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Abstract

Following the development of a 10 kW-class MCFC stack with a reactive area of 0.44 and 1.03 m2, which applies a Li/Na carbonate
electrolyte and a press stamping separator, many tests have now been carried out. In the installation tests, the observed cell voltages of the
0.44 m2/10 kW-class stack agreed with the voltage predicted from the test results of the 100 cm2 bench scale cell. This agreement proves
that the installing procedure of the bench scale cell can be applied to the 0.44 m2/10 kW-class stacks. The temperature distribution analysis
model applied to the 100 kW-class stack was modified to calculate the temperature distribution of the 0.44 m2/10 kW-class stack. Taking
the heat loss and the heat transfer effect of the stack holder into account, the calculated temperature was close to the measured temperature;
this result proves that the modification was adequate for the temperature analysis model. In the high current density operating tests on the
0.44 m2/10 kW-class stack, an electrical power density of 2.46 kW/m2 was recorded at an operating current density of 3000 A/m2. In the
endurance test on the 0.44 m2/10 kW-class stack, however, unexpected Ni shortening occurred during the operating period 2500–4500 h,
which had been caused by a defective formation of the electrolyte matrix. The shortening seems to have been caused by the crack, which
appeared in the electrolyte matrix. The voltage degradation rate of the 0.44 m2/10 kW-class stack was 0.52% over 1000 h, which proves that
the matrix was inadequate for a long life expectancy of the MCFC stack. A final endurance test was carried out on the 1.03 m2/10 kW-class
stack, of which the matrix had been revised. The fuel utilisation and the leakage of anode gas never changed during the 10,000 h operating
test. This result suggests that no shortening occurred during the 10,000 h endurance test. The cell voltage degradation rate was around
0.2–0.3% over 1000 h in the 1.03 m2/10 kW-class stack. According to a comparison of the stack electricity generating performance of
the 0.44 m2 and the 1.03 m2/10 kW-class stack under the same operating conditions, the performance of the 1.03 m2 stack was lower at
the beginning of the endurance test, however, its performance exceeded the performance of the 0.44 m2/10 kW-class stack during the
10,000 h operating test. By carrying out the high current density operating test and the 10,000-hour endurance test using commercial sized
10 kW-class stacks, the stability of the MCFC stack with a Li/Na carbonate electrolyte and a press stamping separator has been proven.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Because their output voltage is high[1], it is to be ex-
pected that molten carbonate fuel cells (MCFCs) will be
used as high efficiency power generation systems. The aim is
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to introduce this technology into centralised power stations
or distributed power plants. The author’s research group has
been conducting operating tests on bench scale cells and
10 kW-class MCFC stacks since FY1987[2,3]. The expe-
rience gained during the operation of bench scale cells and
10 kW-class stacks has been applied to operating tests on
100 kW-class stacks, and the electricity generating perfor-
mance of the stack has been approved[4]. The configura-
tion of the 100 kW-class stack has been applied to a 1 MW
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Nomenclature

Aa frequency factor of anode resistance
Ac1, Ac2, frequency factor of cathode resistance
Ac3

Air frequency factor of internal resistance
E open circuit voltage of individual cell
E0 standard electromotive force
F Faraday’s constant
�Ha activation energy of anode resistance
�Hc1, �Hc2, activation energy of cathode resistance
�Hc3

�Hir activation energy of internal resistance
j current density
mi molar fraction of speciesi
pi partial pressure of speciesi
R universal gas constant
Ra anode polarisation
Rc cathode polarisation
Rir internal resistance
T temperature
V voltage of individual cell

Subscript
a and c anode and cathode, respectively

pilot plant operation, and the plant has succeeded in connect-
ing to the electricity distribution network[5]. In these tested
cells and stacks, a Li2/K2CO3 carbonate melt was applied as
the electrolyte, and corrugated plate was appointed as their
separators. The output cell voltage of the stacks was around
800 mV at an operating current density of 1500 A/m2 and,
therefore, satisfied the target voltage of national projects
in Japan. The degradation rate of the stacks’ cell voltage,
however, did not meet the target of national projects. For
future prospects regarding energy efficiency and the life ex-
pectancy of MCFC power plants, the output voltage of the
stacks is insufficient to make a market entry. In this study,
we have focused on the electrolyte carbonate composition
and the shape of the separator to achieve a higher electricity
generating performance and a longer life expectancy of the
stacks.

Janz and Saegusa[6] estimated the viscosities of Li2CO3,
Na2CO3 and K2CO3 as a function of the temperature,
which they expressed in the Arrhenius’ equation based on
the experimental and theoretical method. Broers and Van
Ballegoy[7] discussed the stability of Al2O3 alumina in the
carbonate melt mixture of Li2CO3, Na2CO3 and K2CO3.
Ang and Sammells[8] compared the ionic conductivities
of Li/Na/K, Li/K and Li/Na carbonate melts at 600◦C
and also the life expectancy of each carbonate mixture. In
their study, the highest ionic conductivity and the lowest
vapourability have been predicted for the Li/Na carbonate
mixture. Tanimoto et al.[9] carried out the operating test on

a laboratory-scale cell and compared the cell performance
with the Li, K, Na carbonate having added Ca, Sr, Ba.
According to these investigations and a further survey re-
garding the material characteristics of the electrolyte melt,
the Li/Na carbonate electrolyte has a greater possibility of
achieving a higher performance than the Li/K carbonate
electrolyte due to its higher ion conductivity[10–12]. Con-
cerning greater durability, the Li/Na carbonate electrolyte
has an advantage over the Li/K carbonate electrolyte since
the solubility of the NiO cathode in the Li/Na carbonate is
lower than the solubility in the Li/K carbonate. Ota et al.
[13] measured the solubility of the NiO cathode in the Li/K
and Li/Na carbonate, and a greater stability of the NiO was
observed in the Li/Na carbonate than in the Li/K carbonate.
A further disadvantage of the Li/Na carbonate melt is that
the solubility of oxygen in the Li/Na carbonate melt is lower
than in Li/K, and it is this phenomenon which causes the
larger cathode polarisation in the Li/Na carbonate stacks.
This disadvantage, however, is eliminated when the stack
is operated in pressurised conditions since the solubility of
cathode oxygen is greater in high-pressure environments.
We can therefore state that the disadvantage of the solubility
is less severe than the advantage of high ion conductivity.

A corrugated type separator is adequate to diffuse fuel
and oxidant gas in the gas channel of the reactive area. How-
ever, the separator’s contact area with the electrolyte is large,
which again causes electrolyte loss. Moreover, the fabrica-
tion of the corrugated plate requires complicated procedures.
To reduce the contact area between separator components
and electrolyte, the separator plate’s design should be mod-
ified and simplified. The press stamping method leads to
cost reductions in production, and changing the mould base
pattern leads to a better shape of the separator to avoid elec-
trolyte loss.

With this background information, Chubu Electric Power
Company, MCFC producer IHI, and CRIEPI started study-
ing the performance and life expectancy of 100 cm2 scaled
MCFC cells with a Li/Na carbonate electrolyte. The mea-
sured cell voltage of the Li/Na carbonate applied cells was
higher than the voltage of the Li/K carbonate applied cells
[14]. This result led us to carry out an operating test with
a 10 kW-class stack using a Li/Na carbonate electrolyte to
improve the MCFCs electricity generating performance. For
this paper, 0.44 m2/14 cell and 1.03 m2/10 cell/10 kW-class
stacks were applied in the operating tests. The purpose of
using a 0.44 m2/10 kW-class stack was to perform the basic
performance tests at an operating current density between
1500 and 3000 A/m2. The 0.44 m2/10 kW-class stack was
also applied in a 10,000 h endurance test for, however, as
stated later, the voltage degradation rate observed in the en-
durance test was insufficient for commercial applications.
To improve the voltage degradation rate of the MCFC stack,
a 1.03 m2 stack was provided for a 10,000 h endurance test.
The analysis of the anode outlet gas composition measured
by using gas-chromatography and the temperature distribu-
tion in the stacks is discussed thoroughly in the following.
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Table 1
Material and specifications of 0.44 m2/10 kW- and 1.03 m2/10 kW-class
stack

Reactive area 0.44 m2 × 14 cells (0.44 m2 stack);
1.03 m2 × 10 cells (1.03 m2 stack)

Gas flow path length of
reactive area

0.56 m

Centre plate Ni201–SUS310S clad steel
Anode/current collector Ni–AlCr alloy/Ni
Cathode/current collector In situ NiO/SUS316L
Electrolyte/matrix Li2CO3/Na2CO3 = 60/40%/LiAlO2

Matrix thickness 0.9 mm (0.44 m2 stack); 1.2 mm
(1.03 m2 stack)

Geometry of gas flow Co-flow

2. Experiment

2.1. Stack structure

Materials and specifications of the 0.44 and 1.03 m2

stack are listed inTable 1. The stacks are fabricated by
Ishikawajima-Harima Heavy Industry (IHI) Co., Japan.
Each cell of the 0.44 m2 stack has a reactive area of 0.44 m2

and consists of 14 cells, whereas the 1.03 m2 stack has a
reactive area of 1.03 m2 and 10 cells. The press stamp-
ing method is applied to mould the separators, which is
cost-effective when the separators are mass-produced. In
Fig. 1, the schematic shape of a press stamping separa-
tor is compared with a corrugated plate-type separator,
which was applied in former stacks. There is no corru-
gated plate in the press stamping separator. The contact
area between the separator plate and the electrolyte of the
press stamping separator is smaller than the contact area
when using the corrugated type separator; the shape is
designed to diminish electrolyte loss. The material of the
centre plate is Ni201–SUS310S clad steel; the anode is
made of Ni–AlCr alloy, and the cathode of in situ oxidised
Ni. Ni and SUS316L are added to the current collector of
the anode and the cathode, respectively. The Li/Na ratio
of the carbonate mixture is 60/40 mol%. The melting tem-
perature of the carbonate mixture is around 500◦C; the
melted carbonate mixture is supported by a LiAlO2 matrix
with a pore structure. According to investigations into the
cathode current collector’s material, significant corrosion

Cathode
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Current collector

Current collector

Corrugated plate

Corrugated plate

Center plate

Corrugated plate type

Cathode

Current collector

Current collector

Anode

Press stamping type

Fig. 1. Conceptual design of press stamping separator compared with
corrugated plate-type separator.

caused by the Li2/Na2CO3 carbonate around a tempera-
ture of 550◦C was detected on the SUS316L. To avoid
corrosion of the current collector, steam has been added
to the cathode gas at approximately 550◦C, which has the
effect of avoiding corrosion caused by the Li2/Na2CO3
carbonate.

To achieve a high current density operation, a greater
amount of cathode gas should be supplied to keep the max-
imum temperature of the stack below 660◦C, as the corro-
sion of stack components increases drastically as soon as the
stack temperature rises above 660◦C. The co-flow geome-
try is effective in removing heat out of the stack, because
the temperature difference between gas inlet and outlet is
large[15]. To be able to make a precise comparison of life
expectancies, the gas flow geometry of 1.03 and 0.44 m2

stacks were equalised.

2.2. Experimental equipment

Schematic pipelines and test stand equipment of the
0.44 m2-class stack are presented inFig. 2. The specifica-
tions of the test stand are listed inTable 2. The maximum
operating pressure of the test stand is 0.7 MPa; the maxi-
mum operating temperature is around 700◦C; the maximum
current density is more than 3000 A/m2. The supplied fuel
gas to the 10 kW-class stacks is a simulated reformed natu-
ral gas, which is a mixture of pure H2, CO2 and steam. The
cathode gas is mixed with air and carbon dioxide; steam
can also be supplied to the cathode. The cathode outlet gas
in the 0.44 m2 stack is re-circulated to the cathode inlet,
as it is important to supply a great amount of cathode gas
when operating under high current density conditions. To
protect the cathode gas recycling blower from high tem-
peratures and to cool down the exhausted cathode gas, the
cathode outlet gas is cooled by a gas/water heat exchanger.
Nitrogen is supplied to the pressure vessel, and the pressure
difference between the cathode/vessel and anode/vessel are
controlled. The 1.03 m2 stack was operated in a different
test stand, which had no gas re-circulation of the anode
and cathode gas. Other than the gas re-circulation pipeline,

Table 2
Specifications of test stand

Operating condition Capacity

Operating current 0 (OCV)∼ 2400 A (for 0.44 m2 stack); 0
(OCV) ∼ 3200 A (for 1.03 m2 stack)

Operating pressure Atmospheric pressure∼ 0.7 MPa
Stack temperature <700◦C
Supplied gas temperature <700◦C
Pressure difference Cathode and anode versus pressure vessel

< 1000 mm H2O (10 kPa)
Supplied gas condition Pure H2 ∼ simulated reformed natural

gas∼ coal gas∼ CO
Recirculation of anode

gas/cathode gas
Recirculating/recirculating (0.44 m2 stack);
single path/single path (1.03 m2 stack)

Electrical output 10 kW (normal); 25 kW (maximum)
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Fig. 2. Schematic pipeline and equipment of 0.44 m2/10 kW-class stack test stand 1.03 m2/10 kW-stack was operated in a different test stand with no
recirculation of anode and cathode gas.

the specifications apply to the test stands of the 0.44 and
1.03 m2 stacks.

The purpose of the 0.44 m2/10 kW- and 1.03 m2/10 kW-class
stacks are summarised inTable 3. The 0.44 m2 stack was
operated from June 1998 to August 1999, and the 1.03 m2

stack was tested from April 2001 to July 2002. After in-
stalling the stacks, each stack was operated for 10,000 h
excluding the time required for test stand maintenance
work.

2.3. Analysis method to estimate stack performance

Prior to the stack operating tests, a 100 cm2 bench scale
cell with the same reactive components as the 10 kW-class
stack was used for experiments. The installation proce-
dure of the bench scale cell corresponds with that of the
10 kW-class stack. In the cell test, the gas composition of the
supplied gas, the operating pressure and operating tempera-
ture were changed; the current–voltage relation was derived
according to the functions of the reactive gas partial pres-
sure, the molar fraction of gases, and the cell temperature
[16].

Table 3
Purpose of 0.44 m2/10 kW- and 1.03 m2/10 kW-class stack

0.44 m2/10 kW-class stack 1.03 m2/10 kW-class stack

Purpose of initial test Estimation of Li/Na electrolyte stack
performance; high current density

Confirmation of basic stack performance

Purpose of endurance test To evaluate stability of Li/Na electrolyte
and press stamping separator

To improve voltage degradation rate of Li/Na
electrolyte and press stamping separator

The relation between cell voltage and current density is
written as follows:

V ∼= E − (Rir + Ra + Rc)j (1)

V and E are cell voltage and Nernst voltage, respectively,
Rir , Ra, Rc, Rp represent the cell resistance, andj refers to
the current density of a single cell. The Nernst voltage and
the cell resistance are regulated as follows:

E = E0 + RT

2F
ln

pH2,apCO2,cp
1/2
O2,c

pCO2,apH2O
(2)

Here,E0, R, T, F andpi describe the standard electromotive
force, universal gas constant, cell temperature, Faraday’s
constant, and partial pressure of the gas compositioni (sub-
script a and c refer to anode and cathode), respectively. The
internal resistance and the anode and cathode reaction resis-
tance are expressed as follows:

Rir = Air exp

(
−�Hir

RT

)
(3)

Ra = AaT exp

(
−�Ha

RT

)
P−0.5

H2,a
(4)
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Table 4
Coefficients and activation energy of cell

Parameters Magnitude

Air (� cm2) 1.38E−2
�Hir (J/mol) 23.8E3
Aa (� cm2 atm0.5 K−1) 9.5E−7
�Ha (J/mol) 27.9E3
Ac1 (� cm2 atm0.25 K−1) 6.91E−15
�Hc1 (J/mol) 179.2E3
Ac2 (� cm2 K−1) 3.75E−9
�Hc2 (J/mol) 67.2E3
Ac3 (� cm2) 1.07E−6
�Hc3 (J/mol) 95.2E3

Rc = Ac1T exp

(
−�Hc1

RT

)
P−0.75

O2,c
P0.5

CO2,c

+ Ac2T exp

(
�Hc2

RT

)

×
{
mCO2,c + Ac3mH2O,c exp

(
�Hc3

RT

)}−1

(5)

mi designates the partial pressure and the mole fraction of
the chemical speciesi, Air , Aa, Ac1, Ac2, Ac3 refer to the
coefficient of the internal resistance and the anode and cath-
ode reaction resistance,�Hir , �Ha, �Hc1, �Hc2, �Hc3

give an indication of the activation energy, respectively.
These coefficients and values of activation energies are
derived from tests on bench scale cells, which have a
reactive area of 100 cm2. Every parameter appearing in
these equations is listed inTable 4. By applying the cell
performance equation, it is possible to calculate the elec-
trical output and the current density distribution in the
stack.
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Fig. 3. Measured and calculated cell voltage with the measured temperature in stack centre versus set fuel utilisation, reactive area= 0.44 m2, number
of cells = 14 cells, operating pressure= 0.49 MPa, operating current density= 1500A/m2, H2/CO2/H2O of fuel gas= 56/14/30 (30% humidified
simulated reformed natural gas), air/CO2 ratio of cathode gas composition= 70/30, cathode gas re-circulating ratio= 65%.

3. Basic performance of the Li/Na MCFC stack

3.1. Performance analysis of the 0.44 m2/10 kW-class
stack

The cell voltage dependency on the fuel utilisation of the
0.44 m2 stack is compared with the calculated cell voltage
in Fig. 3. The supplied fuel is a 30% humidified simulated
natural gas with a H2/CO2/H2O ratio of 56/14/30. The 70%
air and 30% CO2 mixed gas is supplied from outside the
cathode re-circulation loop, and around 70% of the cathode
outlet gas is re-circulated to the cathode inlet. The operating
current density and the pressure are set at 1500 A/m2 and
0.49 MPa, respectively. The anode/cathode gas inlet temper-
ature at the gas header is maintained at 605/600◦C. During
the evaluation procedure of the calculated cell voltage, the
stack components are divided into 20 control volumes in
gas flow direction, and the current–voltage relation in each
control volume is estimated according toEq. (1) and the
parameters inTable 4. There is an assumption that the indi-
vidual cell voltages do not apply to other cells in gas flow
direction; whereas the temperature and the current density
also apply to other cells in gas flow and stacking direction.

The differences between the cell voltages are within
10 mV except for cell no. 14, which is located at the bot-
tom of the stack. The cell voltage gradient of cell no. 14
is a gentle slope compared to the other cells, and this fact
suggests that a lot of fuel gas flowed into cell no. 14. There
is a reasonable correspondence between the calculated cell
voltage and the measured cell voltage. The correspondence
signifies that the installing procedure of the bench scale cell
is also suitable for the 10 kW-class stack. It also allows us
to estimate the thermal efficiency of the MCFC plant by
applying Eqs. (1)–(5)with the parameters and activation
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energy listed inTable 4. In Fig. 3, the separator temperature
in the centre of the stack is measured by a thermocouple
and is plotted versus the fuel utilisation. The voltage drop
is responsible for a greater heat evolution in the stack; the
increased fuel utilisation also leads to a smaller fuel gas
flow rate: The current density increases in the region of the
fuel gas inlet due to the greater fuel utilisation. These three
factors have an influence on the temperature distribution in
the stack, the temperature in the centre of stack for example
rises with the fuel utilisation as shown inFig. 3.

3.2. Modification of temperature analysis model
surrounding top and bottom separator

The authors have developed a numerical model to anal-
yse the temperature distribution in the 100 kW-class MCFC
stack[17]. Regarding the temperature analysis, the adiabatic
heat flow in stacking direction is an assumption since the
100 kW-class stack consists of many cells (approximately
100 cells), and the stack’s heat loss has a minor influence
on the temperature distribution in stacking direction. In the
temperature analysis of the 10 kW-class stack, however, the
heat loss and the heat transfer, for which the stack holder is
responsible, have an effect on the temperature distribution
in the stack due to fewer cells. Without taking account of
the heat loss and the heat transfer, the analysed temperature
distribution differs greatly from the measured temperature
distribution in the 10 kW-class stack. Researchers in ECN,
The Netherlands, have estimated the heat transfer effect of
the stack holder for internal reforming type MCFC stacks
[18]. According to their results, the heat flows in the oppo-
site direction to the gas along the stack holder, and the anal-
ysed temperature distribution including the heat effect of
the stack holder agrees with the measured temperature. Our
temperature analysis model has been expanded to take ac-
count of the area around the stack, and the heat transfer, for
which the stack holder is responsible, has been introduced
into the external reforming type MCFC stack. A schematic
model of the analysis area of a 100 kW and a 10 kW-class
stack is presented inFig. 4.

Since the stack’s heat loss to its surroundings has a
great influence on the temperature of a 10 kW-class stack,

Fig. 4. Analysis area of 100 and 10 kW-class stack.

Stacking direction

Gas flow direction

Backward heat flow

Backward heat flow

Adiabatic

Adiabatic

Heat loss

Heat loss

:Thermo-couples

Fig. 5. Location of thermocouples and scheme of heat loss.

the heat loss rate was measured during stack operation. A
0.44 m2/10 kW-class stack in a pressure vessel was sur-
rounded by heat insulating material, and two thermocouples
were attached to both sides of the heat insulating material.
According to the temperature difference on both sides of the
thermal insulation, the heat flow rate was estimated at ap-
proximately 1.2 kW/m2. This heat flow rate was applied to
the temperature analysis of the 0.44 m2/10 kW-class stack.
To measure the temperature in the stack, thermocouples
were inserted into the separator between cell no. 7 and no.
8. Further thermocouples were located at the bottom and
the top of the separator. The thermocouples were fixed onto
the reverse of the separator’s reactive side. When testing the
electrical output by means of connecting electric heaters to
the stack holder, the only electric heater working was the
one located on the gas inlet side. For this analysis, the ther-
mal boundary condition was selected as described inFig. 5.
In Fig. 6, the calculated temperature distribution is com-
pared with the measured temperature in gas flow direction
and stacking direction. In the comparison, the centre of the
gas flow width was selected as the position requiring discus-
sion. A good agreement between the bottom of the anode
and the top of the cathode separator was observed. Based
on these results, the analysis model of the stack holder is
required for the temperature analysis of the 10 kW-class
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stack. This conclusion supports the basic idea of ECN,
which states that the heat flow of the stack holder can also
be applied to the external reforming type MCFC stack.

Our attention is focused on the temperature distribution
of the stack under thermally isolated conditions, as the
commercial stack does not have any electric heaters sur-
rounding it, which would be a cost-effective method for the
MCFC system. If a heat loss is supposed for each direction
of the stack, the temperature distribution in thermally iso-
lated conditions can be simulated. InFig. 7, the temperature
distribution is plotted for a heat loss of 1.2 kW/m2 in each
direction of the stack. The temperature of the bottom and
the top separator is lower, however, the temperature main-

650-660
640-650
630-640
620-630
610-620
600-610
590-600

Gas flow direction

Stacking direction

Fig. 7. Temperature distribution of MCFC stack operated in thermally isolated condition, calculated condition corresponds withFig. 6 except for heat loss.

tains an operateable level because the heat transfer effect,
for which the stack holder is responsible, compensates for
the temperature at the gas inlet. According to this result, the
stack can be operated with no electrical heaters in the prac-
tical stack with an operating current density of 1500 A/m2.

3.3. High current density operation

The stack operating tests under high current density con-
ditions were carried out using a 0.44 m2 stack. Under high
current density operating conditions, the stack requires a
greater amount of cathode gas to maintain an adequate tem-
perature level, i.e. 600–660◦C. A greater amount of cathode
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gas causes the pressure drop along the cathode gas channel,
which is responsible for a greater pressure difference be-
tween the cathode gas and the pressure vessel. The MCFCs
gas channel is separated from the surrounding gas by the
wetability of the carbonate melt. To avoid a leakage of cath-
ode gas to the surroundings, the pressure difference should
be kept lower than about 3 kPa. For the purpose of keeping
the pressure difference at a lower level, the tests were car-
ried out at high pressure, 0.69 MPa, since the pressure drop
in the gas channel is lower under high operating pressure.

The current density was changed from 1500 to 3000 A/m2

with a variation of fuel utilisations. The supplied fuel was
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ratio� 70%, anode/cathode gas inlet temperature= 590/580◦C.

a 30% humidified simulated natural gas. The 30% CO2 and
70% air were added to the cathode gas and the exhausted
cathode gas was re-circulated to the cathode inlet. InFig. 8,
the average cell voltage of the stack is plotted versus the op-
erating current density with the parameters of the fuel utili-
sation. The maximum output power density of a 2.46 kW/m2

was recorded at a current density of 3000 A/m2 and a fuel
utilisation of 60%. All cell voltages remained at more than
750 mV with a current density of 3000 A/m2 independent of
the fuel utilisation; the maximum temperature of the stack
was lower than 665◦C. The measured voltage of the stack re-
mained stable during the 2 weeks of the high current density
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operating test. The high current density test was also per-
formed at an operating pressure of 0.49 MPa and the current
density could be increased to 3000 A/m2, however, it was
not possible to set the fuel utilisation any higher than 60%
because the maximum temperature rose significantly and the
pressure drop of the cathode gas increased past the warning
point.

4. Endurance test on Li/Na MCFC stack

4.1. Endurance test on 0.44 m2/10 kW-class stack to
evaluate stability of Li/Na stack

In Fig. 9, the anode outlet gas composition measured by
the gas-chromatograph has been plotted versus the operat-
ing time. The focus was on the composition of the N2 gas,
however, a leakage was found between the anode and the
pressure vessel at the beginning of the endurance test, and,
therefore, the anode inlet gas pressure was controlled at
0.3 kPa lower than the pressure vessel to avoid a leakage of
the anode gas to the surroundings. At an operating time of
3000 h, the anode inlet gas pressure was changed to create
the same pressure as in the surroundings, because the leakage
of the anode gas to the surroundings had increased. Watching
the gas composition of CH4 between 1000 and 4500 h, the
measured composition of CH4 dropped several times which
was caused by the lack of the gas-chromatograph’s accu-
racy. Between 4500 and 10,000 h, however, the gas com-
position of CH4 was measured at zero without identifying
any problems with the gas-chromatograph. The turning point
was at an operating time of 4500 h, when the current den-
sity was changed to 0 A/m2 (OCV) to measure the internal
resistance.
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Fig. 10. Change of observed fuel utilisation versus operating time, set fuel utilisation is 75%, observed fuel utilisation is calculated from anode outlet
gas composition measured by gas-chromatography.

Fig. 11. Pattern of the crack on the surface of electrolyte matrix plate on
anode side.

Between 2500 and 4500 h, the H2 gas gradually decreased
and the CO2 gas increased. This fact suggests that Ni short-
ening occurred in the stack, because the same tendency
was observed in the endurance tests of the bench scale cell
(100 cm2), which had had the same reactive components as
the 0.44 m2 stack. The shortening was unexpected Ni short-
ening, which seemed to be caused by the defective formation
of the matrix. As soon as Ni shortening occurs, the fuel util-
isation increases in comparison to the set value. InFig. 10,
the fuel utilisation calculated by the gas composition anal-
ysis of the anode outlet gas, i.e. observed fuel utilisation, is
compared with the fuel utilisation set by the gas flow rate of
H2. Before an operating time of 2500 h, the observed fuel
utilisation was around 75%, which was similar to the value
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air/CO2 = 80/20 (51/30%), cathode gas re-circulating ratio� 70%, anode/cathode gas inlet temperature= 590/580◦C.

set by the gas flow rate, however, between 2500 and 5000 h,
the observed fuel utilisation increased due to shortening.

After the endurance test on the 0.44 m2/10 kW-class stack,
the stack was separated into individual cells to perform a
post-test analysis. All cells were separated between the an-
ode and the electrolyte matrix. Several cracks were identi-
fied on the surface of the electrolyte matrix showing traces
of the anode gas flow. The pattern of the cracks is presented
in Fig. 11. The positions of the anode gas manifolds are des-
ignated in the figure; the manifolds without designation are
cathode gas manifolds. The cracks seem to have occurred
from the beginning of the operating test. Ni particles can be
observed along the cracks; they seem to have been the cause
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Fig. 13. Fuel utilisation, leakage ratio shift reaction rate calculated according to the measurement of anode outlet gas composition versus operating time.

for the Ni shortening between 2500 and 4500 h. A short cir-
cuit path between the cathode and the anode could not be
detected in the post-test, however, it seems highly proba-
ble that the Ni shortening along the cracks is caused by Ni
shortening. In accordance with the endurance test and the
post-test, the matrix should be modified to achieve a longer
life expectancy of the 0.44 m2/10 kW-class stacks.

If the matrix had been made of an appropriate material and
if the right method had been applied, the shortening would
not have occurred during the endurance test. To eliminate
the voltage drop due to shortening, the average cell volt-
age of the stack was changed according to the observed fuel
utilisation. In Fig. 12, the average cell voltage of 14 cells
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is mapped versus the stack operating time. The observed
voltage decay rate is approximately 0.52% during 1000 h.
The dotted line inFig. 12is the voltage changed according
to the observed fuel utilisation. The degradation rate of the
changed average cell voltage is approximately 0.24% over
1000 h. According to the result analysis, the 0.44 m2 stack
could operate at approximately 0.2–0.3% over 1000 h if the
matrix were to be revised and the unexpected Ni shorten-
ing could be prevented. No other shortening was observed
during the 10,000 h operation of the 0.44 m2 stack.
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Fig. 15. Voltage degradation rate of each cell in 1.03 m2/10 kW-class stack, operating pressure= 0.49 MPa, current density= 1500 A/m2, fuel gas
composition (utilisation): H2/CO2/H2O = 56/14/30 (75%), cathode gas composition(CO2/O2 utilisation): air/CO2 = 90/10 (27/7%), 5% humidified, no
cathode recirculation, anode/cathode inlet gas temperature= 590/580◦C.

4.2. Endurance test on 1.03 m2/10 kW-class Li/Na MCFC
stack to achieve low voltage degradation rate

For the purpose of estimating the cell voltage degradation
rate in a MCFC stack, a 10 kW-class stack with a reactive
area of 1.03 m2 and 10 cells was installed into the test stand.
The length of the gas flow path in the 1.03 m2 stack cor-
responds with that in the 0.44 m2 stack, whereas the width
of the reactive area is 2.3 times longer than in the 0.44 m2

stack.
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Since the 0.44 m2 stack was subject to Ni shortening, the
matrix material of the 1.03 m2 stack has been revised (detail
not shown). The thickness of the matrix is 1.2 mm, whereas
the matrix thickness of the 0.44 m2/10 kW-class stack was
0.9 mm. InFig. 13, the observed fuel utilisation has been
plotted in relation to the operating time of the 1.03 m2 stack.
Due to the inaccuracy of the fuel flow rate controller, the
fuel utilisation exceeded 75% up until an operating time of
1000 h. Based on the gas composition analysis of the anode
outlet gas up until the same time, the fuel flow rate was
changed to 75%. At an operating time of approximately
2500 h, there was a power failure and the electricity supply to
the test facility was interrupted for 2 h; the stack was totally
out of control. The stack temperature decreased, however,
the stack was able to maintain the melting temperature of
carbonate. Between 5500 and 6000 h, the current density
was changed to 250 A/m2 because of the trouble with the
steam generator.

Operating pressure, current density, fuel utilisation,
fuel gas composition, cathode CO2 utilisation and cath-
ode gas composition were 0.49 MPa, 1500 A/m2, 75%,
H2/CO2/H2O = 56/14/30, 27%, and air/CO2(+H2O) =
90/10(+5), respectively. The fuel utilisation remained at
75% during the 10,000 h endurance test, which proves that
no shortening occurred in the 1.03 m2 stack. The shift re-
action ratio and leakage ratio are displayed in the same
figure. There was a leakage from the start of the endurance
test, however, the leakage never increased in comparison
to the leakage in the 0.44 m2 stack. The shift reaction rate
also maintained a constant value, and this fact proves that
the electricity generating condition of the anode gas did not
change during the 10,000 h endurance test.

In Fig. 14, the voltage of cell no. 2 and no. 7 are indicated
together with the average cell voltage. Cell no. 2 and no. 7

had the lowest and highest voltage values. The calculated cell
voltage was 812 mV, and this voltage agreed with the voltage
of the 1.03 m2 stack at the beginning of the endurance test.
The cell voltage degradation rate of each cell is presented in
Fig. 15. The degradation rate of the average cell voltage was
around 0.3% over 1000 h, whereas the voltage degradation
rate of a 0.44 m2 stack is around 0.5% over 1000 h. This
improvement of the voltage degradation rate was due to the
revision of the matrix. As seen inFig. 16, the performance of
the 1.03 m2 stack exceeded the performance of the 0.44 m2

stack during the 10,000 h operation due to the improvement
of the voltage degradation rate by 0.3% over 1000 h.

5. Conclusion

A 10 kW-class MCFC stack has been developed which
applies a Li/Na carbonate electrolyte with a press stamping
separator. According to the results of the stack operating tests
and the calculation of the temperature distribution within the
stack, the following can be concluded:

(1) The fuel utilisation dependence of the calculated cell
voltage agrees with the fuel utilisation of the measured
average cell voltage in the stack. This result allows us to
estimate the MCFC performance in a commercial power
plant by applyingEqs. (1)–(5)with the parameters and
activation energy listed inTable 4.

(2) The calculated temperature distribution agrees with the
measured temperature whilst taking account of the heat
transfer of the stack holder. This result corresponds with
those of the researchers in ECN for internal reforming
MCFC stacks. The temperature of the cells located at the
top and the bottom of the stack maintain a operateable
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value if the MCFC stack is operated under thermally
isolated condition.

(3) The 2.46 kW/m2 has been recorded at a current density
of 3000 A/m2 for a 0.44 m2/10 kW-class stack, and a
stable electricity generation has been identified under
high current density operating conditions.

(4) Unexpected Ni shortening occurred in the 0.44 m2/
10 kW-class stack due to the defective formation of the
electrolyte matrix. The shortening seems to have been
caused by cracks in the electrolyte matrix. The voltage
degradation rate of the 0.44 m2/10 kW-class stack was
insufficient for practical use.

(5) The matrix has been revised for the operating test on
the 1.03 m2/10 kW-class stack. The installation perfor-
mance of the 1.03 m2/10 kW-class stack was lower than
that of the 0.44 m2/10 kW-class stack because of the dif-
ferent matrixes. The performance of the 1.03 m2 stack,
however, exceeded the performance of the 0.44 m2 stack
during the 10,000 h operation due to the improvement
of the voltage degradation rate by 0.3% over 1000 h.
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