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Preface 

The third international symposium “Solid Oxide Fuel Cells: Materials and Technol- 
ogy” was held during the 30th International Conference on Advanced Ceramics and 
Composites in Cocoa Beach, FL, January 22-27, 2006. This symposium provided 
an international forum for scientists, engineers, and technologists to discuss and ex- 
change state-of-the-art ideas, information, and technology on various aspects of sol- 
id oxide fuel cells. A total of 125 papers, including three plenary lectures and 
eleven invited talks, were presented in the form of oral and poster presentations in- 
dicating strong interest in the scientifically and technologically important field of 
solid oxide fuel cells. Authors from four continents and 14 countries (Brazil, Cana- 
da, Denmark, France, Germany, India, Iran, Italy, Japan, Sweden, Switzerland, Tai- 
wan, Ukraine, and U.S.A.) participated. The speakers represented universities, in- 
dustries, and government research laboratories. 

These proceedings contain contributions on various aspects of solid oxide fuel 
cells that were discussed at the symposium. Forty one papers describing the current 
status of solid oxide fuel cells technology and the latest developments in the areas 
of fabrication, characterization, testing, performance analysis, long term stability, 
anodes, cathodes, electrolytes, interconnects and protective coatings, sealing mate- 
rials and design, interface reactions, mechanical properties, cell and stack design, 
protonic conductors, modeling, etc. are included in this volume. Each manuscript 
was peer-reviewed using the American Ceramic Society review process. 

The editor wishes to extend his gratitude and appreciation to all the authors for 
their contributions and cooperation, to all the participants and session chairs for 
their time and efforts, and to all the reviewers for their useful comments and sug- 
gestions. Financial support from the American Ceramic Society is gratefully ac- 
knowledged. Thanks are due to the staff of the meetings and publications depart- 
ments of the American Ceramic Society for their invaluable assistance. Advice, 
help and cooperation of the members of the symposium’s international organizing 
committee (Tatsumi Ishihara, Tatsuya Kawada, Nguyen Minh, Mogens Mogensen, 

xi 



Nigel Sammes, Prabhakar Singh, Robert Steinberger-Wilkens, and Jeffry Steven- 
son) at various stages were instrumental in making this symposium a great success. 

It is our earnest hope that this volume will serve as a valuable reference for the 
engineers, scientists, researchers and others interested in the materials, science and 
technology of solid oxide fuel cells. 

NAROTTAM P. BANSAL 
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Introduction 

This book is one of seven issues that comprise Volume 27 of the Ceramic Engineer- 
ing & Science Proceedings (CESP). This volume contains manuscripts that were 
presented at the 30th International Conference on Advanced Ceramic and Compos- 
ites (ICACC) held in Cocoa Beach, Florida January 22-27, 2006. This meeting, 
which has become the premier international forum for the dissemination of infor- 
mation pertaining to the processing, properties and behavior of structural and multi- 
functional ceramics and composites, emerging ceramic technologies and applica- 
tions of engineering ceramics, was organized by the Engineering Ceramics Division 
(ECD) of The American Ceramic Society (ACerS) in collaboration with ACerS Nu- 
clear and Environmental Technology Division (NETD). 

The 30th ICACC attracted more than 900 scientists and engineers from 27 coun- 
tries and was organized into the following seven symposia: 

Mechanical Properties and Performance of Engineering Ceramics and Com- 

Advanced Ceramic Coatings for Structural, Environmental and Functional 

3rd International Symposium for Solid Oxide Fuel Cells 
Ceramics in Nuclear and Alternative Energy Applications 
Bioceramics and Biocomposites 
Topics in Ceramic Armor 
Synthesis and Processing of Nanostructured Materials 

posites 

Applications 

xiii 



The organization of the Cocoa Beach meeting and the publication of these pro- 
ceedings were possible thanks to the tireless dedication of many ECD and NETD 
volunteers and the professional staff of The American Ceramic Society. 

ANDREW A. WERESZCZAK 
EDGAR LAM-CURZIO 
General Editors 

Oak Ridge, TN (July 2006) 
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DEVELOPMENT OF TWO TYPES OF TUBULAR SOFCS AT TOTO 

Akira Kawakami, Satoshi Matsuoka, Naoki Watanabe, Takeshi Saito. Akira Ueno 
TOTO Ltd. 
Chigasaki, Kanagawa 253-8577 Japan 

Tatsumi Ishihara 
Kyushu University 
Higashi, Nishi 8 19-0395 Japan 

Natsuko Sakai, Harumi Yokokawa 
National Institute of Advanced Industrial Science and Technology (AIST) 
Tsukuba, Ibaraki 305-8565 Japan 

ABSTRACT 

developed lOkW class tubular SOFC modules for stationary power generation using Japanese 
town gas (13A) as fuel. A small module which consisted of 5 stacks (a stack consisted of 2 x 6 
cells) generated 1.5kW at 0.2A/cm2 and achieved 55%-LHV efficiency at an average 
temperature of 900°C. A thermally self-sustaining module consisting of 20 stacks achieved 
6.5kW at 0.2A/cm2 and 50%-LHV. 

relatively lower temperatures. The single cell generated 0.85,0.70, and 0.24W/cm2 at 700"C, 
600"C, and 500°C, respectively. We built and evaluated a stack consisting of 14 micro tubular 
cells, and it successfully demonstrated 43W. 37W and 28W at a temperature of 700°C, 600°C, 
and 500°C. respectively. 

INTRODUCTION 
TOTO is the top sanitary ware manufacturer in Japan and highly experienced in 

traditional and advanced ceramic products. Solid Oxide Fuel Cells (SOFCs) are mainly 
composed of ceramics, and our fabrication technology has been utilized to produce high 
performance SOFCs at a low cost. TOTO started the research and development of tubular type 
SOFCs in 1989. From 2001 to 2004, we successfully completed a lOkW class thermally self- 
sustaining module test in a New Energy and Industrial Technology Development Organization 
(NEDO) project'). Since 2004, TOTO started a new collaboration with Kyushu Electric Power 
Co., Inc. and Hitachi, Ltd. in a new NEDO project. We are developing a co-generation system by 
integration with the TOTO stack. On the other hand, TOTO also started the development of 
micro SOFCs using micro tubular cells (diameter is less than 5mm) from 2002 under another 
NEDO project. In this paper, we summarized the current status of two types of SOFCs R & D at 
TOTO, i.e. tubular SOFC for stationary power generation and micro tubular SOFC for portable 
power application. 

TOTO TUBULAR SOFC 
Cell development 

The schematic viewgraphs of the TOTO tubular cell are shown in Figure 1. A perovskite 
cathode tube is formed by extrusion molding. A zirconia electrolyte and a nickelizirconia cermet 

The current status of two types of SOFC R & D at TOTO is summarized. We have 

We have also developed micro tubular SOFCs for portable application, which operate at 

3 



Development of Two Types of Tubular SOFCs at TOTO 

Components 
Cathode Tube 

Electrolyte 
Anode 

Interconnector 

anode are coated onto the tube by the TOTO uet process”. A vertical interconnector is coated 
along the tube in a strip. The diameter of the cell i s  16Smm and the active length is 66Omm. Fuel 
gas is supplied to the outside of the cell, and air is supplied to the inside by a thinner air supply 
tuhe. Recently. the materials used for cells are changed as shown in Table 1. The neu material 
configuration resulted in the improvenient of cell performance as shown in Figure 2.  especially 
in lov.er operating temperatures. Our latest cell worked best at temperatures over 850°C. 

p Air Supply Tube 

Previous Type Cell New Type Cell 
(La,Sr)MnOi (La.Sr)MnOj 

YSZ scsz 
NiiYSZ Ni/YSZ 

(La,Ca)CrOj (La,Ca)CrOa 

Cathode 

Cell 

Figure 1.  Schematic view of TOTO tubular cell. 

7.50 800 850 900 950 1000 1050 

Temperature 1- 

Figure 2 .  Cell performances as a function of operating temperature. 
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Development of Two Types of Tubular SOFCs at TOTO 

Stack development 
Twelve tubes are bundled in a 2x6 stack with nickel materials connecting an 

interconnector of one cell and the anode o f  the next (Figure 3). A stack was installed in a metal 
casing and heated by an electric furnace. Simulated fuel of partially steam reformed toMn gas 
w'as supplied to the stack. The town gas was assumed to be 50% steam reformed under SIC 
(steam carbon ratio) -3.0. A stack generated 0.34kW at a current density of 0.2A/ cm2 at a 
temperature of 940°C. The maximum efficiency for DC output of the stack mas 57%-Lower 
Heating Value (LHV) calculated on the basis ofequijalent town gas (Figure 4). 

Figure 3. Appearance o f  TOTO stack. Figure. 4 Perfomiance of 2x6 stack. 

Small module (quarter size module) 
The thermally self-sustaining operation indicates that the modules generate power 

without any external heat supply. A quarter-size small size modules. which consisted of 5 stacks 
were made and tested for hasic ekaluations to realize the thermally self-sustaining operation. The 
small module and its metal casing here c o w e d  with a ceramic insulator. In this test, the 
desulfurized town gas was partially steam refonlied through a reactor. The reformer was installed 
outside of the module with an electric furnace as shown in Figure 5. The conversion of steam 

i Refor? 

Burner 

Figure 5. Flow diagram of small SOFC module. 
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Development of Two Types of Tubular SOFCs at TOT0 

reforming can be controlled independently uith reformer temperature. However the higher 
hydrocarbons such as ethane (C2Flh). propane (CIH~)  and butane (CJHIO) were completely 
converted. The residual CH4 was internal11 reformed on the anode, and the endothermic effect 
was utilized to maintain the homogeneous temperature distribution of the module. The outlet fuel 
and air were mixed and bumed above the module. and this combustion heat nas used for air pre- 
heating. Those improvements in temperature distribution and fuel gas distribution strongly 
affected on the module performance. We succeeded to operate a module with 1.6kW at 0.2A/cm2 
at an average temperature of 900°C uhich corresponds to the effkiency of40%-LHV for 3000 
hours. The maximum efficiency was 55 %- LHV. which obtained for different module. 

Themially self-sustaining module 
A ten kW class module consisting of four quarter-size modules is fabricated for thermally 

self-sustaining operation (Figure 6). An integrated heat exchanging steam reformer was mounted 
above the module. It consisted of an evaporator, pre-heater and reformer. However, the stability 
of the evaporator was not clearly demonstrated, therefore steam was supplied by another 
evaporator with an electric f m c e .  The gas flow was simple, and it does not include any gas 
recycles as shown in Figure 7. The module, the after-burning zone, and the reformer were 
covered with a ceramic insulator. A conimercial steam reforming catalyst was embedded in the 
reforming section. The desulfurized town gas was supplied to the modules after being partially 
steam reformed. In the test. the heat of exhaust gases was used for steam refonning through the 
reformer. The module was heated by a partially oxidation burner and air heaters from rooni 
temperature. 

The voltages of each stack. and of the 2-cells in a quarter module, w-ere monitored. and 
the variation of the voltages was quite small. The module generated 6.5kW at 0.19A/cmZ and 
46%-LHV (Table 2 Test 1 ). The improved module generated 6.5kW at 0.2A/cm2 and 50%-LHV 
(Table 2 Test 2). The themially self-sustainability of both operating condition were confirmed. 
The test was shifted to evaluation of long-term stability under the condition of Test 1 .  No 
degradation was observed in the module or the integrated heat exchanging steam reformer during 
the operating time of 1000 hours (Figure 8). 

Stack 

Figure 6. Stack layout and appearance of thermally self-sustaining SOFC module. 
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Development of Two Types of Tubular SOFCs at TOT0 

Items 
Power(kW) 

Uf (Yo) 
Current Density (A/ cm2) 

Ave. Cell Voltage (V) 
Efficiency (YO-LHV) 

Module 

~ 

Test 1 Test 2 
6.4 6.5 
70 75 

0.19 0.20 
0.69 0.70 
46 50 

Figure 7. Flow diagram of thermally self-sustaining SOFC module system. 

Table 2. Perfoniiance of thermally self-sustaining SOFC module. 

1000 

f 

3 800 .. 
c 
n 
x 

c: 
.- 
& 600 

._ 
g 200 
F 

0 

100 

80 2 
___ 

Power* 10 

Efficiency 

Qurrent Density 

0 

0 120 1-40 360 480 600 720 840 960 1080 
Tim& 

Figure 8. Long term stability of thermally self-sustaining SOFC module. 
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Development of Two Types of Tubular SOFCs at TOTO 

Component 
Anode Tube 

Anode Interlayer 

Electrolyte 

Cathode 

Material Fabrication Firing 
NiO/YSZ Extrude Molding 

NiOiGDC 10 Co-Firing 

LSCF Firing 

LDC~O(G~ZO~)-LSGM sluny coating 
(Double Layered) 
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Development of Two Types of Tubular SOFCs at TOTO 

Figure 9 is a picture of a micro tubular single cell. The diameter of cell is 5mm, and the 
acthe length is 5 0 m .  The single cell was jointed to the current collector cap with silver braze 
metal and its performance was tested in a furnace. Figure 10 shows the evaluation method for 
single cell performance. A fuel gas was supplied inside the cell, and air was supplied to the 
outside of the cell. The current voltage and impedance ofthe single cells were measured using a 
potentiostat and a frequency response analyzer in the 500 to 700°C temperature range. 

Figure 9. TOTO micro Figure 10. Evaluation method for single cell performance. 
tubular cell. 

Figure 11 s h o w  the typical I-V curves ofa  micro tubular single cell using dry Hz in Nz 
as fuel. Hz flow was fixed at 0.12Limin. The open circuit voltage (OCV) was close to the 
theoretical value. It indicated that the electrolyte has a good gas tightness. and the chemical 
reaction between LSGM and Ni are effectively avoided by the LDC40 layer. The mavimum 

I .2 

I 1  

I 0  

O D  - 
0 6  .E 

05 : 
04 g 

9 F i  5 

0.b 
z 

0.3 

0.2 

0.1 

00 
0 0 i'i I (1 1 5  20 

Current t km i t ) iA ,  cin21 

Figure 11. I-V characteristic of micro tubular single cell. 
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Development of Two Types of Tubular SOFCs at TOT0 

power densities were 0.85.0.70, and 0.24W/cm2 at 700"C, 600°C. and 500°C. respectively. 
Figure 12 shows the impedance spectra o f a  micro tubular cell measured under 0.125A/cmz at 
various teniperatures. It has been generally assumed that the intercept with the real-axis at the 
highest frequency represents the ohmic resistance. and the aidth of low frequency arc represents 
the electrode resistance. The electrode resistance increased significantly with decreasing 
operation temperature. and ohmic resistance at 500°C was very high. The most likely cause of 
the high resistance is the low ionic conductivity ofI,DC40. Therefore, it is expected that the cell 
performance can be improved by optimizing the anode electrode and the thickness of LDC40 
layer. 

under 0.125Aicm' at 700°C and 600°C. The observed cell voltage was close to the theoretical 
value calculated by the Nernst equation. It indicates that the micro tubular cell can be operated at 
a high efficiency. 

Figure 13 shows the fuel utilization effects on micro tubular cell performance measured 

*== 
, ............... #*!. ... ....... 

/-AA : . 
: 4. 

:.,, -6\ ..... {. ........ !,.. ... 

0 

..a*. 

.m 
, . . . . . .  ........ A U .  .. 

" " (  1 ? >  
L i l i i i " ,  

Figure 12. Impedance of micro tubular cell. 
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ., 

0 20 40 60 80 I W  

FttI'I Utilivatlon (a4 

Figure 13. Fuel utilization effect on micro 
tubular cell performance. 

The cell performances using H2 in Nz ( 1: I )  gas mixture or simulated reformate gas were 
compared in Figure 14. The composition of simulated reformate was 32%l-tzl 13%CO. 5%CO2, 
and 500/0N2 based on the preliminary experiment of the catalytic partial oxidation (CPOX) 
reforming of LPG. As shown in the figure. the difference in cell performances was small at lower 
current densities. However, the perfomiance using reformate gas was lower at higher current 
densities at temperatures of 600°C and 700°C. The differences became significant with 
increasing operating temperatures. To identi5 the differences, the impedance spectra were 
measured under a current density of 0.8A/cniz at 700°C (Figure 15). The electrode resistance on 
simulated reformate was higher than that on Hz in N1, and it was thought that this diffrrence was 
caused hy the CO transport resistance from the anode in the high current density area. Therefore. 
we are now trying to improve the anode performance. 

DME flow rate was fixed at 85mL'min and the excess air ratios (air-fuel ratio/ theoretical air-fuel 
ratio) were 0.1,0.2,0.3. and 0.4 respectively. Direct use of fuel without a refonner in SOFCs 
will simplify the system greatly. and this is important for SOFCs. especially in portable and 
transportation applications. DME is an attractive fuel because it is highly active and easily 

Figure16 shows the cell performance using DME: + air mixture as fuel at 550°C. The 
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Figure 14. I-V curve tested on H2 in NL and Figure 15. Impedance tested on Hl in N2 
and simulated reformate gas. siniulated reforinate gas. 

liquefied and stored. As shown in the figure. the use of DME + air as fuel resulted in higher 
performance than that of H2 in Nz and no carbon deposition was observed during operation. 
Figure 17 shows the Dh4E conversion rate and the exhaust gas composition analyzed by a gas 
chromatography. (The water content was not measured.) The DME conversion rate and C02 
content increased with excess air ratio. Therefore. the increased performance achieved by using 
DME + air nlixturr is probably due to the raising cell surface temperatures caused by the 
decomposition and the combustion of DME. (The furnace temperature wa5 kept at 550°C). These 
results demonstrated the high possibility of micro tubular cells being used for direct fueled 
operations 

............. 

31, - .-.- ~ 

Figure 16. I-V curve tested on DME+air mixture Figure 17. DME conversion rate and 
as fuel at SSOOC. exhaust gas composition 

tested on DME+air mixture. 
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Micro tubular stack development 

14 micro tubular cells as shown in Figure1 8. This stack was evaluated in a furnace using 
hydrogen as a fuel. and successfully demonstrated 43W, 37W and 28W power generation at a 
temperature of 700"C, 600°C. and 500°C, respectively (Figure19). Table 4 summarizes the 
results we have obtained from the stack evaluation. The maximum stack power densities were 
478WIL and 239W/bg at 700°C. These results demonstrated that micro tubular SOFCs have a 
high potential for portable and transportation applications. 

In order to evaluate the performance of cells in a bundle, we built the stack consisting of 

, 
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Figure 19. Performance of micro tubular SOFC stack. 

80 

60 

40 CI 

20 

0 

12 . Advances in Solid Oxide Fuel Cells II 



Development of Two Types of Tubular SOFCs at TOTO 

Table 4. Performance of micro tubular SOFC stack at 7OOOC. 
Result 

SUMMARY 
TOTO tubular SOFC 

The 2x6 stack, small module and thermally self-sustaining module of the TOTO tubular 
SOFC were designed and made. They were evaluated using town gas or simulated fuel and 
showed excellent performance. We continually improve the cell performance and the durability 
to advance the module performance. TOTO started the small-scale production of SOFC and trial 
delivery in 2004. The SOFC can be supplied as a stack for the development of stationary power 
generation systems. In 2004, TOTO started a new collaboration with Kyushu Electric Power Co., 
Inc. and Hitachi, Ltd. in a new NEDO project. We are developing a co-generation system by 
integration with the TOTO stack. 

TOTO micro tubular SOFC 
The anode-supported micro tubular cells with thin lanthanum gallate with strontium and 

magnesium doping were developed. The single cells and the cell stack were tested using various 
fuels, i.e. hydrogen, simulated reformate gas of LPG, direct fueling of DME, and they showed 
excellent performance at lower temperatures from 500-700°C. These results demonstrated that 
micro tubular SOFCs have a high potential for portable and transportation applications. Further 
development on durability, quick start up, and compactness of the stack is being undertaken. 
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ABSTRACT 
One of the important trends in recent years is to reduce the operating temperature of solid 

oxide fuel cell (SOFC). Since FY2001, Mitsubishi Materials Corporation (MMC) and The 
Kansai Electric Power Co., Inc. (KEPCO) have been collaborating to develop intermediate 
temperature SOFC modules, which use lanthanum gallate based electrolyte, for stationary power 
generation. 

Our recent study has been focused on the durability of the stack repeat unit which is 
composed of a disk-type electrolyte-supported cell, an anode-side current collector, a cathode- 
side current collector and two interconnects, and on the improvement of the output power density 
of the cell. A long-term test of a stack repeat unit has been performed at 750 "C under constant 
current density of 0.3 A/cm2 with hydrogen flow rate of 3 ml/min/cm2 and air flow rate of 15 
ml/midcm2 for over 10,000 hrs. The decrease in terminal voltage was not observed the initial 
2,000 hrs, but was 1-2 %/1,000 hrs after then. The maximum electrical efficiency attained was 
54 %(LHV) at 750 "C and 0.292W/cm2 with 90 % hydrogen utilization. 

The third-generation 1-kW class module was operated as CHP demonstration system for 
2,000 hrs without significant degradation. 

The fourth-generation I-kW class module successfully provided the output power of 1 kW 
with thermally self-sustained operation below 800 "C. The average electrical efficiency 
calculated from the experimental data for 21 hrs stable operation was 60 %(LHV). 

INTRODUCTION 

A solid oxide fuel cell (SOFC) is an energy conversion device receiving great deal of 
interest because of its high electrical efficiency, environmental compatibility, and ability to 
utilize variety of fuels. However, there are a number of problems before realizing a low-cost 
high-performance SOFC, arising from the high operating temperature as high as 1,000 "C. A 
reduction in operating temperature ( 4 0 0  "C) in SOFC can decrease materials degradation and 
facilitate the use of low-cost metallic components for interconnect? etc. instead of more 
expensive ceramic materials. 

Recently Ishihara et al. reported a reduced-temperature SOFC using the perovskite-type 
oxide of doped LaGa03 as electrolyte "I. In particular, LaGaO3 where Sr was substituted for the 
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La-site and Mg and Co for the Cia-site (Lao aSro zGao xMgo 2-\c0\034) '' 'I was highly interesting 
from the viewpoint of decreasing the operating temperature. 

Mitsubishi Materials Corporation (MMC) and The Kansai Electric Power Co., Inc. 
(KEPCO) have been collaboratiiig to develop intermediate-temperature SOFC (IT-SOFC) 
modules, which use the above-mentioned lanthanum gallate-based electrolyte. for stationary 
power generation units since FY2001, The target of the development for the forthcoming several 
years is to commercialize 10-kW class high-efficiency 1 T-SOFC module. The module of this 
particular size is being designed and coiistnicted by MMC and will be integrated into the 
combined heat and poner (CHP) generating system which is subsequently being developed by 
KEPCO under Nem Energy and Industrial Technology Development Organization (NEDO) 
program. 

In this paper, the performances of the SOFC stack repeat unit and the recent generations of 
1 -k W class modules operated at intermediate temperatures are reported. 

EXPERIMENTAL 

The electrolyte powder mixture is prepared by using the conventional solid state reaction 
technique with commercially abailable starting powders of L a 0 3  (99.99 %). SrCOj (99.9 %), 
Cia203 (99.99 %), MgO (99.99 ?4) and COO (99 YO). In particular, these commercial powders 
were mixed proportionally to the composition of Lao 8Sro 2Gao 8Mgo ISCOO os03-d(LSGMC) by 
ball-milling and then calcined at 1.200 "C in air. The calcined powders were ground again and 
mixed with a binder and an organic solvent for 1 day. and the prepared slurry was tape-cast to 
make green sheet. After drying, disks were cut out from the sheets. and sintered at 1.400-1,500 
"C in air after removing organic additives at temperatures lower than 1,000 "C. The thickness of 
the sintered specimens were 200-250pm. and their densities were larger than 98 % of the 
theoretical value. 

NiiCeo.sSmo.~02-g(Ni/SDC) and Smo.jSro.sCoO3-d(SSC) were used for the anode and the 
cathode, respectively. The area of 113.1 cm2 (9120 mm) was first coated with a slurry of a 
mixture of the anode powders and an organic binder on a surface of the electrolyte, followed by 
calcination at 1.200-1,300 "C in air. Then. the cathode was coated similarly on the opposite 
surface of the electrolyte. follow-ed by calcination at 1,100-1,200 "C. Disk-type electrolyte- 
supported cells are shown i n  Figure 1. 

Figure 1 .  Disk-1) pe electral! re-supported cells. 
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Current collector 

Interconnect 

Figure 2.  Schematic illustration for the disc-tvpe seal-less SOFC stack repeat unit. 

For the power-generation experiment, the seal-less stack repeat unit shown in Figure 2 uas 
used. As current collectors, porous metallic sheets were attached to the electrodes. The current 
collectors were sandwiched between separators made of ferritic stainless steel with special 
surface treatment to maintain contact resistances within acceptable levels and the cell. The 
electric current was taken out directly from the interconnects. The stack repeat unit set with a test 
cell was placed in a uniform temperature field generated by electric heater plates. Dry hydrogen 
was preheated and supplied to the anode regulated by n mass flov. controller. Air was preheated 
and supplied to the cathode regulated by a floater-type flow meter at a voluinetric rate at five 
times of hydrogen flow. All power generation tests were carried out at 650, 700, 750 and 800 "C 
with t j  pica1 voltage-current measurenients starting from the open circuit boltage (OCV) down to 
0.5 v. 

PERFORMANCES OF THE STACK REPEAT UNITS 

Figure 3 shows the temperature dependence of the electrical conductivities of doped 
lanthanum gallate and stabilized ZrOz. It is noted that the electrical conductivity of 
Lao 8SrorGao sMgo iCoo 1O3-ais much higher than that of the conventional electrolytes. 

Temperature ("C) 

1 ooorr ( K ' )  

Figure 3 .  Electrical conductivity of various oxides. 
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Figure 4. Voltage-current characteristics of the stack repeat unit. 

For a given thickness, the same level of electrical conductivity with other materials can be 
achieved at much lower temperatures w-hen Lao xSm 2Gao xMgn icon 103-ais used as an electrolyte. 

Figure 4 shows the typical power generating characteristics of the stack repeat unit at 
650-750 "C. It is observed that the output power density was 0.248 W/cmZ at 0.3A/cm2 and 
750°C with 70 % hydrogen utilization under air flow rate of 15 mllmnin/cm' and dry hydrogen 
flow rate of 3 ml/min/cm2. And thus, the electrical efficiency was 45.8 %(LHV). The maximum 
output power density of0.71 W/cni' was attained at I .2 Aicm' and 750 "C with 90 Yn hydroge? 
utilization under air flow rate of 45 ml/niin/cniz and dry hydrogen flow rate of 9 ml/min/cm-. 
The corresponding electrical efficiency was 43 %(LHV). Table 1 summarizes the typical power 
generating characteristics of the stack repeat unit as a function of temperature. The data 
correspond to measurements performed at a specified current density and fuel utilization (Ut) 
for temperatures between 650 "C and 800 "C (see columns 2,3.4,5). On the other hand. the 
column number 6 is for values obtained for the highest conversion efficiency and the column 
number 7 is for the maximum power density at 750 "C. Although the peak output power was 
achieved at 750°C. the variation in terminal voltage at 0.3A/cm2 and Uf 70 % was only a few 
percent in the temperature range between 700 and 800 "C. Therefore, i t  is confirmed from these 
experiments that the operating temperature of the SOFC may be decreased to ca. 700 "C 
without compromising the performance of cells developed in the current program. 

Output power ( W)* 
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Despite the fact that the cells are capable of generating much higher power densities, we decided 
to operate them at lower power densities and l o w r  fuel utilizations for eliminating complexities 
such as cell degradation. heat management etc. 

A long-term test of a stack repeat unit has been done at 750 "C and 0.3 .4icmz with 
hydrogen flow rate of 3 rnllrninicn~~ and air flow rate of 15 niliminicm2 for over 10,000 hrs. The 
variation in terminal voltage is shown in Figure 5 .  It was found that no decrease in terminal 
voltage occurred during the initial 2,000 hrs. However, during the rest o f  the test period the 
decrease in terminal voltage was 1-2 %/1.000 hrs. 

(1 2iKi0 411011 hlt(ll1 X O O ~  il11llK) 12000 

Time (11) 

Figure 5. Variation ofthe terminal voltage during the stability test ofthe stack repeat unit. 

PERFORMANCES OF THE 1 -kU' CLASS MODULE 

Following the success of earlier 1 -kW class modules, the third-generation I-kW class 
module has been manufactured for CHP generation system demonstration. The module shown in 
Figure G contains a single-stack of 46 cells. a pre-reformer. a steam generator. and heat 
exchangers for fuel and air. Desulfwized town gas. deionized water. and air are supplied to the 
module at room temperature. Electric heaters are used for the initial start-up then turned off once 
the stack reached the temperature high enough for the steani-refornling and for the 
electrochemical reactions. During the thermally self-sustained operation, the stack temperature is 
controlled by adjusting the air flow rate. 
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of 90 "C Has produced utilizing the module exhaust gas during the operation at AC' output power 
of1 kW. 
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Figure 8. Long-term stability of the third-generation 1 -kW class module. 

A long-term stability test of the demonstration system was also performed. During the test, 
the system was controlled to provide 1 kW-AC power output. then the DC terminal voltage of 
the module was periodically measured at prescribed current and fuel flow rate. As shown in 
Figure 8, durability of the module over 2.000 hrs was demonstrated successfully. 

The fourth and the latest generation module confirmed the integrity of the design concept of 
the cell stack and the hot BOP components such as pre-reformer, steam generator. and heat 
exchanger of both air and fuel built within the module. The external view of the module is shown 
in Figure 9. 

One of the major design improvements from the earlier generations to the fourth generation 
was the optimization o f  both temperature profile and heat-flux distribution within the module to 
attain higher efficiency. In order to complete this task for higher efficiency, in the fourth 
generation stack, a novel interconnect plate with internal gas manifolds was designed. The new 
design requires reduced number of stack components. Air and fuel inlets are situated at the 
opposite corners of the square interconnect plate. The interconnect plate is designed in such a 
way that the gas manifolds are constructed by stacking the interconnect plates and the ceramic 
rings alternately as shown in Figure 10. Stud bolts are used to fixate the entire stack between the 
end plates while providing the necessary compression for preventing gas leakage between 
ceramic rings and interconnects. Axial compressions needed for the gas manifolds and for the 
electrochemically active region are separated by introducing cantilevered arms to interconnect 
plates. With this elegant design, the axial compression applied to the electrochemically active 
region is optimized to nlinimize the contact resistances and at the some time to eliminate the 
possibility of mechanical failure of the stack components. 

The DC power output of 1.160 W was recorded at the output terminals under thermally self- 
sustained and stable operation of the forth-generation module against the design target of 1.120 
W. Desulfurized town gas was supplied to the module as fuel and air was utilized as oxidant at 
room temperature. 
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Fuel Town gm*l 

DC power output 1145W 

Figure 10. The fourth-generation stack unit design with internal gas manifolds 

DC teiminitl voltage 

DC conversion efficiency 

Deionized water was pumped into the module again at room temperature for steam reforming of 
the town gas, which was carried out within the module. The observed stack average temperature 
was 758 "C. The average conversion efficiency carefully calculated from the experimental data 
for the 21 hrs stable operation bas  60 %(LHV). The typical perfoiniance of the fourth generation 
module is shown in Table 3. 

35.9v 

60%LH\' 

I DC current I 31.9A I 

1 Fuel utilization 1 81% 1 
~~~ 

1 Average stack temperature I 758 o c  -1 
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CONCLUSIONS 

We have characterized the power-generation of the stack repeat unit using LSGMC 
electrolyte in the temperature range between 650 and 800 "C. The maximum output power 
density of 0.71 W/cm* is attained at 1.2 Akm2 and 750 "C with 90 % hydrogen utilization under 
air flow rate of 45 ml/min/cm2 and hydrogen flow rate of 9 ml/minicm2. The voltage drop was 
1-2 %/1,000 hrs for 2,000-10,000 hrs at 750 "C and 0.3 A/cm2 with 70 % hydrogen utilization 
under hydrogen and air. 

The third-generation 1-kW class module was operated as CHP demonstration system for 
2,000 hrs without significant degradation. The fourth-generation 1 -kW class module was 
successfully constructed using interconnect plates with internal manifolds. Output power of 1 - 
kW and the electrical efficiency of 60 %(LHV) with thermally self-sustained and stable 
operation was achieved below 800 "C. 
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ABSTRACT: 
This paper describes an intermediate temperature solid oxide fuel cell (ITSOFC), 

based on porous Lao 7sSr0 2Kr0 5Mn0 ( 0 3  (LSCM) anode, Lao gSro 2Gw 8MgO 2 0 2  8 (LSGM) 
electrolyte, and porous Lao 6Sr0 4MnO3 (LSM) cathode. Using different amounts of 
poreformers, binders and firing temperatures, the porosity of the anode was optimized while 
still retaining good mechanical integrity. The effect of cell operation condition under saturated 
hydrogen fuel on the SOFC open circuit voltage (OCV) was also investigated. It is shown that 
20 mLimin flow rate of saturated hydrogen results in an initial OCV up to about 1.OV for a 
single cell. The cell was tested for more than 500 hours maintaining high values of OCV 
(0.9V). Increasing the hydrogen flow rate up to 200 mL/min, results in enhanced OCV values 
up to 0.99V. 

1. INTRODUCTION: 

In conventional SOFCs Ni-zirconia cermet (NO-YSZ) is used as the anode material 
while the electrolyte is yttria stabilized zirconia (YSZ) and the cathode is a strontium doped 
lanthanum manganite (LSM) [1,2,3]. Such a cell operates in the temperature range of 850- 
1000°C. However, the intermediate temperature operation conditions (600-800°C) not only 
reduce the cost, but also improve performance and the SOFC stack long-term endurance. In 
order to optimize the SOFC performance in the intermediate temperature range, the 
corresponding alternative materials can be used [4,5], such as ceria or lanthanum oxides that 
are cost effective alternatives for YSZ. The Gd203 doped CeO2 (GCO) has higher ionic 
conductivity than YSZ [6,7] and lower thermal expansion coefficient than Co-based 
perovskites [S], which make it attractive for intermediate temperature SOFC electrolyte 
applications. However, the reduction of Ce4+ to Ce3' can cause some electronic conduction, 
which results in a power loss [9]. Another alternative for YSZ electrolyte is Mg doped 
lanthanum gallite (LSGM) that is known to possess lower resistivity and higher ionic 
conductivity compared to that of YSZ [10,1 I]. High catalytic activity for oxygen dissociation 
and good chemical stability over wide range of oxygen partial pressures are other advantages 
of LSGM [10,12,13]. LSM can be used as a proper cathode material for LSGM electrolyte 
since there is no interfacial reaction reported between these two materials applying firing 
temperatures up to 1470°C [14], however the fabrication process is important to achieve 
proper cathode microstructure [ 151. 
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The goal of this work was to optimize the anode and cell struchue considering both 
microstructural changes during sintering process and cell performance under OCV conditions. 

2. EXPERLMENTAL PROCEDURE: 

2.1. Manufacturing of anode pellets 
Different amounts of poreformer were used for making pellets for anode support. 

Mixing of 5-10wt% potato fiber as porefornier with LSC,M powder resulted in 40-50% 
porosity of anode supported pellets. Organic binder composition 1161 was used in some 
samples in addition to the pore-fomier. In this case the LSCM powder was mixed with 5wt% 
of poreformer and 5wt% of binder. The mixture dried overnight. was heated for couple of 
hours at lOOk7"C. and then kept overnight again before grinding. The anode supported pellets 
were uniaxially pressed under 35OOpsi load and tired at 1200°C for 2 hrs. 

2.2. Electrolyte supported cells preparation 
Pellets of electrolyte were made using LSGM powder under applied pressure of 

35OOpsi. These pellets were fired for 2 hrs at 1400°C. Anode slurry was made adding 
methanol to the mixture of LSCM powder and 5% potato fiber poreformer. This slurry was 
brushed on a surface of siiitered electrolyte pellet and after drying at room temperature fired 
for 2 hrs at 1200°C. Then LSM cathode i d  was painted on the other side of the pellet and 
after drying at room temperature fired at 1200°C for 2hrs. Compared to the anode supported 
cells, the electrolyte supported cells have the advantage of having higher porosity in anode 
layer since the electrolyte is fired first. Thus, lower anode sintering temperature results in 
higher mass transfer rate in anode. 

2.3. Fuel cell testing procedure 
The spiral silver wires used as current collectors were attached to the anode and 

cathode of the cell using Alfa Aesar silver conductive adhesive paste. The paste was cured at 
1 50°C for 0.5-1 hour to obtain strong bonding and good contacts and then (Figure 1) the cell 
was attached to an alumina tube using sealant to prevent reaction between air and fiiel 
mixtures. Ceramabond 552 from Aremco products, Inc. was used as the sealant. The sealant 
was dried at room temperature for 2 hrs and then cured for 2 hrs at 93°C and 2 hrs at 260°C. 
Steel tubes were sealed on the other end of the alumina tube to let the fuel in and out. 
Saturated hydrogen passing inside the tube was blown to the anode side, while air was blown 
to the cathode side using a sinall blower. The hydrogen flow rate was controlled using FCTS 
GMET gas box by Lyimtech Industries. Ltd. and then hydrogen was passed through a 
humidifier at room temperature. The entire system. including a stainless steel tube to blow air 
to the cathode, was fitted in the furnace. The furnace was fired up to 800°C and kept at that 
temperature during the entire experiment. Both air and saturated hydrogen were blown 
initially while heating up the furnace and during the entire experiment. This experiment is 
repeated several times and the final results are the average of individual experiment's results. 
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Fig. 1. Button SOFC testing rig design 

3. RESULTS AND DISCUSSION: 

3.1. Ewiluation of interfacial anode-electrolj te reactions 
Possible interfacial reactions between anode and electrolyte were studied using XRD 

technique. For this purpose LSCM and LSGM powders were mised in 5050 ratio and the 
pellets made out of this mixture were fired for 2 hrs at 1200°C and 5 hrs at 1400°C. The XRD 
results obtained for these pellets (Figure 2 )  do not indicate any interfacial reaction since the 
corresponding peaks exactly correlate with XRD database. In both case, the major peaks 
indicating an orthorhombic structure with a = 5.487, b = 5.520 and c = 7.752 8, lattice 
parameters. which represents lanthanum gallium oxide. The standard lanthanum gallium 
oxide LaGaO, / 0.5 (LazO3.GazO)) pattern is shown in Figure 2 to compare with the obtained 
resdts. The other peaks about 28-30' are related to the anode as well as some other peaks 
mhich overlap with those of the standard lanthanum gallium oxide. 
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