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In this work, an electrolyte impregnated cathode and matrix were fabricated using (Li/Na) ,CO; powders for use in a molten carbonate
fuel cell (MCFC). 87% of cathode pores and 90% of matrix pores were filled with electrolyte. A 25 cm’ single cell was used with
electrolyte impregnated components. Cell performance of the single cell with electrolyte impregnated components showed a similar
performance to a conventional single cell. After cell operation, electrolyte was found to have moved to the anode, cathode and matrix.
The remaining electrolyte in matrix pores, cathode pores and anode pores are 94.62%, 42.75%, was 21.56%, respectively. By using
electrolyte impregnated components, the change of the wet-seal height was decreased 86.78% (to 0.23 mm) comparing with the
conventional cell. Electrolyte impregnated components will provide simplified pretreatment process and remove problems in the
pretreatment condition such as non-uniform electrolyte melting.

1. Introduction

Molten carbonate fuel cells (MCFCs) are high-temperature fuel
cells that use liquid electrolytes composed of molten carbonates such as
Li,COs, Na,CO;, and K,CO;." A ceramic matrix composed of LiAlO,
was used to contain the liquid between the anode and the cathode.
Carbonate ions are conducted from the cathode to the anode. In the
anode side, H, reacts with carbonate ions (CO;%) to produce H,0, CO,
and ions. In the cathode side, O, reacts with CO, and ions and produces
CO5™.

A schematic figure of the conventional assembly of MCFCs is
shown in Fig. 1(a). The anode and the cathode for MCFCs are
fabricated via the tape casting method.” After tape casting, the green
sheet is sintered at 800°C for the cathode and 1100°C for the anode.
The matrix and the electrolyte are also fabricated via the tape-casting
process. The matrix and the electrolyte are used in the green sheet
form. Electrolyte green sheets are placed between matrix green sheets.
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During cell heat-up, binders and other compounds in the green sheets
are removed and the electrolyte in the green sheets melt.’ Liquid
electrolyte is then immersed into the anode, cathode and matrix. There
are subsequent changes in the thickness of the stack due to the melting
of electrolyte.

In the operation of a single cell of MCFCs, the thickness change in
the single cell due to electrolyte green sheets does not influence the
operation of the single cell. However, in the stack of MCFCs, which is
composed of hundreds of cells, the thickness change due to the
electrolyte green sheet induces thermal stress and the stress
concentration due to non-uniform melting of electrolyte.* These issues
constitute significant problems in the use of MCFCs such as the
fracture of the matrix and the gas crossover between the anode and the
cathode. In addition, long pretreatment time is required to burn out
organics and binders in the matrix and electrolyte green sheets.’

To avoid non-uniform melting of electrolytes and simplify the
pretreatment process, an electrolyte impregnated components were
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Fig. 1 Comparison between (a) conventional MCFC single cell and
(b) MCEFC single cell with the electrolyte impregnated matrix
and cathode

proposed. The schematic figure of the single cell of MCFCs with
electrolyte impregnated matrix and cathode is presented in Fig. 1(b). In
this type of MCFCs, additional electrolyte green sheets are not necessary.

By employing the electrolyte impregnated matrix, the structure of
MCFCs was simplified as shown in Fig. 1(b). In MCFCs with
electrolyte impregnated components, tape-casted green sheets were not
used. Because binders and organics found in the green sheets were not
included in the cell components, the pretreatment process could be
simplified and shortened. Also, the thickness change due to electrolyte
melting did not occur.

In this work, the electrolyte impregnated components for MCFCs
were fabricated using (Li/Na),CO; powders. Fabricated electrolyte
impregnated components were investigated and employed in the
25 cm? single cell operations. Operation characteristics of the 25 cm?
single cells with electrolyte impregnated components were studied. The
thickness changes of the conventional single cell and the single cell
with electrolyte impregnated components were then compared.

2. Experimental Method

2.1 Fabrication of the Electrolyte Impregnated Cathode and
Matrix

In MCFCs, a Ni-Ni5wt%Al (60 :40) anode, a lithiated NiO
cathode, a LiAlO, matrix and (Li/Na),COjs electrolytes® in a eutectic
composition were employed for components of MCFCs. These
components were fabricated via the tape-casting process. Slurry with a
viscosity of 5,000-10,000 cP was used in the tape-casting process. A
binder (Butvar B76), a plasticizer (Sigma Aldrich, Dibutyl phthalate),
a defoamer (San Nopco, SN-D348) and a dispersant (BYK, BYK-110)
were employed in the fabrication of the slurry. A green sheet with the

Dispersant Solvent Defoamer
| i |
Ni powder — | 15t Ball milling

}
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I

De-airing

!
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I
Drying
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Fig. 2 Manufacturing process of the cathode
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Fig. 3 Schematic figure of the electrolyte impregnation process

desired thickness was fabricated with a doctor blade.?

The tape casting process enabled the mass-production of green
sheets for the anodes, cathodes and matrices. Fig. 2 presents the
manufacturing process of the cathode. But, in order to make slurry,
dispersant was added to make the slurry disperse evenly. Binder and
plasticizer ensured the proper viscosity. In the conventional cell, the
anode and the cathode were sintered at 1100°C and 800°C, respectively,
under the reduced atmosphere. In the sintering process, binders and
organic compounds in the green sheets were removed.

In the case of the matrix and the electrolytes, tape-casted green
sheets were employed in the cell directly. In the pre-treatment process,
binders and organics in the green sheets were removed. Electrolyte
green sheets were melted, and electrolyte was immersed to the matrix.
Before the impregnation process, the matrix was burnt at 650°C in the
air atmosphere to remove binder and organics.

The schematic figure of the electrolyte impregnation process is
presented in Fig. 3. For the upper plate and the base plate, alumina
plates were used. In the impregnation process, electrolyte powders and
green sheets were acceptable. In this work, electrolyte powders were
employed in the impregnation process for the simplicity of the
impregnation process. Electrolyte powders were placed directly on the

components.
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Fig. 4 Electrolyte impregnation process of the cathode

The amount of the electrolyte impregnated into components was
determined from the objective filling ratio (normal operating
condition)® of MCFCs. Typically for MCFCs, Electrolyte is
impregnated into 20% of anode pores, 40% of cathode pores and 100%
of matrix pores. The average porosity of the anode, the cathode and the
matrix was 0.5, 0.8 and 0.55, respectively. From the size of the
components and the average porosity, the required weight of
electrolytes was calculated.

When the electrolyte powders were applied to the matrix to fill the
pores fully, liquid electrolytes spilled over matrix. Consequently, some
parts of the matrix were stuck to the base plate. In order to avoid this
problem, it was determined that the filling ratio of the matrix and the
cathode should be less than 100%.

The electrolyte impregnation process was conducted in a heat
chamber. The chamber was heated up to 650°C which was the
operating temperature of MCFCs and kept for one hour. Gas
atmospheres were reduced atmosphere with compositions of H,:N, of
30:70. In the electrolyte impregnation process, the sintered anode and

(@)

(b)

Fig. 5 Pictures of the electrolyte impregnated components (a) Matrix
after burn out at 650°C (b) Li/Na electrolyte impregnated
matrix; 80% of volume is filled with Li/Na electrolyte (c) Li/
Na electrolyte impregnated cathode; 80% of volume is filled
with Li/Na electrolyte

cathode and the burnt-out matrix were used.
The electrolyte
investigated using a contact angle analyzer (OCA 25, Dataphysics).”®

impregnation process of the cathode was

Fig. 4 presents pictures of the electrolyte impregnation process. The
cathode with the size of 10 mm 10 mm was placed on the quartz
plate. Li,CO; and Na,CO; powders with the molar ratio of 52:48
(eutectic composition) were distributed on the cathode. After that,
the chamber was heated up to 650°C with a heating rate of 2°C/min.
The electrolyte powder on the cathode did not melt until the chamber
was heated up to 510°C. After the chamber was heated to 516°C,
most of the electrolyte had melted and immersed into the cathode.

For example, 80% of the cathode pores and the matrix pores were
filled with electrolyte. Fig. 5(a) shows the results of the matrix after
burn out. Fig. 5(b) (Lig52/Nag.4g),CO3
impregnated matrix. Fig. 5(c) shows the electrolyte impregnated

shows electrolytes
cathode. Using these electrolyte impregnated components, the
characteristics of the electrolyte impregnation process were studied.
There was no large difference between the conventional components
and electrolyte impregnated components in terms of the external
appearance.

Fig. 6(a) presents the scanning electron microscope (SEM) images
of the matrix after burn-out at 650°C. Fig. 6(b) presents the SEM
image of the electrolyte impregnated matrix. Fig. 6(c) and (d) present
SEM images of the cathode before and after the electrolyte
impregnation process. Both in the matrix and the cathode, electrolytes
on the components were melted and impregnated into the
components. Finally, the melted electrolytes were solidified and the
pores of the matrix were filled with (Li/Na),COj; electrolyte after the

electrolyte impregnation process.
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Fig. 6 SEM images of the electrolyte impregnated components (a)
Matrix after burn out at 650°C (b) Li/Na electrolyte
impregnated matrix; 80% of volume filled with Li/Na
electrolyte (c) NiO Cathode after sintering at 800°C (d) Li/Na
electrolyte impregnated cathode; 80% of volume filled with Li/
Na electrolyte

Table 1 Operating condition of the 25 cm? single cell

1 atm
0.2 MPa

Pressure
Sealing pressure
Gas utilization
(Anode H, / cathode O, and CO,)

0.1 at 150 mA/cm?

Gas flow rate Anode 357 sccm
W Cathode 952 sccm
H,/CO,/H,O
Input gas Anode =0.72:0.18:0.1
Composition Air/CO,
Cathode ~0.7-03

2.2 Operation of the 25cm’ Single Cell with Electrolyte
Impregnated Cathode and Matrix

The operating conditions and gas compositions are summarized in
Table 1. Fig. 7 presents the cell frame of the 25 cm? single cell with
electrolyte impregnated components. A perforated sheet was employed
as the current collector.’ In the operation of the single cell, a Ni -
NiSwt%Al anode, a (Ligs2/Nagas),COs electrolyte
cathode, and a (Ligs»/Nagas),CO; electrolyte impregnated »LiAlO,

impregnated

matrix were used.

Operating conditions are summarized in Table 1. The single cell
was operated at 650°C, 620°C, 600°C, 580°C and 550°C. The gas
utilization for the anode side (H;) and the cathode side (O, and CO,)
were fixed to 0.1 at 150 mA/cm? The reaction of the single cell is
25 ecm?. In order to secure close contacts among components, a sealing
pressure with a value of 0.2 MPa was applied to the single cell. The
current collector was inserted into the cell frame.

Table 2 presents the amount of electrolytes in the standard 25 cm?
single cell and the 25 cm? single cell with electrolyte impregnated
components. In the standard 25 cm?® single cell, 11.8 g of tape-casted

electrolyte green sheets were used. In electrolyte green sheets, the

(b)

Fig. 7 Cell frame of the 25 cm’ single cell (a) Anode cell frame (b)
cathode cell frame with (Li/Na),CO; electrolyte impregnated
cathode

Table 2 Comparison of components weight of the standard single cell
and the single cell with electrolyte impregnated components

25 cm? single cell with

Standard 25 cm? -
electrolyte impregnated

single cell

components

Anode 6.02¢g 598¢g

. 1044 g 12.60 g
Matrix (green sheet) (6.00 g of electrolyte)

1180 g
Electrolyte (green sheet) 8.40 g of electrolyte
8.40 g of electrolytes

6.76 g

Cathode 346 (2.4 g of electrolyte)

*Li,CO; and Na,CO; electrolytes with the composition of 52:48

amount of (Ligs2/Nag45),CO5 electrolyte was 8.4 g. This quantity of
electrolyte can fill 20% of anode pores, 40% of cathode pores, and
100% of matrix pores.

In the case of the single cell with electrolyte impregnate
components, a total of 8.4 g of electrolytes was required. First, 90% of
matrix pores were filled with electrolyte. In that case, 6.0g of
electrolyte powders were employed in the matrix. Residual electrolytes
of 2.4 g were impregnated to the cathode. 87% of cathode pores were
filled with electrolytes. By impregnating electrolytes into the matrix
and the cathode, the required electrolyte can be loaded in the single
cell. As a result, it was not necessary to impregnate the anode with
electrolyte.

3. Results

Fig. 8 presents the IV characteristics of the 25cm’ electrolyte
impregnated single cell and the 25cm? conventional cell. As the
operating temperature decreases, the performance of the cell decreases.
The gas utilization is 0.1 and reactive gases are inserted to the cell
frame in excess. As a result, the effect of the mass transfer resistance
is not dominant and I-V curves are nearly linear. At 650°C, 620°C,
600°C, 580°C and 550°C, cell voltages at 160 mA/cm? were 0.860 V,
0.835V, 0.802V, 0.749 V, and 0.641 V, respectively.

Compared with the conventional 25 cm? single cell using electrolyte
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Fig. 8 1V characteristics of the electrolyte impregnated single cell and
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Fig. 9 Results of the long-term operation of 25 cm?® single cell for
electrolyte impregnated components

green sheet, the performance of the electrolyte impregnated cell was
slightly lower; the cell voltage of the conventional 25 cm? single cell at
650°C and 160 mA/cm? was 0.868 V, giving a difference of only 8 mV.

The performance of the electrolyte impregnated cell with respect to
operation time at 650°C is presented in Fig. 9. During long-term operation,
the current density of 160 mA/cm? was applied. Fig. 10 presents the
distribution of the internal resistance and the N, crossover at the anode gas
outlet. At the first stage of operation, the performance of the cell is very
low compared to normal condition. As the operating time increases, the
performance of the cell increases until 600 hours of operation.

In the earlier stage of the operation, N, crossover and internal
resistance is large compared to normal condition. As the internal
resistance and the N, crossover at the anode gas outlet decreases, the
performance of the cell increased. However, after 600 hours of
operation, the internal resistance of the cell and the N, crossover at the
anode gas outlet increased. At the same time, the performance of the

cell decreased. Generally, due to the electrolyte loss in the matrix cause
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Fig. 10 Distribution of the internal resistance and the N, crossover at
the anode gas outlet

gas crossover which is a critical type of damage in the long-term
operation. Lack of electrolyte in the matrix made internal resistance
increase and the performance of the fuel cell decrease.'™"

At the first stage of operation, the electrolyte in the cathode and the
matrix (87% of cathode pores and 90% of matrix pores) were not
repositioned to the anode, cathode, and matrix. As the operation time
increases, liquid electrolytes were repositioned with objective
impregnation ratio (20% of anode pores, 40% of cathode pores, and
100% of matrix pores) due to the capillary force of porous components.
Finally, the performance of the cell stabilized.

The performance difference between the conventional cell and the
electrolyte impregnated cell was the difference of the internal
resistance. For the conventional cell, the internal resistance was less
than 3 m£2 Increased internal resistance of the electrolyte impregnated
cell reduces performance of the electrolyte impregnated cell than

conventional cell.

4. Discussion

4.1 Analysis of the Components After Cell Operation

Fig. 11 presents the SEM images of electrolyte impregnated cell
components after 1000 hours of operation. After cell operation, only
microstructure of the cathode was changed from Ni to NiO due to
cathode atmosphere (70% Air + 30% CO2).">!* The microstructure of
Ni and NiO can be distinguished from the SEM images. Mircrostrucre
of Ni is connected to each other due to the sintering process as shown
in Fig. 6(c). However, microstructure of NiO was not connected each
other as shown in Fig. 11(d). The size of the NiO sphere is smaller than
that of Ni.

Microstructures of the matrix and the anode did not change. The
SEM image of the matrix presented in Fig. 11(a) is not significantly
different to that observed in a conventional matrix after cell operation.

Around LiAlO, particles, solidified electrolyte was placed. Most of
pores were filled with electrolyte. Fig. 11(c) presents the SEM image

of the anode after cell operation. Before the cell operation, electrolyte
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Fig. 11 SEM images of components of 1000hours operation (a)
Matrix, (b) detailed image of matrix, (c) cathode, (d) detailed
image of cathode, (e) anode, and (f) detailed image of anode

was not present in the anode. However, after cell operation, electrolyte
was found near Ni-Ni5Swt%Al particles.

Fig. 11(b) presents the SEM image of the cathode after cell
operation. Before cell operation, pores of the cathode were filled with
electrolyte as shown in Fig. 6(d). After cell operation, the Ni particles
were oxidized to NiO and electrolyte was found near NiO particles.
Electrolyte filled in the cathode side moved to the matrix and the
anode. Mircrostrucre of Ni is connected to each other due to the
sintering process as shown in Fig. 6(d). However, microstructure of
NiO was not connected each other as shown in Fig. 11(b). The shape
of NiO is spherical shape. The size of the NiO sphere is smaller than
that of Ni.

The amount of remaining electrolyte in the components after cell
operation was measured by the ASTM C373-88 procedure.'*'> Using
acetic acid which did not affect the particles of matrix, anode and
cathode, remaining electrolyte in components was removed. By
measuring the weight of removed electrolyte in components, the
remaining electrolyte in the components after the cell operation was
obtained. The remaining electrolyte was measured by using 5
specimens after cell operation.

Before cell operation, the electrolyte was impregnated in the matrix
pores and the cathode pores are 90% and 87%, respectively. After cell
operation, the average remaining electrolyte in the matrix pores, the
cathode pores and the anode pores are 94.62%, 42.75%, and 21.56%,
respectively. Liquid electrolyte was relocated in the operating condition

\node flow channel

____Cathode _
e Sccor
—

Table 3 Change of the thickness before and after operation with
electrolyte impregnated components

Anode Matrix with Cathode  Wet-seal
electrolyte
Initial thickness 0.72 110 0.70 122
(mm)

Thickness after 0.98 0.66 0.99
operation (mm)

Variation (mm) 0.01 0.12 0.04 0.23
Magnitude of

change (%) 1.39 10.91 5.71 18.85

of MCFCs, and the amount of remaining electrolyte was close to the
target electrolyte impregnation ratio (100% of matrix pores, 40% of
cathode pores, and 20% of anode pores). These changes of the
remaining electrolyte in pores are the evidence of the electrolyte
reposition. From these results, it was found that the impregnated
electrolytes in the cathode and matrix moved between the anode,
cathode and matrix due to capillary forces.

4.2 Change of the Thickness After Operation of 25 cm” Single Cell

In order to investigate the change of thickness for each component
such as anode, matrix, and cathode, the cell frame was cut after 1000
hours of operation to produce a cross-section for analysis. Fig. 12
shows this cross-sectional view of the cell frame. With this visual
inspection, the thickness of anode, matrix, and cathode was measured.

The thickness of electrolyte impregnated components before and
after cell operation is listed in Table 3. The initial thickness of the
electrolyte impregnated matrix was 1.10 mm. After cell operation, the
thickness was 0.98 mm and decreased by 10.91% from the initial
thickness. The change in the thickness of the matrix was the largest
among all components, because the matrix was composed of j<LiAlO,
which is not sintered at the operating condition of MCFCs with a
sealing pressure of 0.2 MPa. The thickness of the anode and the
cathode was decreased by 1.39% and 5.71% respectively. The change
in the thickness of the anode was very small, because Ni-NiSwt%Al
was employed after sintering at 1000°C in the reduced atmosphere in
the anode. The change in the thickness of the cathode was 5.71% and
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was as a result of oxidation from Ni to NiO in the cathodic atmosphere
with (Li/Na),CO; electrolyte.'® The distance from the cathode side wet-
seal and the anode-side wet seal was initially 1.22 mm and decreased
to 0.99 mm after cell operation.

In the conventional single cell, tape-casted electrolyte green sheets
with a thickness of 1.5 mm were used between matrix green sheets.

These tape-casted electrolyte green sheets were melted in the pre-
treatment process and to introduce them into the anode, cathode, and
matrix. Before cell operation, the thickness of the matrix and
electrolyte green sheets were 2.7 mm. After cell operation, the
thickness was 1.06 mm and decreased by 60.74%.

In the conventional single cell using electrolyte green sheets, the
distance from the cathode side wet-seal and the anode-side wet seal
was decreased by 1.74 mm. This change of the distance due to
electrolyte melting was acceptable in the operation of the single cell.
However, in the stack of MCFCs, hundreds of cells were assembled. In
the stack, the cumulative thickness of electrolyte green sheet was very
large. Also, in the pre-treatment process, there can be problems related
to the melting of electrolyte. These problems include: non-uniform
electrolyte melting and thickness change of the MCFC stack. These
non-uniform deformations could result in critical problems in operation
of MCFCs such as gas crossover in the matrix due to fractures.

By employing electrolyte impregnated components, these problems
resulting from electrolyte melting and immersion to components can be
avoided. Fractures of components in the assembling process of stacks
and operations can be avoided.

In addition to the reduced change in the thickness, the pre-treatment
was simplified by employing electrolyte impregnated components. In the
conventional cell, removal rates and the temperatures of binders and
organics in the green sheets of the matrix and electrolyte should be
considered. In the 100 cm? single cell, the pre-treatment time was 1 week.'”
However, the pre-treatment schedule can be simplified by employing
electrolyte impregnated components. It was decreased to 48 hours.

5. Conclusion

In this work, the electrolyte impregnated cathode and matrix for
MCFCs were fabricated and employed in single cell tests. In the
cathode and the matrix, the electrolyte was filled with 90% of matrix
pores and 87% of cathode pores. The characteristics of a 25 cm? single
cell with electrolyte impregnated components were investigated. In the
early stage of operation, N, crossover at the anode gas outlet and the
internal resistance of the cell was lower. As the operating time
increased (120 hours), electrolyte in the cathode and the matrix
relocated and as a result, N, crossover and the internal resistance
decreased. Finally, the performance of the cell was improved to be
similar to that of the conventional single cell.

The thickness change of components was found to be minimized by
employing electrolyte impregnated components. In the single cell with
electrolyte impregnated components, the change of the thickness in
components was reduced by 86.78% (from 1.74 mm to 0.23 mm)
compared to the conventional cell. Through the use of electrolyte
impregnated components, minimized thickness change will decrease
the cumulative impact of thickness change in stacks of MCFCs. Also,

problems in the pre-treatment such as non-uniform impregnation of

electrolytes and thermal stress of components can be prevented.

ACKNOWLEDGEMENT

This work was financially supported by the Renewable Energy
R&D Program (No. 20143010031830 and No. 20163030031860) of
the Korea Institute of Energy Technology Evaluation and Planning
(KETEP), the Global Research Laboratory Program (Grant Number
NRF-2009-00406) funded by the Ministry of Education, Science and
Technology of Korea and the KIST institutional program for the Korea
Institute of Science and Technology (2E27302).

REFERENCES

1. Williams, M. C., Strakey, J. P,, and Surdoval, W. A., “The U.S.
Department of Energy, Office of Fossil Energy Stationary Fuel Cell
Program,” Journal of Power Sources, Vol. 143, Nos. 1-2, pp. 191-
196, 2005.

2. Kim, J.-E., Patil, K. Y., Han, J., Yoon, S.-P., Nam, S.-W., et al.,
“Using Aluminum and Li,CO; Particles to Reinforce the a~LiAIO2
Matrix for Molten Carbonate Fuel Cells,” International Journal of
Hydrogen Energy, Vol. 34, No. 22, pp. 9227-9232, 20009.

3. Saito, T., Itoh, Y., Akiyama, Y., Okudo, K., Nishioka, M., et al.,
“Electrolyte Management of Molten-Carbonate Fuel Cells,” Journal
of Power Sources, Vol. 36, No. 4, pp. 529-535, 1991.

4. Bischoff, M. and Huppmann, G, “Operating Experience with a 250
kWel Molten Carbonate Fuel Cell (MCFC) Power Plant,” Journal of
Power Sources, Vol. 105, No. 2, pp. 216-221, 2002.

5. Morita, H., Komoda, M., Mugikura, Y., Izaki, Y., Watanabe, T., et
al., “Performance Analysis of Molten Carbonate Fuel Cell Using a
Li/Na Electrolyte,” Journal of Power Sources, Vol. 112, No. 2, pp.
509-518, 2002.

6. Yuh, C.-Y, Franco, A., Chen, L., Hilmi, A., Venkataraman, R., et al.,
“Electrolyte Management in Liquid Electrolyte Fuel Cells,” ECS
Transactions, Vol. 65, No. 1, pp. 75-86, 2015.

7. Lee, S. H., Lee, J. H., Park, C. W., Lee, C. Y.,, Kim, K,, et al,,
“Continuous Fabrication of Bio-Inspired Water Collecting Surface
Via Roll-Type Photolithography,” Int. J. Precis. Eng. Manuf.-Green
Tech., Vol. 1, No. 2, pp. 119-124, 2014.

8. Lee, C.-W., Kwon, B.-W., Kang, M.-G,, Ham, H.-C., Choi, S.-H., et
al., “Improved Performance of Molten Carbonate Fuel Cells with
(Li/Na),CO; Electrolytes by Using BYS Coated Cathode at Low
Operating Temperatures,” International Journal of Hydrogen Energy,
Vol. 42, No. 29, pp. 18514-18523, 2017.

9. Lee, C-W.,, Yang, D.-Y.,, Ham, H.-C., and Yoon, S.-P., “A New
Levelling Process Using Skew-Arranged Roll Sets for the Doubly-
Curved Plate,” Int. J. Precis. Eng. Manuf., Vol. 17, No. 10, pp. 1275-
1284, 2016.



286/ APRIL 2018 INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING-GREEN TECHNOLOGY Vol. 5, No. 2

10. Huijsmans, J. P. P, Kraaij, G. J., Makkus, R. C., Rietveld, G, Sitters,
E. F, et al.,, “An Analysis of Endurance Issues for MCFC,” Journal
of Power Sources, Vol. 86, Nos. 1-2, pp. 117-121, 2000.

11. Morita, H., Kawase, M., Mugikura, Y., and Asano, K., “Degradation
Mechanism of Molten Carbonate Fuel Cell Based on Long-Term
Performance: Long-Term Operation by Using Bench-Scale Cell and
Post-Test Analysis of the Cell,” Journal of Power Sources, Vol. 195,
No. 20, pp. 6988-6996, 2010.

12. Yuh, C., Colpetzer, J., Dickson, K., Farooque, M., and Xu, G,
“Carbonate Fuel Cell Materials.” Journal of Materials Engineering
and Performance, Vol. 15, No. 4, pp. 457-462, 2006.

13. Kang, M. G, Song, S. A, Jang, S.-C., Oh, L-H., Han, J., et al.,
“Fabrication of Electrolyte-Impregnated Cathode by Dry Casting
Method for Molten Carbonate Fuel Cells,” Korean Journal of
Chemical Engineering, Vol. 29, No. 7, pp. 876-885, 2012.

14. Standard A., “C373-88,” Standard Test Method for Water
Absorption, Bulk Density, Apparent Density and the Apparent
Specific Gravity of Fired Whiteware Products American Society for
Testing Materials, 2006.

15. Patil, K. Y., Yoon, S. P, Han, J., Lim, T.-H., Nam, S. W,, et al., “The
Effect of Lithium Addition on Aluminum-Reinforced a-LiAlO2
Matrices for Molten Carbonate Fuel Cells,” International Journal of
Hydrogen Energy, Vol. 36, No. 10, pp. 6237-6247, 2011.

16. Mitsushima, S., Matsuzawa, K., Kamiya, N., and Ota, K.-i.,
“Improvement of MCFC Cathode Stability by Additives,”
Electrochimica Acta. Vol. 47, No. 22-23, pp. 3823-3830, 2002.

17. Lee, C.-W., Lee, M., Lee, M.-]., Chang, S.-C., Yoon, S.-P, et al.,
“Effect of the Flow Directions on a 100 cm®> MCFC Single Cell with
Internal Flow Channels,” International Journal of Hydrogen Energy,
Vol. 41, No. 41, pp. 18747-18760, 2016.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


