observe that the sensitivity of the
Fig. 9. Temperature distr

13]; the homogeneity of the FC sensitivity among the various
ells is around 10%. The single cell sensitivity to air stoichiom-
try has been estimated in around −1.3 mVcell/%0.1 stoichs.
lso from this figure it is clear that the higher is the FC sensitiv-

ty the lower is the sensitivity to the air stoichiometry. Moreover,
he distribution of FC sensitivities is used in the following of the
aper in order to estimate the local fuel utilization of the cell
ectors.

.2. Sensitivity of the temperature distribution and profiles
o fuel consumption and air stoichs

In this paragraph the results of the sensitivity analysis of
emperature distribution to fuel consumption and air stoichs are
hown. The coefficients of the regression models, that represent
he sensitivity coefficients of the analyzed dependent variable to
he factor, are expressed in ◦C/%FC and ◦C/%stoichs.

In Fig. 9 (non-disclosure agreement) the distribution of
emperatures in the stack is shown, taking into account two mea-
urement planes: the bottom plane (corresponding to the closed
nd of tubular cell and to the fuel inlet) and the middle plane.
ith respect to the middle plane temperature, the highest tem-

eratures are measured in the central zone and at the border
f the stack with a cooling effect at the fuel ejectors’ side; the
emperature gradient is more than 100 ◦C [21].

In order to better understand the discussion about the sensi-

ivity analysis, some results about the axial shape of temperature
long the tubular cell are also presented. In Fig. 10 (non-
isclosure agreement), the typical axial temperature profile
s shown (at Tair = 612 ◦C and λair = 4.6, ic = 200 mA cm−2,
n along the bundle rows.

C = 84.25%). The average top plane temperature is around
60 ◦C, the average middle plane temperature is around 930 ◦C
nd the bottom plane temperature is around 840 ◦C. The low
emperature at the closed end of the cell (corresponding of
he fuel inlet condition) is explained by the residual reforming
ndothermic reaction which takes place at the cell anode surface
22].

In Fig. 11 the sensitivity of the local temperature to air sto-
chiometry is shown for the two investigated measurements
lanes (bottom and middle plane). The regulation of the air stoi-
hiometry affects the thermal equilibrium of cells; an increase of
air leads to a reduction of temperature and the effect is stronger
Fig. 10. Axial temperature profile of a tubular SOFC.



162 M. Santarelli et al. / Journal of Power Sources 171 (2007) 155–168

tempe

l
p

c
a
t
a
b
fi
w
t
s
p
t
a
c

4

i
p
f
f
t
p
m

t

c
t
h
a
a
o
u
d

s
t
o
t
e
b
t
b
c
l
r
a

e

V

Fig. 11. Sensitivity of local

ocal temperature is almost uniform along the bundle rows: this
oint will be discussed later on.

In Fig. 12 the sensitivity of the local temperature to fuel
onsumption is shown. The effect is negative (in figure the
bsolute values are reported): it is interesting to notice how
he middle plane temperature is slightly affected by the oper-
tion, while the bottom plane temperatures seem to be affected
y variations on FC values. The test has been performed at
xed setpoint temperature. This means that the increase of FC
ould lead to a stack heating (due to irreversibility), but due

o the imposed setpoint temperature, an higher air mass flow is
ent to the stack with the final effect that middle plane tem-
eratures do not change (in the middle plane is located the
hermocouple which measures the setpoint temperature) while

decrease of temperature is measured in the bottom zone of
ells.

. Deduction of the local fuel utilization distribution

Experiments about sensitivity to fuel utilization form an
mportant feature of testing solid oxide fuel cell systems. In this
aragraph we describe the sensitivity to fuel utilization tests per-
ormed on the SOFC CHP-100 stack and its relation to the local
uel utilization of the cell sectors. In fact, the local fuel utiliza-
ion of cell sectors can be estimated coupling experimentally

erformed sensitivity to fuel utilization tests with a proposed
odel of cell voltage sensitivity to fuel utilization.
The following results were obtained from the experimen-

al analysis: stack terminal voltage sensitivity −1.06 V/%FC;

w
η

t

rature to air stoichiometry.

ell sectors sensitivity −44 mVsector/%FC; single cell sensi-
ivity −2.8 mVcell/%FC. It has been shown in Fig. 8 that the
omogeneity of the FC sensitivity among the various cells is
round 10%. The different behavior of the sensitivity is mainly
ddressed to the local fuel utilization operation, so to the design
f the fuel distribution system. In order to deduce the local fuel
tilization a model of cell voltage sensitivity to FU has been
eveloped.

The sensitivity of cell voltage to fuel utilization depends on
everal contributions which concern the Nernstian term, the con-
ribution of diffusion term and eventually the effect of leakages
f air at the anode side. It is neglected the ohmic contribution,
he activation contribution is also neglected because of its small
ffect of the voltage drop. If the performance of a cell is limited
y the ohmic contribution and leakages can be neglected then
he sensitivity of cell terminal voltage to FU is well described
y the variation of Nernstian term with fuel utilization. In the
ase of a tubular cathode supported cell the performance is also
imited by cathodic diffusion and leakages play an important
ule [13]. In the following some considerations are made about
ll these terms.

The terminal voltage of a tubular SOFC is expressed by the
quation:

c = VNernst − ηact,a/c − ηohm − ηconc,a/c (3)
here Vc is the terminal voltage, VNernst the Nernst voltage,
act,a/c the activation overpotential, ηohm the ohmic overpoten-
ial, ηconc,a/c is the concentration overpotential.
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Fig. 12. Sensitivity of local

The Nernst voltage is expressed, with the hypothesis of ideal
as, by the following equation:

Nernst = E0 + RT

2F
ln

(
(yH2 )(yO2 )1/2

(yH2O)

)
(4)

Under the assumption that the oxygen utilization is negli-
ible, that is the oxidant is fed to the cell far in excess of the
toichiometrically required amount, the Nernst voltage is a func-
ion of the operating temperature and of the axial location along
he cell length, at fixed pressure:

Nernst(x, T ) = E0(T ) + RT

2F
ln

(
(yH2 (x))(yO2 )1/2

(yH2O(x))

)
(5)

The average Nernst potential is the position averaged Nernst
otential, that is:

¯Nernst = 1

L

∫ L

0
VNernst(x) dx (6)

Basing on the papers [13,22], it is shown that the sensitivity
f voltage to FU is depending on the average current density due
o the variation of the consumption of reactants along the cell
xis with current: the sensitivity decreases with the increase of
urrent. In order to model this behavior some assumptions are
ow made. At high current densities it can be assumed that the
ernst voltage is linear with the cell axial position:
Nernst(x, T ) = E0(T ) + RT

2F
ln

(
(yH2 (x))(yO2 )1/2

(yH2O(x))

)
= Ax + B

(7)

b
t
t

rature to fuel consumption.

This refers to an operation with exponential variation of the
eactants’ partial pressure along the cell length according to the
quation:

i(x) = yi(0) e((1/L) log(yi(L)/yi(0)))x (8)

The boundary conditions are assumed by knowing the fuel
omposition at the cell inlet, in terms of hydrogen and water
apour molar fractions, and the fuel utilization, this allows one
o find the A and B coefficients.

At x = 0 (closed end), that is at the cell inlet, it can be written:

yH2 (0) = y0
H2

yH2O(0) = y0
H2O

(9)

in the fuel mixture (anode inlet composition).
At x = L (open end), that is at the cell outlet it can be written:

yH2 (L) = y0
H2

(1 − FU)

yH2O(L) = y0
H2O + y0

H2
FU

(10)

The position averaged Nernst voltage at high current densities
s written in the form:

¯Nernst,HC(T ) = E0(T ) + RT

4F
ln

((
yH2 (1 − FU)

) (
yO2

)1/2(
yH2O + yH2 FU

)
)

(11)
At low current densities, a significant length of the cell would
e operating close to the exit Nernst potential, that is most of
he fuel will be consumed very close to the fuel inlet, which is
he closed end of the cell. The Nernst voltage would decrease
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harply from the inlet value to the exit value to the exit value
ithin a short length from the inlet. At low current densities, the

verage Nernst potential can be approximated to that of the exit
ernst potential, then constant along the cell tube:

¯Nernst,LC(T ) = E0(T ) + RT

2F
ln

(
(yH2 (1 − FU))(yO2 )1/2

(yH2O + yH2 FU)

)
(12)

Neglecting the diffusion term and the leakages the sensitiv-
ty of the cell voltage to the fuel utilization can be assumed to
e equal to the sensitivity of the Nernst voltage to the same
arameter. With this assumption it is possible to write:

dVc

dFU
= dVNernst

dFU
(13)

With this assumption the derivative of the terminal voltage
ith respect to the fuel utilization, equal to the sensitivity to the

uel utilization, at low current densities is twice the one at high
urrent densities, in fact at high current density the sensitivity is
iven by the Eq. (14), while at low current density it is given by
he Eq. (15).

∂V̄Nernst

∂FU

∣∣∣∣
HC

= −RT

4F

[
1

(1 − FU)(y0
H2O + y0

H2
FU)

]
(14)

∂V̄Nernst

∂FU

∣∣∣∣
LC

= −RT

2F

[
1

(1 − FU)(y0
H2O + y0

H2
FU)

]
(15)

If the oxygen utilization would be taken into account then
he Eqs. (14) and (15) will be modified according to (i.e. on Eq.
15)):

∂V̄N

∂FU
= −RT

2F

[
1

(1 − FU)(y0
H2O + y0

H2
FU)

+ 1

2

(λ/y0
O2

) − λ

(λ − y0
H2

FU)((λ/y0
O2

) − y0
H2

FU)

]
(16)

Because of the partial pressure of the oxygen at the cathode
xit can be written as [16]:

O2 = λ − FUy0
H2

(λ/y0
O2

) − FUy0
H2

(17)

In the case of the tested air stoichiometry values, λ 4.6/4.8,
his effect can be neglected on the sensitivity curve. This rela-
ion involves a definition of air excess different than the one
sed in the paper (such values are higher than ones tested exper-
mentally, see ref. [16]), thus all considerations discussed in the
aper represent a conservative situation and the discussion is
nly deepen for a comprehensive analysis of all polarization
erms.

To refine the model some considerations about the effect

f fuel utilization on the diffusion losses are now discussed.
he analyzed cell is a cathode-supported cell then the main
ffect of diffusion is mainly addressed to the cathodic layer.
he model equations and hypothesis are assumed by literature
r Sources 171 (2007) 155–168

22,23]. Transport of gaseous species usually occurs by binary
iffusion, where the effective binary diffusivity is a function of
he fundamental binary diffusivity DH2 –DH2O and microstruc-
ural parameters of the anode. In electrode microstructures with
ery small pore size, the possible effects of Knudsen diffu-
ion, adsorption/desorption and surface diffusion may also be
resent. In terms of physical measurable parameters, an analyti-
al expression for anodic concentration polarization is proposed.
his equation is:

as = 2Fpb
H2

(FU)Da(eff)

RTta
(18)

t is obtained by posing to zero the following equation:

a
H2

= pb
H2

(FU) − RTta

2FDa(eff)
ic (19)

Where the pressure of fuel at the bulk depends on fuel uti-
ization operation.

The voltage drop due to the anodic diffusion is given by:

a
diff = RT

2F
log

(
1 − i

ias

)
(20)

In terms of physical measurable parameters, the cathode-
imiting current density can be evaluated in the form:

cs = 4Fpb
O2

Dc(eff)

((p − pb
O2

)/p)RTtc
(21)

This equation is an approximation for anode supported cells
ith very small cathode thickness. In general the limiting current

t the cathode is given by posing to zero the equation:

c
O2

= p − (p − pb
O2

(λ, FU)) e(RTtc/4FpDc(eff))ic (22)

Where the partial pressure of the oxidant at the bulk depends
n fuel utilization and air stoichiometry (Eq. (17)).

The voltage drop due to the cathodic diffusion is given by:

c
diff = RT

4F
log

(
1 − i

ics

)
(23)

In this way the drop of voltage due to a variation of fuel utiliza-
ion is modeled also considering the effect on the cathodic diffu-
ion. The effect of diffusion on the terminal voltage sensitivity
f fuel utilization has significant effect when the limiting current
ensity is approached or for low value of the air stoichiometry.

It is possible to write with respect to Eqs. (20) and (23):

∂V̄ a
diff

∂FU
= RT

2F

1

1 − (īc/īas)

(
īc(∂īas/∂FU)

ī2as

)

= RT

2F

īc

(īas − īc)īas

∂īas

∂FU
(24)
diff

∂FU
=

4F 1 − (īc/īcs) ī2cs

= RT

4F

īc

(īcs − īc)īcs

∂īcs

∂FU
(25)



M. Santarelli et al. / Journal of Power Sources 171 (2007) 155–168 165

Table 1
Parameters used in the modeling of the diffusion overvoltages

Parameter Anode Cathode

Da/c(eff), effective binary diffusivity Da(eff) = (ε/τ)D293 K
H2−H2O(T/293)1.5 (ε/τ)D293 K

O2−N2
(T/293)1.5

Di − Dj, fundamental binary diffusivity (cm2 s−1) D293 K
H2−H2O = 0.91 D293 K

O2−N2
= 0.22

ε 3 0.335
τ 5
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It should be noted that:

∂V̄
a/c
diff

∂FU
∝ 1

Da/c(eff)
(26)

∂V̄
a/c
diff

∂FU
∝ ta/c (27)

The effect of the diffusion on the sensitivity of voltage to the
uel utilization is inversely proportional to the effective binary
iffusivity on the electrodes’ layers and directly proportional to
he electrodes’ thickness.

The parameters used for solving the equations have been
isted in Table 1.

An important role is played by eventual leakages of air at
he anode side; in fact some fuel can burn with the oxidant with
he consequence that it does not react at the anode surface to
enerate current. If it would occur then the effective operational
uel utilization will be higher than the expected and sensitivity
o change in FU will be very high approaching high values of
uel utilization.

The results of modeling are shown in Fig. 13. The simplified
odel refers to the sensitivity model of Nernst voltage to fuel

tilization whereas the complete model accounts also for the
ffect of diffusion and leakages (3% of leakages).

The effect of the operating current on the fuel utilization sen-
itivity is more effective when working at low fuel utilization. At
ow current the fuel utilization sensitivity is governed essentially
y the variation of the average Nernst voltage with FU whereas
t high current the effect of diffusion and leakages becomes

ore effective. The curves are drawn for an operating condi-

ion of 1000 ◦C and for a fuel with 89% H2 and 11% H2O of
omposition. In Fig. 14 some experimental results of single cell
ensitivity are reported according to [13].

Fig. 13. Model of fuel utilization sensitivity for a tubular SOFC.

t
s
T
y

i

Fig. 14. Experimental data of single cell sensitivity.

Once the model is developed, it can be used in order to explain
he different values of local sensitivity to fuel utilization and
o analyse the shape of its distribution along the stack sectors
estimated experimentally through the statistical analysis). The
istribution of fuel utilization sensitivity (according to the pro-
osed model) depends on the local temperature in the bundle
ows, on the fuel inlet condition at the anode in terms of hydrogen
nd water vapour partial pressures, and on the local fuel utiliza-
ion. The effect of the local temperature is taken into account in
he analysis, the effect of the fuel inlet conditions is taken into
ccount but the strong hypothesis is that the fuel composition is
he same for all the bundle rows, that is there is the same ref-
rmation degree in all the in-stack standard reformation boards.
nce the temperature and the fuel inlet condition are fixed for all

he cell sectors, then the local fuel utilization can be estimated by
olving the voltage sensitivity model in terms of fuel utilization.

he condition of the inlet fuel has been posed to yH2 = 0.4 and
H2O = 0.2. The results of the estimation procedure are shown
n Fig. 15; the higher is the local FU sensitivity the higher is

Fig. 15. Estimation of local fuel utilization.
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ig. 16. Model of FU voltage sensitivity vs. estimated local fuel utilization.

he local fuel utilization, the boundaries of the generator work at
igh fuel utilization, and this can also explain the lower voltages
bserved at the edge’s sectors.

In Fig. 16 the deduced local fuel utilization with the FU
ensitivity model used for the estimation are compared.

The model expresses the FU voltage sensitivity at the nominal
urrent of ic = 200 mA cm−2. It is shown that the difference of
ocal fuel utilization of cell sectors can differ also for 10% of
alues.

. Air stoichs regulation to avoid local overheating:
ome problems

The model discussed in Section 4 has been used to under-
tand why there is a distribution of voltage sensitivities to FC
n the stack as shown in Fig. 6, and to deduce the local FU
istribution in the various sectors of the stack: the higher is the
ensitivity to fuel utilization the higher is the estimated local fuel
tilization. The distribution of the local FU value in the 12 rows
f the generator is therefore shown in Fig. 17 (non-disclosure

greement).

The distribution shows higher values of local FU in the bound-
ry rows of the generator, and lowest (better) values in the center
ows. This is probably due to the fuel gas distribution in the gen-

ig. 17. Distribution of local FU and temperature in the rows of the stack.
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rator rows and to the operation of the boundary reformation
oards: it seems that in the boundary rows a lower amount of
uel gas arrives and the operation is characterized by a local FU
actor higher than the overall one. For this reason lower voltages
re also observed in these regions (see Fig. 4).

In the same Fig. 17 the local temperature distribution is
eported. We observe that it seems to exist a relation between the
ocal FU and the local temperature of the rows: the higher is the
ocal FU the higher is the local temperature. Moreover, it could
e interesting to consider the fact that the boundary rows (1 and
2) have the reformer unit on the external side characterized by
n operation with a reduced amount of fuel gas, compared to the
eformation boards placed internally between the inner bundle
ows. The amount of the reforming reaction is therefore reduced
n these boundary reformers, and therefore its cooling effect is
educed. This could cause the higher values of both local FU
nd local temperature.

Thus, it is outlined how high local fuel utilization values can
ead to local overheating of the generator. Of course, the local
verheating causes some problems. First, it limits the opera-
ion of the generator, especially the value of current density that
he generator can reach, because an increase of current density
etermines an increase of the local temperature with too high
alues at the boundary rows. The limitation in the current den-
ity means a limitation in the power density of the generator,
hich is one of the most important parameters of the genera-

or performance. Second, the local overheating can accelerate
he degradation of the materials of the tubular cells, causing the
egradation of the generator performance and the necessity of a
ncreased maintenance.

To overcome the problem of the local overheating, the first
ttempt is to analyse the behavior of the system devoted to the
hermal regulation of the generator. The thermal regulation is
ssured by the cathode air flow, which is distributed inside the
enerator rows. The thermal regulation is made by modifying
wo factors: the air stoichs and the air pre-heating temperature,
ut the most important factor is the air stoichs. The air distri-
ution is made with a unique air plenum, which means that the
odification of the air stoichs is not differentiate for the differ-

nt segments of bundle rows, but it is common for the whole
enerator and the various bundle rows. Therefore, through the
se of the sensitivity analysis of the effect of the air stoichs on
he local temperature (described in Section 3.2 and shown in
ig. 11), we have determined the sensitivity of the local temper-
ture to a modification of the overall air stoichs factor: the effect
s shown in Fig. 18.

The results are shown for the ejectors side, the central zone
nd the power lead side of the generator. The sensitivity is higher
n the central zone (as reported in Fig. 11), but the most important
otation is that the sensitivity is almost constant along the 12
undle rows of the generator, that is, it does not depends on the
osition of the bundle row inside the generator. Therefore, we
an expect that a modification of the air stoichs determines a

imilar effect in all the bundle rows, that is, the cooling effect
s not differentiate in the different zones of the generator. In
act, a modification of the temperature distribution consequent
o a regulation of the air stoichs (increase of the air stoichs from
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Fig. 18. Sensitivity of the local temperature to a air stoichs regulation.

air = 4.6 to λair = 4.8, that is, a cooling of the generator) is shown
n Fig. 19 (non-disclosure agreement).

As we see, the thermal regulation through the increase of the
ir stoichs determines a reduction of local temperature almost
niform along the bundle rows. The regulation does not solve the
roblem of the local overheating at the boundary rows, and has
he consequence of a uniform reduction of temperature, with a
ecrease of the mean operation temperature of the generator, and
consequent increase of the overvoltages. Therefore, the present
ir cooling system is able to change the thermal level of the stack,
ut in a uniform way and cannot act at the local level; therefore it
annot control a local overheating. This limits the possibility of
ncreasing the setpoint temperature, to reduce the overvoltages.
ut the main drawback is the difficulty of increasing the current
ensity value, with a consequent limitation of the power density
f the generator.

An expected thermal regulation of the generator is shown
n the figure: a regulation able to obtain an expected uniform
alue of temperature equal to the setpoint value imposed by the
perator. This regulation could be able to overcome the local
verheating, while assuring that the mean temperature main-
ains its imposed setpoint value. This regulation can be obtained
hrough a diversification of the air stoichs imposed in the differ-
nt zones (or in the different bundle rows) of the generator. The

odification has to be made at the level of the air distribution

ystems, with different air plenums which could differentiate the
ir stoichs regulation for the different bundle rows.

ig. 19. Effect of the temperature regulation by the present air cooling system.
[
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. Conclusions

In the paper, an analysis of a SOFC system is presented in
erms of sensitivity maps of local voltages and temperatures with
espect to the overall fuel consumption and the air stoichiometry
ontrol factors:

the local voltage sensitivity tests to fuel consumption are used
as a useful procedure to estimate the local fuel utilization of
the main stack’s cell sectors during the operation: the local
fuel utilization distribution has been found;
high local fuel utilization have been detected: they can lead
to local overheating which can limit the operation (power
density, efficiency and degradation) of the generator;
with the present air cooling system design it is possible to vary
uniformly the operating temperature of the generator, but it is
not possible to control the local temperature;
the present air cooling system is able to change the thermal
level of the stack, but in a uniform way and cannot act at
the local level; therefore it cannot control local heating: this
limits the possibility of increasing the current density with a
consequent limitation of the power density of the generator;
a more effective regulation should be able to obtain a uniform
value of temperature equal to the setpoint value imposed by
the operator; this regulation can be obtained through a diver-
sification of the air stoichs imposed in the different bundle
rows of the generator, through the adoption of different air
plenums which could differentiate the air stoichs regulation
for the different bundle rows.
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