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Abstract

Ž . Ž .The development of the molten carbonate fuel cell MCFC technology at Ansaldo Ricerche ARI is reported, starting from small
scale single cells up to stacks of several kW capacity. The evolution of material and fabrication strategies as well as the progress in terms
of electrical performance are described and discussed. The data reported show that the MCFC technology has been successfully tested on
stacks in the kW power class, however some problems still need to be solved to improve the stack performance. In particular, better
control of the start-up phase, of electrolyte migration through the manifolds and of the gas feed distribution are required, based on the

2 Ž 2.latest experimental data on a 50 cell stack with cell area 0.1 m cell active area 0.0702 m , which operated for 780 h with a maximum
performance of 4 kW at 206 mArcm2 at 50% fuel utilisation. Future development steps, which will lead to the realisation and operation
of systems of several hundred kW, are presented. q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Fuel cells are today one of the most promising tech-
nologies for the production of electrical energy with high

w xefficiency and in environmental respect 1 . Many types of
Žfuel cells alkaline, polymer, phosphoric acid, solid oxide

.and molten carbonate ones are under study at different
stages of development. Among them, MCFCs are interest-

Ž .ing because of their high operating temperature f6508C ,
which allows the use of non-noble catalysts. As such
catalysts are insensitive to certain fuel contaminants which
poison other cells, MCFCs in principle may use a range of
gaseous fuels, such as natural gas, biogas or coal gas.
Another advantage associated with the high operating tem-
perature is the possibility of cogeneration, which would
increase revenue and allow an overall efficiency greater

w xthan 80%, with up to 60% electrical efficiency 2 .
The technology of MCFCs has received a great atten-

tion in the last twenty years, and is now at the stage of

) Corresponding author. Tel.: q39-10-3532589; fax: q39-10-3532586;
e-mail: bosio@istic.unige.it.

scale up to commercialisation. Many developers world
w xwide have shown significant progress 3–5 .

In this paper, the experience of ARI in the field of
MCFC and stack research is presented. The development
strategy of ARI is given in Fig. 1, which also shows
present status of MCFC technology worldwide.

In an earlier stage of research, stacks with identical cell
area and an increasing number of cells were fabricated and
operated. Later the cell area was extended to reach com-
mercial size. This program allowed the assessment of the
validity of the present technology, defined the operating
conditions and established the critical parameters underly-
ing the integration of the stack in the plant.

While basic activities on standard bench-scale single
cells are currently being conducted, experimental progress
on subscale stacks is now resulting in the development of a

w xca. 100 kW 6,7 plant. This is a mid-term objective of the
w xMolcare Program 6 leading to the realisation of a MCFC

plant that will supply about 250 kW.
The following sections detail ARI experience on the

choice of materials, on cell design and on stack engineer-
ing attained during the development process, together with
some experimental results obtained.

0378-7753r98r$19.00 q 1998 Elsevier Science S.A. All rights reserved.
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2. Single cell development

2.1. Construction technology and experimental apparatus

Ž .MCFCs are planar cells formed by a matrix tile filled
with Li and K carbonates, coupled with two electrodes
where the following reactions occur:

H qCOyy™H OqCO q2ey Anode2 3 2 2
y yyCO q1r2O q2e ™CO Cathode2 2 3

H q1r2O ™H O Overall reaction2 2 2

The fuel and the oxidant gas are fed separately, and the
tile prevents gas crossover and guarantees an adequate
ionic conduction and electronic insulation. The single cell
is located between two heater plates with the function of
temperature control; the contact among the different cell
components is maintained by the mechanical load exerted
by a hydraulic ram.

Fig. 2 shows the main components that form a single
cell.

First ARIMCFCs have been realised in 1981 by hot
Ž .pressing of the tile g-LiAlO and cold pressing and2
Ž .sintering of the anode 90% Ni–10% Cr and the cathode

Ž .50% Ni–50% Ag . The anode and the tile were pre-filled
with carbonates. Significant results in terms of perfor-
mance were obtained on a cell tested at atmospheric
pressure and at 6508C, which supplied 200 mArcm2 at

Ž0.75 V fuel: H 34%, CO 22%, N 44%; oxidant: air2 2 2
. 270%, CO 30% . The cell had an active area of 18 cm2

and was circular; however only square MCFCs were built
following this work, since this shape is more suitable for
stack design.

The early technology has been improved via a number
of steps, as shown in Fig. 3, to achieve the desired
performance in terms of endurance, cell size and cost
goals.

For example, further developments led to the choice of
a ribbed configuration for the anode, obtained by a press-
ing technique. Such a structure also performed the gas
distribution function, so that the normal metallic distribu-
tor, which is particularly susceptible to corrosion, was
eliminated. In spite of this advantage, this type of anode
was difficult to manufacture and very susceptible to creep.
For this reason, the present technology is based on tape
casting, and the metallic gas distributor is again being
used. Current anodes are not ribbed and are similar to

w xthose described in the literature 8 . They are fabricated by
tape-casting, are composed of Ni–Cr alloyed powders with
a chromium content ranging from 2 to 5%, formed by
means of heat treatments involving loss of binder, pre-
sintering, sintering and chromium selective pre-oxidation
w x9 . Several studies are in progress to improve their perfor-
mance and increase their mechanical stability. In this
respect Ni–Al anodes are considered promising.

After some tests were carried out using pressed cath-
odes, the latter are presently prepared by tape casting. A
Ni powder slurry is dried, cut into the desired shape, and
then sintered. To obtain a lithiated nickel oxide structure a
standard process of in situ oxidation is applied during cell

w xstart-up 8 . The raw material is presently Ni 255 powder.
New cobaltite cathodes are in a test phase as possible
alternatives to NiO.

The electrolyte matrix is a tightly packed tile of g-
LiAlO , with several layers having an overall thickness2

less than 1 mm. Particular care is required for the selection
of g-LiAlO powders to prevent the growth of matrix2

cracks and the reduction of the cell thickness during
w xoperation 8,9 . In the early stages of the development, the

electrolyte matrix was placed in the cells in a sintered
state; now it is used in the green state. The electrolyte
matrix completes its conditioning during start-up, when the
binders are removed by combustion or evaporation.

Fig. 1. Scale-up of the MCFC stack size up to commercialisation.
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Fig. 2. Photograph of a MCFC demonstration cell.

Fig. 3. Development of the MCFC component technology.
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The electrolyte is normally a mixture of Li and K
carbonates. The ratio between Li and K carbonates is
chosen in view of application in stacks. In fact, the migra-
tion rate of lithium and potassium ions is different and can
lead to a non uniform distribution of the LirK ratio in the
different cells along the stack, and consequently to differ-

Ž .ent physical chemical properties i.e., melting temperature .
In order to avoid this problem, the electrolyte composition
has been chosen as 72% lithium carbonate and 28% potas-
sium carbonate, as it has been demonstrated that such
composition allows an equal mobility of lithium and potas-
sium ions, eliminating segregation effects at the negative

w xend of the stack 10 .
Several procedures have been studied to optimise the

electrolyte distribution among anode, matrix and cathode,
according to the specific cell configuration. In the past, for
instance, the use of a rolled paste replenished with Li CO2 3

and K CO and located between the anode and the tile2 3

was successfully demonstrated. At present, the standard
system is based on an anode pre-filled by a mixture of Li

Žand K carbonates pre-filling of about 80% of the free pore
.volume . Additional electrolyte is placed into the anode

gas distributor. When the melting point is reached, the
carbonates fill the anode, the cathode and the tile, giving a
proper distribution which is a function of their porosities
and thicknesses.

To permit the flow of gases into the cell, and to make
internal electrical contact, gas distributors and current col-
lectors are respectively used. The size of these components
is designed to optimise gas flow distribution and minimise

w xinternal electrical resistance 9 . While the current collec-
tors and the gas distributors in previous cells were two
separate components, in the latest cells a single element,
obtained by die forming, performs both functions. AISI
310 S stainless steel is used at the cathode side; a more
complex structure based on a trilayer sheet of Ni clad AISI
S stainless steel is utilised at the anode to reduce corrosion.

To complete the single cell hardware, two housings
hold all cell components, as shown in Fig. 2. The current
housings are aluminised at the borders to reduce metallic
corrosion.

After assembling, the start-up process completes the
phase of preparation and determines correct cell operation.
During this phase the cell temperature is gradually in-
creased up to the operating value, following a linear
temperature profile as a function of time, interrupted by a
number of planar ranges. This temperature profile is ob-
tained by means of an accurate regulation of the tempera-
ture of the heater plates. Gas feed conditions are controlled
as well: their temperature is equal to the temperature of the
heater plates, and the composition is strongly diluted with
respect to the standard values. At the beginning of the
process, gases are fed only to the cathode compartment, as
the anode channels are replenished with solid electrolyte.
After the carbonate melting, the anode compartment is also
flushed. As already mentioned, several processes occur

during the start-up: firstly the burn-out of the binders of
the electrolyte matrix takes place, then the carbonates melt,
and finally the most important reaction occurs: lithiation

Žand oxidation of the cathode oxidation reaction: Niq
Ž . Ž1r2O ™NiO, Nickel oxide lithiation: xr2 Li Oq 1y2 2

. Ž . q 2q 3q . w xx NiO q xr4 O ™ Li Ni Ni O 11,12 . These2 x 1yx x

three processes, which are particularly critical for a satis-
factory cell conditioning, occur during the planar ranges of
the temperature profile.

2.2. Results and discussion

Results on the operation of a single MCFC are reported
below to give an example of the typical performance of
present cells. Experimental data are shown for a cell with
an active area of 54 cm2. The anode was a Ni–Cr alloyed
powder with a chromium content of 3% and the cathode
used Ni 255 as the starting powder. The cell was operated
at atmospheric pressure and the two heater plates had a
temperature of 6508C. The feed conditions were: fuel
composition: H 45%, CO 9%, N 10.6%, H O 34.8%2 2 2 2
Ž .total flow rate 19.8 Nlrh ; oxidant composition: CO2

Ž .31.4%, air 68.6% total flow rate 30.6 Nlrh .
ŽThe cell was tested for about 1650 h of hot time time

.after electrolyte melting ; a characteristic curve obtained
after 1460 h of hot time is reported in Fig. 4, showing a
typical single cell performance.

Such a cell was characterised by construction technol-
Ž .ogy and operating parameters described in Section 2.1

very similar to those of stack MCFC7, whose experimental
results will be presented and discussed in Section 3.2.
Indeed, this test was carried out to check the component
materials, to optimise the porous electrodes and to study
the behaviour of a single cell for this stack. The starting
electrolyte content was higher than the standard value: the

Žinitial ‘filling level’ % of pore volume filled by elec-
.trolyte was the same chosen for the bottom cell of the

stack MCFC7, which was initially flooded, since it would
w xbe strongly depleted by electrolyte migration 13 during

operation, as Section 3.1 indicates. An additional aim of
this test was to check the cell performance under such

Fig. 4. Performance curve for a single cell.
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conditions of flooding and to study the effects of elec-
trolyte losses. In the case of a single cell, electrolyte losses

w xare mainly due to evaporation 2 , corrosion, and creep
w x14 .

Fig. 5 shows the behaviour of the cell as a function of
time. A considerable improvement in performance is evi-
dent, starting from low values early in testing, and reach-
ing the maximum value after about 1460 h of hot time.
The early results can be explained in terms of flooding due
to electrolyte over-filling. The electrolyte content from
1000 h to 1460 h can be considered in the acceptable
range, as the performance of the cell during that period is
satisfactory and almost invariable. As a consequence of
emptying effects, performance decay is foreseen at some
operating time after 1460 h. Data obtained from 1460 h to
1650 h have not been reported in Fig. 5 as they correspond
to operating conditions different from each other.

For a further discussion of the effects of electrolyte
losses during time, some data collected on a cell similar to
the former one but with standard starting electrolyte con-
tent are presented in Fig. 6. The feed conditions were: fuel
composition: H 14.5%, CO 11%, N 48.5%, H O 26%2 2 2 2
Ž .total flow rate 62 Nlrh ; oxidant composition: CO 7.6%,2

Ž .N 28%, air 64.4% total flow rate 77.5 Nlrh . The anode2

reactant concentration being low, the cell performance is
Ž .lower OCVf956 mV than the one presented in Figs. 4

and 5. This test shows roughly constant results during
operating times up to about 700 h.

Two aspects have to be considered in explaining the
Ž .different behaviour shown in Figs. 5 and 6: a the perfor-

mance of the electrodes is uniform over a wide range of
Želectrolyte filling at least 10–60%, as reported in the

w x.literature 15 ; outside this range an abrupt and steep
increase of resistance values appears. Analogous results

w xhave been found out in the analysis of overall cells 16 .
The reason is that at very high electrode filling decay is
due to flooding and consequently to reactant diffusion
limitations leading to high concentration overvoltages; at
low filling levels an higher electrode resistance is ex-

Fig. 5. Behaviour, as a function of time, of a single cell with high starting
Želectrolyte content Fuel: 45% H , 9% CO , 34.8% H O, 10.6 1% N ,2 2 2 2

flow rate 19.8 Nlrh; Oxidant: 31.4% CO , 68.6% air, flow rate 30.62
.Nlrh .

Fig. 6. Behaviour, as a function of time, of a single cell with standard
Žstarting electrolyte content Fuel: H 14.5%, CO 11%, N 48.5%, H O2 2 2 2

26%, flow rate 62 Nlrh; Oxidant: CO 7.6%, N 28%, air 64.4%, flow2 2
.rate 77.5 Nlrh .

pected, for instance due to the difficulties which ions have
w xto move across electrodes 13,14 . The incomplete filling

of the electrolyte matrix strongly influence ohmic resis-
tance, gas crossover, gas seal efficiency and corrosion at

Ž .the cell edges; b the electrolyte losses in a single cell,
due to corrosion and creepage, have a rate proportional to
t1r2. Losses due to vaporisation are of some orders of
magnitude lower, their trend is linear and their effect
becomes important only at high operating times. By sum-
mation of the former effects it can be concluded that
electrolyte losses proceed quite quickly at low operating
times, while the speed is slower and the trend linear

w xafterwards 17 .
In the light of the considerations above, it can be stated

Ž .that: a if the starting electrolyte content is within the
acceptable range, and the starting electrolyte loss leads to
an electrolyte content still in the acceptable range, the cell

Žperformance remains stable for a long operating time such
. Ž .situation corresponds to the cell shown in Fig. 6 ; b if the

starting electrolyte content is higher than the acceptable
value, losses occurring at low operating times lead the

Želectrolyte content to approach the acceptable range with
1r2 .a trend proportional to t and the cell performance to

improve. This situation is shown in Fig. 5.
Such results demonstrate the importance of a careful

electrolyte management to guarantee an acceptable cell
performance. The importance of the electrolyte manage-
ment in stacks will be discussed in Section 3. In stacks this
is even more critical, due to the phenomenon of electrolyte
migration.

3. Stack development

3.1. Construction technology and experimental apparatus

Details about the operating conditions and the evolution
of the construction technology during the scale-up process
are reported in Table 1. Eight stacks are described: MCFC1
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Table 1
Evolution of the stack technology during the scale-up process
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Fig. 7. Stack assembly design for MCFC7: detail of the bipolar plates.

Fig. 8. Stack assembly design for MCFC7: main external components.
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to MCFC8 were examined during 1990–1997, and showed
a progressive increase in the number and size of cells,
giving increasing overall power. At the moment stack
MCFC9 is under study.

Stacks contain a number of superimposed cells, sepa-
rated from each other by bipolar plates. The interconnec-

Ž .tions in the latest stacks MCFC5 to MCFC8 were as
shown in Fig. 7. This solution with folded borders facili-
tates cross-flow gas feed. Spring packages are inserted in
the folds to guarantee a good contact among components
and to adjust their mechanical tolerance.

The other main components shown in Fig. 8 are as they
appear in the stack MCFC7 assembly drawing.

Two heater plates coupled with insulating layers are
placed at the ends of the stack to minimise heat losses. In
the single cell the presence of such heater plates guaran-
tees uniformity of temperature. In a stack such a result
cannot be achieved, and its only purpose is to regulate the
average solid temperature.

The gas feed system works via external manifolds.
Previous stacks were assembled with manifolds fixed by
bolted bars, for which axial tie-rods later were substituted
as shown in Fig. 8. The manifolds are sealed by an
assembly of a-alumina, compressed zirconia felt and cloth.
During stack operation, the gasket is wetted by the elec-
trolyte and provides a seal that avoids gas leakage across
the manifolds. Baffles are introduced in the manifolds to
improve the distribution of reactants among the different
cells of the stack.

The design of the axial mechanical load has been
improved to obtain a good contact among the cell compo-
nents and a good gas seal on the wet seal area. The
previous leaf spring system has been replaced, first by disc

Ž .springs, and finally by a pneumatic bellows see Fig. 8 .
With leaf springs or disc springs the axial load was fixed
at the beginning of the test; in this way, a change of
pressure in the stainless steel containment vessel resulted
in different loads on the stack. In contrast, the bellows
system allows a control of bellows pressure as a function
of containment vessel pressure to maintain a constant
overall axial load during the test.

w xElectrolyte migration 13 leads to flooding of the top
cells and drying of the lower cells during the stack life-
time. To reduce the consequences of migration in the latest

Ž .stacks MCFC7 and MCFC8 , the starting electrolyte con-
tent is higher in the bottom cells and lower in the top ones.
Moreover, improved materials on the interface wet-
sealrgasket are under study, as well as the possibility of
adding bottom and top reservoirs in the form of additional
electrodes at the end of the stack. To measure the elec-
trolyte content and composition in each cell of the stack at
the end of the stack lifetime, a post-test analysis based on

w xa gravimetric test has been adopted 18 .
During operation, the stack is fed with an airrCO2

mixture to the cathodes and with an hydrogen-rich fuel to
the anodes. As shown in Table 1, hydrogen is supplied by

different systems for the different stacks. The first stack
was fed by cylinders, stacks MCFC3–MCFC7 by water
electrolyser and stack MCFC8 by an external methanol
reformer.

The start-up process for stacks is carried out by adjust-
ing the temperature profile during time, following the same
procedure discussed for single cells.

3.2. Results and discussion

Ž 2 . ŽStacks MCFC7 50 cells, 0.1 m rcell and MCFC8 20
2 .cells, 0.75 m rcell , fabricated in 1996r1997 are particu-

larly significant in regard to scale-up and for studies on
integration of the stack in power plants. In particular, they
allowed demonstration of the effects of an increase of cell
number or cell area on performance. This experience will
be used in stack MCFC9, which will be composed of two
modules of 75 cells each with 0.75 m2 area.

In the following discussion, some experimental results
obtained during the operation of stack MCFC7 are re-
ported and discussed. The design parameters and operating
conditions are given in Table 1, and a photograph of the
stack is shown in Fig. 9. Only preliminary results are

Žavailable at the moment for stack MCFC8 nominal power
.13 kW . These will be reported in a subsequent paper.

The start-up cycle was carried out by continuously
Ž .flowing an inert gas mixture 71% N , 19% CO in the2 2

containment vessel at a pressure slightly higher than that in
Ž .the manifold D P(4 mbar in order to avoid leakage

from the stack to the vessel. At the end of the start-up

Fig. 9. The stack MCFC7 out of the vessel, without thermal insulation
and ready for transfer after operation.
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Fig. 10. Performance curves for some single cells of the stack MCFC7
Žafter 528 h of hot time operation at 1.5 ata Fuel: 25.5% H , 8.7% CO ,2 2

10.7% H O, 55.1% N , stack flow rate 11,620 Nlrh; Oxidant: 17.4%2 2
.O , 65.6% N , 17% CO ; stack flow rate 50,070 Nlrh . Cells are2 2 2

numbered starting from the bottom. Average solid temperatures are
reported in Fig. 12.

cycle an average OCV of 1042"5 mV was measured at
Žapproximately 6008C fuel: 25% H , 9% CO , 11% H O,2 2 2

55% N ; stack overall flow rate 11,624 Nlrh; oxidant:2
.86% air, 14% CO ; stack overall flow rate 50,130 Nlrh .2

The performance curves of some MCFC7 representative
Žcells after 528 h of hot time are shown in Fig. 10 fuel:

25.5% H , 8.7% CO , 10.7% H O, 55.1% N ; stack2 2 2 2

overall flow rate 11,624 Nlrh; oxidant: 17.4% O , 65.6%2
.N , 17% CO ; stack overall flow rate 65,000 Nlrh . In2 2

addition, the values of the internal resistance of some
single cells were measured during the stack lifetime using
current interruption. The results are given in Fig. 11.

The stack performance shown in Figs. 10 and 11 is
discussed in the following. It can be seen that the perfor-

Žmance curves of most of the cells in the stack for exam-
ple, Cells 1, 10, 20, 30, 40, cells being numbered from the

.bottom are very close to the single cell performance given
in Fig. 5. This demonstrates that, in general, cells maintain
their characteristics when stacked.

Nevertheless, some of the cells show an anomalous
behaviour, which can be due to a number of reasons. For
example, random peaks of the value in the internal resis-
tance appear in Fig. 11, which are probably due to struc-
tural problems which possibly affected some cells even

Ž .before assembly. For example, the top cell Cell 50
showed singular behaviour, with an internal resistance far
from typical values. The performance curve of Cell 50
reported in Fig. 10 and shows an increase in slope for

2 Žcurrent densities larger than 120 mArcm corresponding
.to a hydrogen utilisation of about 60% , while Cell 2, with

an analogous electrochemical behaviour at low current
densities, but which was located at the bottom of the stack,
does not exhibit such an effect. This phenomenon can be
explained in terms of fluid dynamic problems, whose
importance has already been underlined for phosphoric

w xacid and solid oxide fuel cell stacks 19,20 . The presence
of baffles in the manifolds contributes to a reduction in the
problems of non-uniform gas distribution, nevertheless
such effects still occur favouring the bottom cells and
penalising the top ones in the stack under analysis. Hence,
the increase of the slope of the performance curves of top
cells is observed when the cell flow rate is not sufficient to
supply the overall cell with reactants.

Finally, a group of cells positioned near the bottom of
the stack shows a systematic departure from typical cell

w xperformance 21 , due to the high value of their internal
Žresistance in particular in Cell 5, which displayed the

.worst characteristics . This systematic effect could be due
to some local problems arising during start-up phase which
affected the conditioning of such cells. The importance of
an optimised temperature profile during the initial cell
lifetime has already been discussed. In the case of single

Fig. 11. Internal resistance measured on some sample cells of the stack MCFC7 at different operating times.
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Fig. 12. Temperature distribution along stack MCFC7 at different current
Ždensities Fuel: 25.5% H , 8.7% CO , 10.7% H O, 55.1% N , stack2 2 2 2

flow rate 11,620 Nlrh; Oxidant: 17.4% O , 65.6% N , 17% CO ; stack2 2 2
.flow rate 50,070 Nlrh .

cells errors of the order of magnitude of a few degrees
centigrade may be accurately controlled. However, in
stacks, such an accuracy cannot be attained, which ex-
plains the problems detected in bottom cells. In addition,
we strongly suspect that a defect in the thermal insulation
has occurred in this stack which caused lower temperature
level in the bottom cells during the start-up phase. In this
regard, temperature measurements for Cell 2 detected a
difference in the cathode gas temperature of about 488C
between centre and outlet. For the central cells the corre-
sponding temperature difference was about 158C. The
values of internal resistance obtained for Cell 2 are re-
ported in Fig. 11, and show a significant change from
typical values. It is worthwhile remarking that Cell 1
displays the lowest value of internal resistance in the
bottom cell group, probably because it was exposed to a
higher temperature during the start-up, resulting from the
presence of the nearby heater plate.

In our opinion, these results demonstrate the importance
of the temperature control during the start-up phase, show-
ing that temperature excursions of the order of 508C from
the optimal value can significantly reduce successful start-
up. It is important to point out that bad conditioning cannot
be remedied during stack operation: in fact, even if the
temperature of the bottom cells was satisfactory after the

Ž .start-up phase see Fig. 5 , the values of the internal
resistance did not improve during the stack operating

Ž .lifetime Fig. 11 . This shows that during the start-up some
Žirreversible basic reactions occur, i.e., the lithiation and

.oxidation of the cathode which are vital to the constitution
of the electrode structure.

The thermal response of stack MCFC7 is analysed in
the following section.

Fig. 11 shows the effect of a thermal cycle on the
internal resistance. This test was carried out to analyse the
stack response after solidification and re-melting of car-

Ž .bonates minimum temperature around 4208C . The slope
of the temperature profile vs. time was about 88Crh during

both the cooling and re-heating processes. The results
demonstrate that no significant internal resistance decay
occurred after the thermal cycle, ensuring the feasibility of
shut-down and re-start cycles.

The distribution of temperature along the stack is shown
in Fig. 12 as a function of the overall stack current. The
data display an increase in temperature as the current
density increases, due to the effect of irreversibilities of the
polarisation and ohmic phenomena occurring in the cell.
Two maxima are visible in the temperature distribution
along axial direction, close to the bottom and the top ends
of the stack. The high temperature measured near the
bottom position results from the high internal resistance,
which gives a Joule heating effect. On the other hand, the
maximum appearing near top location may be explained
by low heat removal due to the low feed gas flow rate.
Cells 1 and 50, however, show lower temperatures due to
the presence of the end plates, whose temperatures were
controlled.

The temperature distribution on the cell plane during
operation is shown in Fig. 13 for Cell 30, chosen as an
example of standard behaviour. The temperature at the
inlet, centre and outlet points along the cathode gas flow
direction is given as a function of current density. At
current densities between 50 and 70 mArcm2, a decrease
of temperature is seen at the inlet position, which is more
sensitive to a decrease of temperature of the feed gas. This
decrease was imposed to control cell overheating. The
temperature at the centre and outlet continuously increases
above the inlet temperature as current density increases,
due to the increasing effect of polarisation and ohmic
irreversibilities.

Several parametric studies have been carried out to test
the influence of gas composition and utilisation on cell
performance. The effect of the cathode gas composition
has been tested by increasing the CO content at the2

Ž .expense of N content from 14.5% to 33.2% of CO at a2 2
Ž .constant total flow rate about 50,000 Nlrh and under

Fig. 13. Temperature of Cell 30 of stack MCFC7 as a function of average
Žcurrent density Fuel: 25.5% H , 8.7% CO , 10.7% H O, 55.1% N ,2 2 2 2

stack flow rate 11,620 Nlrh; Oxidant: 17.4% O , 65.6% N , 17% CO ;2 2 2
.stack flow rate 50,070 Nlrh .
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ŽFig. 14. Effect of variations of the cathode gas composition Fuel: 25.5%
H , 8.7% CO , 10.7% H O, 55.1% N , stack flow rate 11,620 Nlrh;2 2 2 2

.Oxidant: stack flow rate 50,130 Nlrh .

constant anode feed conditions. The results of the test is
shown in Fig. 14. It demonstrates the expected perfor-
mance improvement with a CO -rich cathode feedstock2
w x15 .

Analogous tests have been carried out for the anode gas
composition, where the H content has been changed from2

12.7% to 25.8% at a total anode flow rate of about 12,000
Nlrh and at a constant cathode flow rate. The results are
shown in Fig. 15. As expected, performance increases with
the percentage of hydrogen in the feedstock.

Fig. 16 shows the power output of stack MCFC7 during
its period of hot time. The stack operated for about 780 h
under different conditions, at high current density as well
as at OCV. The maximum power was about 4 kW at 206

2 ŽmArcm with a fuel utilisation of 50% fuel: H 55%,2

CO 9.3%, N 30%, H O 5.7%, stack total flow rate2 2 2

10,864 Nlrh; oxidant: air 83%, CO 17%, stack total flow2
.rate 65,430 Nlrh . The main reason why such a perfor-

mance was lower than the expected nominal power is that
the stack was operated at about 1.5 ata rather than the
design value of 4 ata, due to some technical problems

ŽFig. 15. Effects of variations of the anode gas composition Fuel: stack
flow rate 11,620 Nlrh; Oxidant: 119% O , 71% N , 10% CO ; stack2 2 2

.flow rate 50,000 Nlrh .

Fig. 16. Power supplied by the stack MCFC7 during operation.

encountered with the pressure controller of the test plant.
Nevertheless, such a result can be considered as satisfac-
tory. In fact, at 206 mArcm2, the average voltage of the
standard working cells was about 0.7 V. The overall
performance was penalised, as already discussed, by the

Ž .anomalous behaviour of certain damaged cells totally six ,
which, at 206 mArcm2, acted as resistance, causing an
overall power dissipation of about 450 W.

Fig. 17 shows the behaviour of some representative
Žcells of the stack MCFC7 as a function of time fuel: H 2

25.5%, CO 8.7%, N 55.1%, H O 10.7%, stack total2 2 2

flow rate 11,624 Nlrh; oxidant: air 85.6%, CO 14.4%,2
.stack total rate 50,130 Nlrh . The performance of Cell 1,

flooded at low operating times, shows an increase during
lifetime, similar to the cell performance shown in Fig. 5.
The speed of electrolyte content variations—and conse-
quently of the performance variations—in the bottom
stacked cells is higher than in single cells due to the
significant contribution of migration. On the other hand,
Cell 30, characterised by a standard starting electrolyte
content, shows an almost invariable behaviour, similar to
the cell performance shown in Fig. 6. In fact, as already

Fig. 17. Behaviour of some representative MCFC7 cells during time
ŽFuel: H 25.5%, CO 8,7%, N 55.1%, H O 10.7%, stack flow rate2 2 2 2

11,624 Nlrh; Oxidant: air 85.6%, CO 14.4%, stack flow rate 50,1302
.Nlrh .
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mentioned, this stack used differential electrolyte filling
along the stack height, with the aim of giving an optimal
electrolyte distribution during stack operation, i.e., initial
performance was sacrificed to guarantee the desired life-
time.

As discussed, electrolyte losses play a role in stacks, but
electrolyte migration is also significant, the stack manifold
gaskets being mainly responsible for this phenomenon
w x22 . Electrolyte migration consists of a progressive move-

yy Žment of CO ions from the top cells negative pole of3
. Ž . qthe stack to the bottom ones positive pole and of Li

and Kq in the opposite direction. Even if surface tension
gradients and electro-osmosis play a role in this phe-
nomenon, the primary cause is the relative ionic movement
under an electrochemical potential gradient along the wet-
seals and the external manifold gaskets. This process leads
to flooding of the top cells, and emptying of the bottom
cells during the stack lifetime. Experimental data on earlier
stacks indicate that end cells show degradation of perfor-
mance over time, while central cells show more stable
behaviour. In the stack under consideration, the electrolyte
content profile changed during the test due to migration
effects, leading to a uniform electrolyte distribution at the
end of the stack lifetime, which allowed a performance
improvement over time. Post-test analysis of the various
cells of the stack gave similar results for all the cells in
regard to the electrolyte content.

The effects of electrolyte losses are partially compen-
sated by the effect of stack compacting. The latter phe-
nomenon consists in a progressive lowering of stack height
during operation which involves a consequent reduction of
the free pore volume. Hence, the problem of electrolyte
losses in the stack is less critical than in the single cell.

4. Conclusions

The development of the MCFC technology at Ansaldo
Ricerche has been described, starting from early small
scale single cells up to stacks of several kW. Details of the
evolution of the fabrication technology have been reported,
together with the latest experimental results.

On the basis of the data discussed, it can be concluded
that, in general, cells maintain their characteristics when
stacked. A further improvement of the stack performance
is dependent on the solution of some critical problems. For
example, fluid dynamic effects are currently under analy-
sis, since they can limit the feed rate and consequently the
power output of certain cells. Another process which re-
quires control to reach optimised behaviour is electrolyte
migration along the manifold gaskets from the bottom cells
to the top cells of the stack. Finally, the importance of
controlling the start-up phase, in particular in regard to the
temperature profile over time, has been discussed. We
showed that this process is more critical for stacks than for
single cells.

The MCFC technology has been successfully proven in
small-scale tests, but now needs validation for a complete
stack and plant system. This will occur with the design,

Ž .construction and operation of a 100 kW stack MCFC9
w xintegrated into a cogeneration plant 6,7 . The scope of the

plan is to demonstrate the concept viability of a MCFC
on-site cogeneration plant on an intermediate scale and to
assess the technical difficulties involved. A 250 kW proto-
type will be designed, manufactured and operated using

w xthe stack MCFC9 test experience as a basis 6 .
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