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a b s t r a c t

The operating temperature range of molten carbonate fuel cells (MCFCs) is about 925–955 K. An input
gas temperature of at least 855 K is necessary to guarantee good ionic conduction inside the cells. Maxi-
mum local temperatures higher than 960 K should be avoided because they can cause problems such as
electrolyte loss and corrosion.

The first limit can easily be managed, while the second can only be managed through taking many local
measurements or, more properly, reliable detailed simulation models.

Using a specific code developed by the authors, the temperature distribution on the cell plane can be
calculated with an error of the same order of magnitude as the experimental one.

The study of different MCFC operating conditions carried out using our simulation tool highlighted the
difficulties in respecting the constraint on the maximum local temperature.
The temperature maps of an MCFC plane can be very irregular and some parts of the cell can work
under critical conditions even if the average temperature is not too high and this aspect is critical for
industrial optimisation of MCFC performance.

Different techniques have been tried to obtain a uniform temperature distribution on the cell plane.
In particular, having observed that fluid-dynamics plays a predominant role in the problem, a solution
based on the use of non-uniform inlet gas-flows has been proposed. The encouraging results obtained

sed in
will be shown and discus

. Introduction

MCFC plants represent one of the most promising technologies
or the production of clean energy and are now close to commercial
elease.

Plant-run optimisation is fundamental to the refinement of this
echnology, but can still requires further basic study.

In particular, the process analysis of a 1 MW MCFC hybrid sys-
em in Marra and Bosio [1] has shown that one of the more
ritical features is the local thermal management on the cell
lane.

In fact, on the one hand, cell temperature must not be inferior
o 855 K in order to guarantee good ionic conduction [2]. On the
ther hand, maximum local temperatures higher than 960 K on the
ell plane have to be avoided for the prevention of cell-component

amage, such as electrolyte losses, corrosion of the separator plates,
atrix cracking and high temperature creeping of porous com-

onents [3,4]. Actually, temperatures should be in the 925–955 K
ange in order to guarantee high electrical and global efficiencies

∗ Corresponding author. Tel.: +39 010 353 6505; fax: +39 010 353 2589.
E-mail address: barbara.bosio@unige.it (B. Bosio).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.02.031
detail.
© 2010 Elsevier B.V. All rights reserved.

[5]. Furthermore, temperature distribution on the cell plane should
be as uniform as possible because too high a planar temperature
gradient could be the cause of component deformation.

Usually, the maximum temperature on the cell plane is the most
crucial parameter and it is usually governed by the inlet tempera-
ture and the total flow of the cathodic gas. In fact, decreasing the
inlet temperature and the total flow of the cathodic gas can lower
the maximum temperature. However, these techniques have some
limitations and cannot be applied in all cases [2], because of their
impact on the management of other operating conditions.

This paper is devoted to the analysis of the mechanisms that
determine the temperature distribution on the cell plane: the role
of the thermal conductivity and thermal convection exchange-
coefficient will be studied through sensitivity analyses. Moreover,
having observed that the fluid-dynamics of the anodic and cathodic
gases on the cell plane could have a fundamental role in the ther-
mal optimisation, a solution will be proposed based on the use of a
non-uniform inlet gas-flow [6].

All these investigations were carried out using the proprietary

SIMFC (Simulation of Fuel Cells) code described in chapter 2. The
operating conditions reported in Marra and Bosio [1] have been
adopted (Table 1).

Rectangular cells with a cross-flow feeding system will be con-
sidered.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:barbara.bosio@unige.it
dx.doi.org/10.1016/j.jpowsour.2010.02.031
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Nomenclature

A experimental coefficient in local resistance equation
in Appendix A [� m2 Pa2/3]

B experimental coefficient in local resistance equation
in Appendix A [K]

ciR experimental coefficient in local resistance equation
in Appendix A [� m2]

Cp specific heat [J mol−1 K−1]
d non-uniform inlet gas pressure coefficient [%]
D experimental coefficient in local resistance equation

in Appendix A [� m2]
E Nernst potential [V]
F Faraday’s constant [C mol−1]
G experimental coefficients in local resistance equa-

tion in Appendix A [K]
h coefficient of heat transfer for convection

[W m−2 K−1]
J current density [A m−2]
JH2,lim limiting current density for the reactant H2 [A m−2]
JCO2,lim limiting current density for the reactant CO2 [A m−2]
k thermal conductivity of the fluid [W m−1 K−1];
K thermal conductivity of the cell packet [W K−1]
l passageway height [m]
LC characteristic length [m]
M fluid-dynamic coefficients
N fluid-dynamic coefficients
n gas-flow rate per length unit [mol m−1 s−1]
ne electrons transferred in reactions (1) and (2)
Nu Nusselt number
p gas pressure [Pa]
pO2 partial pressure of the cathodic oxygen
qcross-over cross-over flow rate [mol s−1]
Qcond thermal power density due to conduction [W m−2]
Qreaz thermal power density due to reactions [W m−2]
Qcross-over thermal power density due to cross-over [W m−2]
ri reaction rate for the ith chemical specie

[mol m−2 s−1]
rj reaction ratio for the jth reaction [mol s−1]
R local resistance [� m2]
Rg gas constant [J mol−1 K−1]
Re Reynolds number
sn thickness of the nth cell component [m]
s specific gas/solid interface area ratio
T gas temperature [K]
Ts solid temperature [K]
v gas velocity [m s−1]
V cell potential [V]
x,y cell co-ordinates [m]
wi vertical velocity component on the cell plane [m s−1]
Z cell geometry, materials and flow regime coeffi-

cients

Greek letters
˛ cross-over parameter [N m3 (atm h cm2)−1]
ˇ experimental coefficients in local resistance equa-

tion in Appendix A
� fluid-dynamic coefficients
�H enthalpy variation [J mol−1]
�T difference between MAX and MIN temperatures [K]
�CONC concentration overvoltage [V]
ϑ friction factor
� thermal conductivity [W m−1 K−1]
� gas viscosity [Pa s]

	 stoichiometric coefficient

 fluid-dynamic coefficients

Subscripts
a anode
c cathode
i ith chemical specie
j jth reaction
L longitudinal
n nth component
T transversal
MAX maximum

MIN minimum
MEAN mean

The main hypothesis assumed in the present study is that the
vertical temperature profile in the cell packet (composed by the
separator plate, the top current collector, the anode, the matrix,
the cathode and the bottom current collector) is constant [7], i.e.
it is assumed that the temperature has the same value in all the
components of the cell packet (Fig. 1) and this temperature will be
called the solid temperature.

The authors wish to dedicate this paper to the memory of pro-
fessor Paolo Costa, their sorely missed teacher, who inspired their
present work.

2. The SIMFC model

MCFCs were simulated using the detailed proprietary SIMFC
(Simulation of Fuel Cells) code, which is based on an electrode
micro-model integrated with a 3D macro-model considering local
mass, energy, charge and momentum balances on the cell plane and
thermal exchanges on the vertical coordinate. The basic equations
that determine the MCFC physics are summarised in Appendix A
[8–10].

One of the key features of the SIMFC code is an innovative way of

taking into account the fluid-dynamics of the anodic and cathodic
gases inside the fuel cell. In fact, MCFC simulation models usually
consider the current collector gas distributor (CCGD) as composed
of many flow-streets that are parallel to each other [6,11–13], while
its typical geometry is far from this assumption [14]. For this reason

Table 1
Reference operating conditions.

Fuel cell
J [A m−2] 1547
Fuel utilisation [%] 75
Pressure [bar] 3.6
Power [kWel] 500
Cathodic/anodic inlet gas mass flow ratio 37
Cell area [m2] 0.72
Cell number 300

Inlet anodic gas
Temperature [K] 873.0
CH4 mole fraction [%] 2.4
CO mole fraction [%] 6.3
CO2 mole fraction [%] 7.5
H2 mole fraction [%] 48.7
H2O mole fraction [%] 35.2

Inlet cathodic gas
Temperature [K] 869.0
CO2 mole fraction [%] 6.8
H2O mole fraction [%] 8.6
N2 mole fraction [%] 72.6
O2 mole fraction [%] 11.9
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In this section we have investigated the role of
the thermal conductivity K [W K−1] of the cell packet
(plate + collector + anode + matrix + cathode + collector) with
parametric analyses.
Fig. 1. Reference MCFC cross-flow sketch.

IMFC considers the specific fluid-dynamic relationships, in terms
f dimensionless head losses as a function of the Reynolds number,
iven by a detailed analysis of the CCGD based on a finite element
odel [10,15]. This allows the SIMFC code to simulate the gases

owing not only in the principal longitudinal direction, but also in
he transversal direction.

The code was validated with experimental data provided by
nsaldo Fuel Cells S.p.A. [16]: the adopted configuration for the
omparison was a stack of 150 cells with an area of 0.72 m2 and a
urrent density of 0.0774 A cm−2. The characteristics of the adopted
nodic and cathodic gases are reported in Table 2.

Fig. 2 shows the comparison of the solid temperature map found
xperimentally and the calculated one using both the detailed
uid-dynamic model (considering the actual CCGD shape) and a
implified one (considering the CCGD as composed of many flow-
treets that are parallel to each other).

We can clearly observe that the simulation performed with the
se of the detailed fluid-dynamic model gives results that bet-
er fit the experimental data in than the simulation based on the
implified fluid-dynamic model, which underestimated the solid
emperature map. Both models predict the maximum solid tem-
erature with a minimum relative error (the simplified model
nderestimates the experimental data by about 1.5%, the detailed
ne overestimates them by about 0.3%), but the simplified model
nderestimates the difference between the minimum and maxi-

um solid temperatures by about 32%, while the model that adopts

he detailed fluid-dynamic relationships underestimates it by only
bout 0.5%.

able 2
nodic and cathodic gas characteristics.

Anodic gas Cathodic gas

Inlet temperature [K] 869 880
Inlet total flow [kmol h−1] 16.845 66.435
Inlet flow of CO [kmol h−1] 0.138 0.0
Inlet flow of CO2 [kmol h−1] 0.815 5.677
Inlet flow of H2 [kmol h−1] 3.648 0.0
Inlet flow of H2O [kmol h−1] 3.517 3.469
Inlet flow of N2 [kmol h−1] 8.727 46.545
Inlet flow of O2 [kmol h−1] 0.0 10.744
Fig. 2. Maps of the solid temperature [K] measured and simulated with detailed or
simplified fluid-dynamic models.

Moreover, considering the mean gas pressure drops, as reported
in Table 3, the more appropriate use of the detailed fluid-dynamic
relationships allows a better evaluation.

3. The effect of thermal conductivity
Fig. 3. Minimum, maximum and average solid temperatures [K] vs. thermal con-
ductivity K [W K−1].
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Table 3
Mean anodic and cathodic gas pressure drops [mbar] measured and simulated with detailed and simplified fluid-dynamic models.

Experimental data Detailed fluid-dynamics Simplified fluid-dynamics
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Mean anodic gas pressure drop [mbar] −6.42
Mean cathodic gas pressure drop [mbar] −4.90

Fig. 3 shows that when K increases the minimum and maximum
olid temperatures tend to converge to the same asymptotic value,
ut involve an increase in the average temperature.

In Fig. 3 we can see that the difference between the minimum
nd maximum solid temperatures decreases while K increases. We
an also note that the steepest decrease in the temperature differ-
nce is for K between 0 W K−1 and 1 W K−1, while with any further
ncrease in K the decrease of temperature difference becomes flat-
er and flatter.

Consequently, as we can note from Fig. 4, which shows the
olid temperature maps on the cell plane for thermal conductivity
alues equal to 0.117 W K−1, 1 W K−1 and 5 W K−1, respec-
ively, if K increases the temperature map becomes ever more
niform.

Then, we calculated the value of K that, on the basis of the
hickness sn and the thermal conductivity �n of each typically

dopted cell component n, should distinguish the cell packet if all
he conductivities are assumed to be in parallel; so we used the

ig. 4. Solid temperature [K] maps on the cell plan, for K equal to 0.117 W K−1,
W K−1 and 5 W K−1.
−7.19 −5.51
−6.33 −10.54

relationship:

K =
6∑

n=1

sn�n

The value of K obtained is 0.075 W K−1, very close to the one usu-
ally adopted to best fit the experimental results, i.e. K = 0.117 W K−1

[16]. Nevertheless, some experiments showed that if a plate thick-
ness of 2 cm was adopted the situation did not notably change with
respect to the standard case where the plate thickness was of the
order of 0.03 cm, even though we expected a sensible increase in the
thermal conductivity (K = 0.528 W K−1) and consequently a more
uniform temperature map [16]. The reason for this disagreement
could be in the hypothesis of thermal conductivities in parallel.
We could assume that the conductivities are in series, using the
relationship

1
K

=
6∑

n=1

1
sn�n

and obtaining K = 0.0010 W K−1 and K = 0.0012 W K−1 for the refer-
ence case when the plate is 2 cm.

A more reliable assumption could be that the metallic compo-
nents of the cell packet (plate and collector) are in parallel, while the
other components are in series: this would lead to K = 0.0016 W K−1

(for the reference case) and K = 0.0018 W K−1 (when the plate is
2 cm thick).

These two assumptions (conductivities in series and conductivi-
ties in parallel-series) seem to explain why a thicker plate does not
significantly change the temperature map: K is not significantly
increased, different from what happens if the conductivities are
considered in parallel.
Moreover, if we study Fig. 5 that represents a zoom of
Fig. 3 for 0 W K−1 ≤ K W K−1 ≤ 0.2 W K−1, we can note that a vari-
ation of K in the selected range does not notably change the
temperatures. This explains the fact that, for the reference situ-
ation, we do not encounter any differences in temperature maps

Fig. 5. Minimum, maximum and average solid temperatures [K] for
0 W K−1 ≤ K W K−1 ≤ 0.2 W K−1.
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Such results demonstrate that the thermal behaviour of the cell
is mainly governed by the gases: in fact, already at low Nu val-
ues (i.e. low convection heat transfer coefficients for the gases) the
anodic and cathodic gases and the solid have the same average
temperature. As the gases are mainly responsible of the temper-
830 B. Bosio et al. / Journal of Pow

etween the evaluated K (despite different ways in the evalua-
ion: parallel, series, parallel + series) and the one usually adopted
K = 0.117 W K−1).

Bearing these considerations in mind, the question is how we
an increase K to obtain sufficient high values to make the temper-
ture map more uniform (for example K higher than 2 W K−1).

We can act only on sn and �n. Dealing with sn we have already
bserved that a sensible increase in the plate thickness does not
hange the temperature map: this can be extended also to the other
omponents whose thickness is moreover limited by the require-
ents for proper electrochemical functioning. Acting on �n means
material change and although many studies have been devoted to

he search for and development of new materials [17–22], materials
ith the desired thermal characteristics for use as cell compo-
ents have not be found yet. Moreover, having established that
he thermal conductivity of the cell components is in series (or in
eries + parallel), an increase of some �n does not produce a high
nough increase in K.

. The effect of thermal convection

In this section we have investigated the manner in which the gas
oefficient of heat transfer for convection, h [W m−2 K−1], affects
ell temperature distribution. In the simulations performed with
he SIMFC code, h was estimated from the dimensionless heat trans-
er parameter, the Nusselt number Nu.

In order to best fit the experimental evidence on the temper-
ture, Nu is normally taken as equal to 3 [23–27]: this leads to
ery high values of h (about 390 W m−2 K−1 for the anodic gas and
20 W m−2 K−1 for the cathodic gas).

A parametric analysis of Nu was carried out: we considered val-
es of Nu in the range 0–5, although we must emphasise that Nu

ess than 1 in this context is not applicable because it means that
he gases are almost stationary.

Fig. 6 shows the graphs of maximum, minimum and average
olid temperatures and the average anodic and cathodic gas outlet
emperatures as a function of the Nu.

In the figure we can note that, for Nu greater than 1.5, the
eported quantities have reached the asymptotic values that cor-
espond to their minimum, except for the mean anodic gas outlet
emperature that is at its maximum. This fact demonstrates that
or Nu > 1.5 the heat transfer phenomenon is already under con-

ection regime and a further increase of Nu will not change the
emperature.

Furthermore, Fig. 6 also shows that for very low values of Nu
he average anodic and cathodic gas outlet temperatures tend to

ig. 6. Minimum, maximum and average solid temperatures [K] and average anodic
nd cathodic gas outlet temperatures [K] vs. Nu.
Fig. 7. Average solid, anodic and cathodic gas temperatures [K] vs. Nu.

coincide, while the average solid temperature reaches its maxi-
mum value. In addition, as Nu increases, the difference between
the maximum and minimum solid temperatures increases, reach-
ing its maximum asymptotic value for Nu > 1.5: this suggests that
the temperature distribution on the cell plane becomes ever more
non-uniform as Nu increases.

An increase in Nu is always followed by a decrease in the mean
solid and anodic gas temperature, as is shown in Fig. 7. This fig-
ure, moreover, demonstrates that under our operative conditions
(a cathodic flow much higher than the anodic one, as is shown in
Table 1) the average solid temperature has the same value as the
average anodic gas one for any values of Nu and, when Nu increases
(in particular for Nu > 3), such temperatures tend to coincide with
the average cathodic gas temperature.
Fig. 8. Reference velocity maps for the anodic (A) and cathodic (B) gases obtained
for uniform inlet gas pressure profiles.
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Fig. 9. Temperature maps for

ture distribution on the cell plane it is possible to deduce that
heir fluid-dynamic behaviour is strongly involved in the thermal

anagement of the cell.

. The effect of the inlet gas distribution

As has been observed, the gas fluid-dynamics has a fundamen-
al role in the thermal behaviour of the fuel cells. In this section
e have investigated the possibility of modifying the gas fluid-
ynamics to optimise the temperature map. The easiest proposed
olution for tackling the problem is to modify the anodic and
athodic gas inlet flow distributions. The interesting work of Liu et
l. [6] – whose model considers the CCGD as composed of many

ow-streets that are parallel to each other – proposes an inlet
ow distribution that, increasing the non-uniformity of the longi-
udinal velocity, affects the temperature map. With the use of the
IMFC code, where the specific fluid-dynamic relationships for the
dopted CCGD are implemented [1], it is possible to evaluate how a

Fig. 10. Pattern D: temperature maps [K] i
ifferent patterns if d = 0.005%.

non-uniform flow feed also produces higher velocity components
which are transversal to the main flow direction, so that there is
further feedback to the cell temperature distribution.

Fig. 8 shows the reference velocity maps for the anodic and
cathodic gases obtained for uniform inlet gas pressure profiles.

From a first glance at Fig. 8 it can be observed that the main com-
ponent of the velocity of the anodic and the cathodic gases is along
the principal direction. In particular, its mean value is 2.66 m s−1

for the cathodic gas and 0.41 m s−1 for the anodic one, its maximum
value is 2.84 m s−1 for the cathodic gas and 0.48 m s−1 for the anodic
one, and its minimum value is 2.54 m s−1 for the cathodic gas and
0.33 m s−1 for the anodic one. Despite that, a non-null transversal
component appears: the percentage ratio of its maximum value to
the maximum value of the longitudinal component is about 3.3%

for the anodic gas and 3.8% for the cathodic one.

Our investigations consider, in line with Liu et al. [6], uniform
inlet gas pressure profiles, progressively linearly decreasing pro-
files, and progressively linearly increasing profiles combined to
build eight non-uniform inlet flow patterns, as shown in Fig. 9.

f d = 0.010%, 0.020%, 0.030%, 0.040%.
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Table 4
Temperature [K] results for the different patterns of Fig. 8 if d = 0.005%.

TMAX TMIN TMEAN �T % TMAX % TMIN % TMEAN % �T

Ref. Cond. 968.0 878.9 917.2 89.1 – – – –
A 968.7 879.6 918.4 89.1 0.07 0.08 0.13 0.00
B 967.9 878.8 917.0 89.1 −0.01 −0.01 −0.02 0.00
C 974.6 879.1 918.6 95.5 0.68 0.02 0.15 7.18
D 960.7 878.7 915.7 82.0 −0.75 −0.02 −0.16 −7.97
E 960.6 878.6 915.6 82.0 −0.76 −0.03 −0.17 −7.97

95.5 0.68 0.02 0.14 7.18
82.0 −0.69 0.05 −0.05 −7.97
95.6 0.76 0.10 0.28 7.30
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ones and observing that they are really similar, we can conclude
that the proposed solution mainly affects the transversal velocity
components rather than the longitudinal ones.
F 974.6 879.1 918.5
G 961.3 879.3 916.7
H 975.4 879.8 919.8

he reference temperature map, with which we will compare the
ifferent chosen pattern temperature results, is the previous one
btained with a uniform constant inlet anodic and cathodic gas
ressure (Fig. 4 assuming K = 0.117 W K−1).

Fig. 9 shows the temperature maps for the eight different pat-
erns for d = 0.005%, where d represents the unilateral deviation of
he non-uniform profile, which is the ratio between the variation
n the inlet gas pressure on one side (0.18 mbar) and the mean inlet
as pressure (3.6 bar).

Comparing the different temperature distributions we can
bserve that: the temperature maps of patterns A and B are quite
imilar to the reference case; the maps of patterns C, F and H are
orse; and the maps of patterns D, E and G are more uniform with
lower maximum temperature. The main variations are given by

he cathodic inlet gas distribution, whereas the anodic one does
ot affect the maps: in fact the same temperature distributions are
iven by patterns A and B, patterns C, F and H, and patterns D, E and
. This suggests that only the cathode gas influences the temper-
ture distribution on the cell plane because its flow rate exceeds
hat of the anode gas [6], as shown in Table 1.

Table 4 shows the results of the analysis reported in Fig. 9 in
erms of minimum, maximum and mean solid temperature (TMAX,
MIN, TMEAN), difference between minimum and maximum solid
emperature (�T), percentage variation with respect to the refer-
nce case of TMAX, TMIN, TMEAN and �T (% TMAX, % TMIN, % TMEAN and
�T).

In Table 4 we can observe that patterns D, E and G give a TMAX

eduction of about 0.7% and a �T reduction of about 8%: this means
hat the temperature map is more uniform with a lower peak. On
he other hand, patterns C, F and H produce less uniform tempera-
ure maps with higher peaks: TMAX increases of about 0.7% and �T
ncreases of about 7%. Moreover, as discussed above, the D, E and

pattern results are about the same, so that we chose pattern D
s the best one for the temperature management, considering that
ith this configuration it is possible to maintain a uniform constant

nodic gas inlet pressure and vary only the cathodic one.
Fig. 10 shows the temperature maps for pattern D for different

.
When d increases the temperature peak decreases and moves

way from the bottom left corner. Moreover, as underlined by
ig. 11, as d increases TMIN and TMEAN also decrease slightly. In gen-
ral, the minimum temperature is always acceptable (>855 K), but
ot ideal (>925 K).

Fig. 12 demonstrates that the variation of �T decreases rapidly
hen d is increased up to 0.03%, while it starts to increase again

or higher values of d. For this reason the optimal configuration
or the temperature distribution on the cell plane could be identi-
ed in pattern D with d = 0.03%, which would seem to be the best

ompromise between the uniformity of the map and the lower
MAX.

In Fig. 13 the velocity maps of the anodic and cathodic gases
btained for pattern D with d = 0.03% are reported. In this case the
ransversal component of the velocity is more relevant than the
Fig. 11. Pattern D: minimum, maximum and mean solid temperatures [K] vs. d [%].

reference case one (Fig. 8), for both the anodic and the cathodic
gases: now the percentage ratio between the minimum and max-
imum values of the longitudinal component is about 6.2% for the
anodic gas and 9.7% for the cathodic one. This underlines the fact
that, although the anodic gas inlet flow is constant, the inlet veloc-
ity profile of the cathodic gas indirectly also affects the anodic gas
velocity map, in particular its transversal component, altering gas
densities and viscosities [1,15,16]. Finally, the main component of
the velocity has a mean value of 2.65 m s−1 for the cathodic gas and
0.40 m s−1 for the anodic one, the maximum value is 2.77 m s−1 for
the cathodic gas and 0.47 m s−1 for the anodic one, and the mini-
mum value is 2.54 m s−1 for the cathodic gas and 0.33 m s−1 for the
anodic one: comparing these values with the reference condition
Fig. 12. Pattern D: difference between minimum and maximum solid temperatures
[K] vs. d [%].
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◦ Detailed fluid-dynamics
ig. 13. Velocity maps for the anodic (A) and cathodic (B) gases obtained for pattern
if d = 0.03%.

. Conclusions

This paper presents the analyses of some of the mechanisms that
overn the temperature distribution on the cell, which is one of the
ey features for the correct functioning of MCFCs. Thanks to the
imulations performed with the detailed proprietary SIMFC model,
hose results have been validated by experimental tests, we have

een able to investigate the role of the thermal conductivity of the
ell and the thermal convection of the gases on the temperature
ap. The analysis has shown how an increase in the thermal con-

uctivity (K) gives a more uniform temperature map with a lower
aximum value; however, the increase in K that has been evaluated

s necessary would involve component thermal characteristics that
re still not available.

The investigation of the thermal convection of the gases, car-
ied out with a parametric analysis on Nu, has shown that in the
eference operative conditions (Nu = 3) the heat transfer for con-
ection has already achieved its maximum potential. Moreover, the
hermal behaviour of the cell appeared to be governed mainly by
he gas fluid-dynamics. For this reason we investigated the pos-
ibility of optimising the temperature map by changing the gas
uid-dynamics by modifying the profile of the inlet gas pressures.

From the different patterns studied we chose a solution where
he anodic gas inlet pressure is constant while the cathodic one has
progressively linear increasing, guaranteeing both the minimum

emperature peak and the minimum �T on the cell plane.
The proposed solution, which can be realised by the use of

ppropriate cathodic inlet manifolds, has the advantage of provid-
ng a temperature map optimisation without the need to modify
he key cell components, the gas compositions, the fuel utilisation
r the load [1]: this is very important because it can guarantee the
ame plant efficiency [28], while maintaining the temperature in
he acceptable range for the correct utilisation of the cells.
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Appendix A. Basic equations governing SIMFC

- Reactions

H2 + CO3
2− → H2O + CO2 + 2e− (1)

CO2 + 1/2 O2 + 2e− → CO3
2− (2)

CO + H2O → CO2 + H2 (3)

H2 + 1/2 O2 → H2O (4)

CO + 1/2 O2 → CO2 (5)

- Mass balances
◦ Anodic gas

∂ni

∂x
= ri where ri =

5∑
j=2

	i,jrj and r2 = J

neF

◦ Cathodic gas

∂ni

∂y
= ri where ri = 	i,1r1 +

5∑
j=4

	i,jrj with r1 = r2

◦ Gas cross-over
qcross−over = ˛ |pa − pc |

- Energy balances
◦ Anodic gas∑

i

niCpi
∂Ta

∂x
=
∑

i

∂ni

∂x

∫ Ts

Ta

CpidTa + Saha(Ts − Ta) + Qcross-over

if pa < pc Qcross-over = −
∑

j

rj�Hj with j = 4

else Qcross-over = 0

◦ Cathodic gas∑
i

niCpi
∂Tc

∂y
=
∑

i

∂ni

∂y

∫ Ts

Tc

CpidTc + Schc(Ts − Tc) + Qcross-over

if pa > pc Qcross-over = −
∑

j

rj�Hj with j = 4, 5

else Qcross-over = 0

◦ Solid
Saha(Ts − Ta) + Schc(Ts − Tc) = Qcond + Qreaz

where Qcond =
∑

n

(sn�n)

(
∂2Ts

∂x2
+ ∂2Ts

∂y2

)

and Qreaz =
3∑

j=1

rj�Hj − VJ

- Momentum balances
◦ Simplified fluid-dynamics

Anodic gas :
∂pa

∂x
= Za

�ava

l2

Cathodic gas :
∂pc

∂y
= Zc

�cvc

l2
Anodic gas–longitudinal flow :

ϑa,L = MLRe�L
a,L − wi

wMAX
Na,LRe
a,L

a,L
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Anodic gas–transversal flow :

ϑa,T = MT Re�T
a,T − wi

wMAX
Na,T Re
a,T

a,T

Cathodic gas–longitudinal flow :

ϑc,L = MLRe�L
c,L − wi

wMAX
Nc,LRe
c,L

c,L

Cathodic gas–transversal flow :

ϑc,T = MT Re�T − wi

wMAX
Nc,T Re
c,T

c,T

Electrochemical kinetics
◦ Cell voltage

V = E − RJ − �CONC

◦ Nernst voltage

E = −�G

neF
= −�G0

neF
− RTs

neF
ln

(∏
i

p	i
i

)

◦ Local resistance

R = A
eB/T

pˇ
O2

+ ciR + DeG/TS

◦ Concentration overvoltage

�CONC = RgT

neF

[
ln

(
1 − J

JH2,lim

)
+ J

JH2,lim

+ ln

(
1 − J

JCO2,lim

)
+ J

JCO2,lim

]
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