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Preface 
The second international symposium 3olid Oxide Fuel Cells: Materials and 

Technology" was held during the 29th International Conference on Advanced Ceramics 
and Composites in Cocoa Beach, FL, January 23-28, 2005. This symposium provided 
an international forum for scientists, engineers, and technologists to discuss and 
exchange state-of-the-art ideas, information, and technology on various aspects of 
solid oxide fuel cells. A total of 88 papers, including three plenary lectures and seven 
invited talks, were presented in the form of oral and poster presentations indicating 
strong interest in the scientifically and technologically important field of solid oxide fuel 
cells. Authors from 16 countries (Canada, China, Denmark, England, France, 
Germany, India, Italv, Japan, Russia, South Korea, Spain, Switzerland, Taiwan, 
Ukraine, and U. S.A.) participated. The speakers represented universities, industries, 
and government research laboratories. 

cells that were discussed at the symposium. Thirty six papers describing the current 
status of solid oxide fuel cells technology and the latest developments in the areas of 
processing, fabrication, manufacturing, characterization, testing, performance analysis, 
long term stability, anodes, cathodes, electrolyies, interconnects, sealing materials and 
design, interface reactions, mechanical properties, fuel reforming, etc. are included in 
this volume. Each manuscript was peer-reviewed using The American Ceramic Society 
review process. 

for their cooperation and contributions, to all the participants and session chairs for 
their time and efforts, and to all the reviewers for their useful comments and 
suggestions. Financial support from The American Ceramic Society is gratefully 
acknowledged. Thanks are due to the staff of the meetings and publications 
departments 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 Ka wada, Nguyen Minh, Mogens Mogensen, 
Nigel Sammes, Prabhakar Singh, Robert Steinberger- Wilkens, Jeffry Stevenson, and 
Wayne Surdoval) 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, and other technical people interested in different aspects of 
materials, science and technology of solid oxide fuel cells. 

These proceedings contain contributions on various aspects of solid oxide fuel 

The editor wishes to extend his gratitude and appreciation to all the authors 

Narottam F! Bansal 
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WORLDWIDE SOFC TECHNOLOGY OVERVIEW AND BENCHMARK * 
Ludger Blum, Wilhelm A. Medenberg, Heinz Nabielek, Robert Steinbcrgcr-Wilckens 

52425 JUich, Gcrmany 
FomhUmtnun-Jillich GmbH 

ABSTRACT 

generation technology due to their high electrical efficiency. They pleo display a multi-fucl 
capability @ydrogen, carbon monoxide, methane ctc.), may play a role in carbon Sequestration 
strategies and render the highest electricity generation efficiency in power station h i g n  if 
coupled with a gas turbiie. Still, their development is faced with various problems of high 
temperature materials, design of coat effective materials and manufacturing procarsea and 
efficient plant design. 

overview of the main existing SOFC designs and the main developere active in this field. Based 
on data published in proceedings of international confcrencea during the last years, a comparison 
is made of the rtsulta achieved in cell, stack and system development. 

INTRODUCTION 
Within the last ten years, SOFC development has made big progress which can clearly be 

seen from the tenfold incrcase in power density. A declining interest in SOFC could be observed 
towards the end of the last century, when several of the leading companies terminated their 
activities. amongst them Dornier in Gcrmany and Fuji Electric in Japan. Nevertheless a 
tremendous increase in activities occurred during the last years with companies restarting their 
activities and new industry and research institutions starting SOFCrelated work. 

This report triea to give an overview of the main development lines and summarizes the 
development status, reached at the end of 2004, by presenting a comparison of obtained results in 
cell, stack and ayatcm development. The authors concentrate on the published rcsults of industry 
and the larger mearch centers. We numerous activities at universities are not taken into Bccount 
in order to facilitate the overview. In the following chapten the varioua design variants arc 
presented, followed by a description of the main companies involved and by the status of cell, 
stack and system technology. 

Solid Oxide Fuel Cells (SOFC) are generally considered a promising hture electricity 

This paper will summarize the world wide efforts in the field of SOFC, presenting an 

*This paper haa been published in the lnrernarianal Jaunral afApplred Ceramic Technology. Vol 2. Is 5 The 
lnremrianal Journal afAppliedCeramic Technalagv IS the pnmmy citabon of m r d  

To thc extent authorized under thc laws of the United States of America. dl copyright interests in chis publication M rhc propeny 
of Thc American Cerunic Society. Any duplication. reproduction. of republication of lhis publication or MY pad thereof. without 
Ihe express written consent of The American Cenmic Society or fee paid to the Copyriat Ckdrancc Center. is prohibited. 
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DESIGN CONCEPTS 

far as proof of long term stability and demonstration of plant technology are concerned, the 
tubular concept is far more advanced, while the planar design offers higher power density. 

Tubular Concepts 

Corporation (SWPC). Their concept is based on a porous cathode tube, manufactured by 
extrusion and sintering. The tube length is 1.8 m with a wall thickness of 2 mm and an outer 
diameter of 22 mm (see figure 1). The active length is 1.5 m, which is coated by atmospheric 
plasma spraying first with a ceramic interconnect, then with zirmnia electrolyte on inally 
deposited by EVD (Electrochemical Vapor Deposition) and with an Ni-YSZ anode . The cells 
are connected to bundles via nickel felts. The high ohmic resistance of this concept requires an 
operating temperature between 900 and IO00”C to reach power densities of about 200 mW/cm’. 
To overcome this problem SWPC is working on a modified concept, using flattened tubes with 
internal ribs for reduced resistance (“High Power Density” (HPD) tubes, see also figure 1). A 
similar design, but anode-supported, is being developed by Kyocera **. 

There are hvo main concepts under development - the tubular and the planar design. As 

The most advanced tubular SOFC is being developed by Siemens Westinghouse Power 

8 

Figure 1 : SWPC - tube design, cell bundle and flattened tube ’ 
The Japanese company TOT0 uses the standard tubular design, but started earlier with 

the implementation of cheaper manufacturing technologies *. They chose shorter tubes of 0.5 m 
length with an outer diameter of 16 mm. The US company Acumentrics is developing anode 
supported tubes with a length of 45 cm with an outer diameter of 15 mm ”. A different tubular 
design is pursued by Mitsubishi Heavy Industries (MHVJapan). The single cells are positioned on 
a central porous support tube and connected electrically in series via ceramic interconnector 
rings, which leads to an increased volta c at the terminals of a single tube. Fuel is supplied to the 
inside of the tube and air to the outside 
Planar Concepts 

!23 . 

4 



Within the planar concepts, the electrolyte supported concept and the electrode supported 
concept have to be distinguished. The former generally uses electrolyte made of yttrium 
stabilized zirconia (YSZ) with a thickness of about 100 to 200 pm and an area of 10 x 10 cm' 
(sometimes larger) as the supporting part of the cell. Typical operating temperatures of this 
concept are 850 to 1OOO"C due to the relative high ohmic resistance of the thick elect~~lyte.  In 
case of operation at very high temperatures, ceramic interconnects made of lanthanumchromite 
have been used. Since these ceramic plates are restricted in size, require high sintering 
temperatures, have different thermal expansion behavior in oxidizing and in reducing atmosphere 
and have comparatively bad electrical and thermal conductivity, then is an obvious trend to 
metallic interconnect plates. The advantage of ceramic plates is the negligible corrosion and 
therefore low degradation which sustains the interest in this material. The metallic interconnect 
plates allow on one hand the reduction of operating temperature and on the other hand an 
increase in size. The good thermal conductivity reduces the temperature gradients in the stack 
and allows larger temperature differences between gas inlet and outlet, which reduces the 
necessary air flow for cooling. Since the thermal expansion coefficient of conventional high 
temperaturc alloys is significantly higher compared to zircoN4 a special alloy was developed 
(chromium with 5% iron and I% yttria) by the Austrian company Plansee, which was used by 
Siemens and is still being used by Sulzer Hexis. 
In the Sulzer Hexis design, fuel is supplied to the centre of the electrolyte supported circular cells 
(having a diameter of 120 mm) and flows to the outer rim of the cell, where the fuel gas, which 
has not reacted within the cell, is burned. Air is supplied from the outside and heats up, while 
flowing towards the c e n h  (two-layer interconnect design, see figure 2). The stack is typically 
operated at 950°C. Up to 70 cells are stacked together, delivering 1.1 kW '. Recently, Sulzer 
changed the design to a single plate concept in order to reduce manufacturing costs. 

Figure 2: Sulzer Hexis Cell and Stack ' 
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A joint development between Mitsubishi Heavy Industries and Chubu Electric 
Power Company is the 80 called MOLB-Type (Mono-block Layer Built) planar SOFC. The cells 
arc manufactured up to a size of 200 x 200 mm', based on a comgated electrolyte layer. In this 
way the electrolyte also contains the gas channels, which simplifies the design of the 
interconnects, for which planar ceramic plates arc usod (ace flgure 3). The biggest stack of this 
type was built of 40 layers, delivering 2.5 kW at 1OOO"C. ' 

Figure 3: h4HI and Chubu - MOLB Design I.' 

Since the electrolyte resistance is the most importaot obstacle on the way to fiuther 
reducing the operating temperature the production of thinner electrolytes is a major challenge. 
This can be done by shifting the function of mechanical stabilization h m  the electrolyte to one 
of the electrodes. In this approach the anode is mostly favored, because it generically has a good 
electrical conductivity. Therefore no increase in ohmic resistance is incurred by increasing the 
electrode thickness. Also, the nickel cermet has a good mechanical stability, which allows the 
manufacturing of larger components than with ceramic electrolyte substrates (see figure 4). 

Figure 4: Anode supported cell concept (right) compared to electrolyte supported (left) 

As one of the first institutions, this development was started in 1993 at 
Forschungszentnun Jillich and in the meantime is favored by many developers throughout the 
world as the 'next generation' of SOFC. This concept allows reducing the operating temperature 
down to the range of 700 to 800°C whilst retaining the same power density as electrolyte 
supported cells at 950°C. At the same time this design allows the use of femtic chromium alloys 
for interconnects, because its thermal expansion coefficient corresponds to that of the anode 
substrate. 
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At Forschungszentnun Jiilich, anode substrates em manufactund by w m  pressing with a 
thickness of 1 to 1.5 mm on which an electrolyte d e  by vacuum slip casting with a thickness of 
5 to 10 pm is applied. The stack design is based on a co- or counter- flow arrangement The latter 
is favored in case of natural gas operation with internal reforming. Figure 5 show the stack 
design and a 60 layer stack delivering 1 1.9 kW at 800OC with methane and intemal reforming. ' I  

Figure 5: FZJ - Stack design and 10 kW stack ' I  

Similar concepts are pursued for instance by Global Thermoelectric, DelphiPNNL and 
Haldor TopselRirre National Laboratory. ECN and its spin-off company InDEC (Innovltive 
Dutch Electrochemical Cells, now part of H.C. Starck) manufacture electrolyte supported cells as 
well 89 anode supported cells. 

Other i n s t i t u t i ~ ~ ,  like the DLR in Stuagart, have developed concepts using pure metal 
substrates insttad of the anode cermet to improve mechanical and redox stability. Up to now they 
have nalizcd stacks with three to four layers. 

A completely different design has becn developed by Rolls Royce. Short electrode and 
electrolyte stripes are applied onto a porous ceramic mbstrate, which f u n c t i ~ ~  89 mechanical 
supporting element. The single cells arc co~ected electrically in scrim using short h p e s  of 
ceramic i n t e r ~ o ~ c c t s  and arc operated at about 950°C '. Rolls Royce is currently workin on the 
realization of multiple kW stack units. Ky~cera has started working on a similar concept I . 

IMPORTANT DEVELOPERS 

Benz/Domier and Siemens, terminated their activities in planar SOFC. After 
the number of companies engaged in SOFC development has again i n k  

The following tables list the most important d e v e l o p .  

At the end of the nineties, some of the most important developen in Europe, Daimler- 
interim phase, 

7 



lable I Developers in Europe 

Europe total employem ( c r )  450 - 500 

Table 11: Developers in North America 

North Amerlcm total employeti (cm.) 450 - 500 
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Table m: Developen in Asia and Australia 

County 

Jw 

Inltutlodcompmy Concept M.ln focw In development 

K y m n  cylindriul plvvr nutai4 cells, stack, system 
with Tokyo Gu uxi 
W G M  lmfimnhlp&m" 

tkt hlbullr (.aode Nbmrte) 

Milrubii H a v y  Lndurtria MOLB Design: W, w 4  mct. .ylm 

In the last two decades of the last century, Westinghouse (now Siemens Westinghouse Power 
Corporation S W C )  dominated the development in the USA. Since the "SECA" - program was 
started, the situation has completely changed, and several consortia have been formed and 
activities re-started in the field of planar SOFC. 
In  Japan in the nineties, more than 10 companies were involved in planar SOFC development. 
ARer the goals of the "Shunshine" project of Ned0 could not be achieved completely, a re- 
orientation took place with additional companies starting development. 

DEVELOPMENT STATUS 

Cells 

difficult to compile overview data, especially if they arc supposed to be based on comparable 
operating conditions. In figure 6, this has been attempted for different types of cells at 0 .N  cell 
voltage, (with the most common cathode materials indicated): anode supported cells at 7 5 0 T  
operating temperature, electrolyte supported cells at 800 to 900°C and tubular cells at 900 to 
1OOO"C. Although dircct comparison is difficult because of differing operating conditions and 
fuel gases, it is obvious that the highest power densities arc achieved using anode supported cells, 
preferably with LSF (lanthanum strontium ferrite) cathodes. 

In the field of cell development, many activities ongoing. Therefore, it is quite 
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Figure 6: Power density at 0.7 V for different types of cells at the relevant operating temperature 

Besides the power density, the producible cell size is an important feature in characterizing the 
potential of the technology. Achieved values of the active electrode area are given in figure 7. 

Figure 7: Maximum active cell size manufactured by various companies ‘-Is 
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Meanwhile, the degradation rates of planar cells arc approaching the same range as the 
tubular cells of SWPC. At the same time, the demonsbntcd operation times have clearly 
increased. Both propertics are depicted in Figure 8. 

Figure 8: SOFC cells - degradation rates in inert environment 
(except for Global, who measured in metal housings) k’*11*1411* I’ 

Stach 
Compared to the situation a few yearn ago, there are many more developern with 

proprietary stack technology. Some of them have changed the design in recent yeara, restarting 
developments at lower power. The achieved long tcrm stability of etaclrs with at least two cells 
containing all relevant materials is shown in Figure 9, and the maximum power output achieved 
is shown in Figure 10. 

1 1  



Figure 9: SOFC stacka - degradation rates ‘v‘‘’*’s-” 

Figure 10: SOFC stacks - maximum power * -  I’, I’ 

12 



System 
During the last two years, quite a lot of companies claimed to have established and tested 

complete SOFC systems. Most of them arc first lab-test systems; however. this demonstrates the 
impressive progress that has been made during the last years. Most experience is available at 
Sulzer Hexis (small residential systems) and Siemens Westinghouse (medium sized CHP plants). 
However, field tests have shown that there is still a lot of improvement nccarsary to approach 
reliable and cast competitive systems. This is even more the case for the other developers, as can 
be seen in Table W. So a lot of work still has to be done to reach a reliable status, which can be 
called "prototype" or "prc-commercial". 

Table Iv: Status of system development and testing (ranked by system power) 

SUMMARY AND OUTLOOK 
As far as the development status of system technology and long term stability are 

concerned, the tubular design of SWPC still plays a leading role in the SOFC field. Nevertheless, 
most developen today see a clear advantage in the cost reduction potential of the planar 
technology. This is on one hand due to the more cost efficient manufacturing technologies and on 
the other hand due to the higher power density. In this relation, t h m  is a clear trend towards 
anode supported design, using ferritic chromium steel as interconnect material. Besides increased 
power density, this concept also provides the chance of reducing the operating temperature below 
800°C. Although the development status of the planar design is clearly behind the tubular, 
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considerable progress could be achieved during the recent years. A consolidation of activities can 
be observed, especially in the USA, driven by the SECA program and also in Japan by increased 
engagement of industry. A great push was created by the envisaged application as APU (auxiliary 
power unit), especially in Germany and in the USA. In the stationary field, the main focus is on 
small units in the kW range for residential energy supply and up to several 10 kW for small to 
medium sized CHP applications. 

REFERENCES 

Bilateral Seminars 33, Materials and Processes for Advanced Technology: Materials for Energy 
Systems, Egyptian-German Workshop, Cairo 7.-9. April 2002, ISBN 3-89336-320-3, edited by 
D.Sther, M.Bram, 91-101 (2002) 

Cells Meeting, 18. November 2002, Palm Springs, USA, (2002) 

European Solid Oxide Fuel Cell Forum, Vol. 2, Lucerne, Switzerland 1.4. Juli 2002, 
Proceedings, edited by 1. Huijsmans, 700-707 (2002), 

utilisation in the household", Fuel Cells Bulletin I ,  No I ,  9-1 1 ( 1  998) 

M.; "Development of MOLB Type SOFC", Fifth European SOFC Forum, Vol. 2, Lucerne, 
Switzerland 1.4.  Juli 2002, Proceedings. edited by J. Huijsmens, 708-715 (2002), 

Sources 86, 122 - 129 (2000) 

Pennin n, NJ, USA, Proceedings ( 1999) 

Pennin on, NJ, USA, Proceedings (2001) 

Pennin on, NJ, USA, Proceedings, (2003) 

'Kabs, H.;"Advanced SOFC Technology and its Realization at Siemens Westinghouse", 

'Fuji, H.;"Status of National Project for SOFC Development in Japan", Solid Oxide Fuel 

'Fujii, H.; Ninomiya, T; "Status of National Project for SOFC Development in Japan", 

'Schmidt, M.; 'The Hexis Project: Decentralised electricity generation with waste heat 

hakanishi. A.; Hattori, M.; Sakaki, Y.; Miyamoto, H.; Aiki, H.; Takenoby K.; Nishiura, 

'Gardoer, F. J. et all, SOFC Technology Development at Rolls Royce, Journal ofpower 

'6th Int. Symposium Solid Oxide Fuel Cells (SOFC VT), The Electrochemical Society, 

%I Int. Symposium Solid Oxide Fuel Cells (SOFC VII), The Electrochemical Society, 

%th Int. Symposium Solid Oxide Fuel Cells (SOFC VIII), The Electrochemical Society, 

%uel Cell Seminar, Portland, USA, Proceedings (2000) 
"Fuel Cell Seminar, San Diego, USA, Proceedings, (2003) 
I2Fuel Cell Seminar. San Antonio, USA. Proceedings, (2004) 
"Fourth European SOFC Forum, Lucerne, Switzerland, Proceedings, (2000) 

Fifth European SOFC Forum, Lucerne, Switzerland, Proceedings, (2002) 
I5Sixth European SOFC Forum, Lucerne, Switzerland, Proceedings, (2004) 
'%e Fuel Cell World, Lucerne, Switzerland. edited by U. Bossel, Proceedings, (2004) 
"US DOE, 2004 Office of Fossil Energy Fuel Cell Program Annual Report, (2004) 
181nternational Energy Agency, Annex Xwr (SOFC), San Antonio, USA, (2004) 

f-cell , Stuttgart, Germany, Proceedings (2004) 
20www.ngk.co.jp/infor/develop/topics4/index.html 
1www.shokubai.co.jp/main/06kaihatsofc/sofc_top.html 
22http//global.kyocera.com/news/2003/1 205. html 
23www.tohogas.co.jp 

I4 

I 9  

14 



U.S. DOE SOLID OXIDE FUEL CELLS: TECHNICAL ADVANCES* 

Mark C. Williams 
US Department of Energy 
National Energy Technology Laboratory 
PO Box 880,3610 Collins Feny Road, 
Morgantown, WV 26507-0880 USA 

Joseph P. Strakey and Wayne A. Surdoval 
US Department of Energy 
National Energy Technology Laboratory 
PO Box 10940,626 Cochrans Mill Road 
Pittsburgh, PA 15236-0940 USA 

ABSTRACT 
The U.S. Department of Energy’s (DOE) Office of Fossil Energy’s (FE) National Energy 

Technology Labomtory (NETL), in partnership with private industries, is leading the 
development and demonstration of high efficiency solid oxide fuel cells (SOFCs) and fuel cell 
turbine (FCT) hybrid power generation systems for distributed generation (DG) markets. The 
DOE FE DG program has three aspects: the Solid State Energy Conversion Alliance (SECA), 
Central Power Systems and the High Temperature Electrochemistry Center (HiTEC). NETL is 
partnering with Pacific Northwest National Laboratory (PIWL) in developing new directions in 
research under SECA for the development and commercialization of modular, low cost, and fuel 
flexible SOFC systems. The SECA initiative, through advanced materials, processing and 
system integration research and development (R&D) will bring the fuel cell cost to $400 per 
kilowatt (kw) by 2010 for stationary and auxiliary power unit (APU) markets. The SECA 
program is currently structured to include six competing industry teams supported by a 
crosscutting core technology program (CTP). DOE is ultimately concerned with coal-based 
central power plants. Advanced aspects of solid oxide technology are part of HiTEC R&D. 

INTRODUCTION 
SOFCs use a ceramic electrolyte that results in a solid state unit, an important aspect. The 

conduction mechanism is solid state conduction of 0’- ions. The reaction is completed by the 
reaction of oxygen ions and hydrogen to form water. SOFCs can extract hydrogen from a 
variety of fuels using either an internal or external reformer. They are also leas prone to CO 
poisoning than other fuel cells and thus are attractive for coal-based fuels. SOFCs work well with 
catalysts made of nickel, which is much less expensive than platinum. SOFCs can achieve 
efficiencies of 60 percent stand-alone, or over 80 percent (net) if the waste heat is used for 
cogeneration. Currently, demonstration units exist up to 2 megawatts (h4W). Challenges with 
SOFCs are development of high power density, reducing cost, and better seals and metallic 
interconnects.’ 

For SOFCs, conventional fuels can be used now, and hydrogen can be used in the future. 
Like all fuel cells, SOFCs will operate even better on hydrogen than conventional fuels. 
Therefore, the commercialization path for fuel cells is through portable and stationary markets 
using today’s conventional fuels and then transportation markets using hydrogen. Each market 
offers progressively lower cost potential.f3 
‘This paper har been published in the lniernaiionol Jountol ofApplied Cemmic Techmlqv. Vol 2. Is 4 The 
lniernorional Journal of Applied Ceramic Technolop is the pnrmry citation of rscord. 

To the extent rurhorilrd under UU laws of UU United States of America. all copyright inlcrcsls in this publication arc thc property 
of ThC A ~ C ~ ~ C U I  Ceramic Society. Any duplication. mproduction. or republication of this publication or MY put thcmf, without 
UU expmss wrim consent of The A ~ C I ~ C M  Ceramic S o c i i  or fec paid to Ihc Copyright ckarana Center. is prohrbited. 
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In the U.S., we let the market make eventual choice among technology alternatives. Less 
expensive materials, simple stack and system design, and high volume markets are the three 
criteria that must be met by a fuel cell system to compete in today's energy market. These 
criteria form the basis for SECA's common sense goal of lowering fuel cell costs. 

High temperature SOFCs have high electricity conversion, superior environmental 
performance, combined heat and power, fuel flexibility, size and siting flexibility, and 
transportation and stationary applications attributes as noted in Table I. These attributes hold 
promise for worldwide stationary industrial and residential power generation, APUs in trucks 
and cars, and a range of military applications. 

Table 1. Solid Oxide Fu 
H i b  electric - 
conversion efficiency 

Superior environmental 
p e r f O l l I W C e  

Cogeneration - 
combined heat and 
power (CHP) 

Fuel flexibility 

Sue  and siting 
flexibility 
Transportation and 
stationary applications 

Cells - Attributes 
Demonstrated - 47% 
Achievable - 55% 
Hybrid-65% 
CHP-80% 
NoNOx 
Lower C02 emissions 

0 Sequestration capable 
Quiet; no vibrations 
High quality exhaust heat for heating, cooling, hybrid 
power generation, and industrial use 
Co-production of hydrogen with electricity 
Compatible with steam turbine, gas turbine, renewable 
technologies, and other heat engines for increased 
efficiency 
Low or high purity Hz 
Liquefied natural gas 
Pipeline natural gas 
Diesel 
Coalgas 
Fuel oil 
Gasoline 
Biogases 

Watts to megawatts 

Modularity pennits wide range of system sizes 
Rapid siting for distributed power 

This paper begins with a discussion of the US. DOE role in SOFC R&D under SECA, 
the hurdles it seeks to accomplish, recent advances and b d i n g  levels. Central power conceprs 
including FutureGen with hydrogen are detailed in the next sections. Then other technologies 
that are also impacted by solid oxide R&D are discussed under HiTEC. 

SOLID-STATE ENERGY CONVERSION ALLIANCE (SECA) PROGRAM 
The SECA Program is the main thrust of the DOE FE DG Fuel Cell Program. It is 

dedicated to developing innovative, effective. low-cost ways to commercialize SOFCs. The 
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program is designed to move fuel cells out of limited niche markets into widespread market 
applications by making them available at a cost of S400kW or less through the mass 
customization of common modules by the year 2010. SECA fie1 cells will operate on today's 
conventional fuels such as natural gas, diesel, as well as coal gas and hydrogen, the fuel of 
tomorrow. The program will provide a bridge to the hydrogen economy beginning with the 
introduction of SECA fuel cells for stationary (both cenlral generation and DG) and APU 

The SECA program is currently structured to include competing industrial teams 
supported by a crosscutting con technology program (CTP). SECA has six industrial teams, 
Cummins-SOFCo, Delphi Battle, General Electric (GE), Siemens Westinghouse (SW), 
Acumentrics, and FuelCell Energy (FCE), working on designs and manufacturing as shown in 
Table I1 that can be mass-produced at costs that are ten-fold less than current costs. Figure 1 
shows planar configurations. 

applications, 4 %  6 7. & 9.10 

1 Table 11. SECA Industrial Team Design & Manufacturing 

Cummins- 
SOFCo 

Delphi- 
Battelle 

General Electric 
Company 

Siemens 
Westinghouse 
Power corp. 
Acumentrics 
Corporation 

FuelCell 
Energy, Inc. 

Design 

Electrolyte supported-planar 
825" C 
Thermally matched materials 
Seal-less stack 
Anode supported-planar 
750" C 
Ultra compact 
Rapid transient capability 
Anode supported-radial 
750" C 
Hybrid compatible 
Internal reforming 
Cathode supported-flattened oval 
800" c 
Seal-less stack 
Anode supported-microtubular 
750" C 
Thermally matched materials 
Robust & rapid start-up 
Anode supported-planar 
< 700O c 
Low cost metals 
Thermal integration 

Manufacturing 

Tape casting 
screen printing 
c&sintering 

Tape casting 
screen printing 
2-stage sintering 

Tape calendaring 
Z-stage sintering 

Extrusion 
Plesma spray 

Extrusion 
Dip processing 
Spray deposition 
co-sintering 
Tape casting 
Screen printing 
Cbsintering 
Electrostatic deposition 
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Figure 1. Planar Cell Designs 

All of the industry teams made exceptional progress in FY2004 by completing conceptual 
designs and testing stack configurations showing increased power densities and fuel utilization, 
control system reference designs, and reformers that demonstrate sustained output and thermal 
cyclic capability. Acumentrics field-tested a unit that includes some advancements developed 
under SECA in Alaska on propane in May. SOFCo achieved 2,000 hours of unintenupted, 
steady-state operation while fueling a 1 kW SECA unit with natural gas. SW overcame a major 
fabrication hurdle by applying a doped lanthanum gallate electrolyte material to the cathode 
using plasma spray technique. This eliminated fabrication imperfections and led to a thinner, 
mom conductive electrolyte layer that could reduce temperature while increasing ower for 
increased lifetime and reduced cost. GE achieved a power density of over 0.4 W/cm at 0.7 V, 
while maintaining a fuel utilization of 88 percent. This is over 0.1 W/cm2 more than what is 
mandated by the Phase I requirements, an indicator of progress to come. Cummins demonstrated 
sustained output and thermal cyclic capability of their reformer process. The reformer operated 
for 2900 hours at steady state and cyclic operation, corresponding to all Phase 1 requirements. At 
the beginning of FY 2005, FCE combined its Canadian SOFC operations, formerly known as 
Global Thermoelectric Corporation, into its lead product development sub-contractor, Versa 
Power Systems. This consolidation into a single entity provides a greater opportunity to 
commercialize SOFC products under SECA. Delphi demonstrated its SECA Generation-3 
SOFC using fuel gas extracted from coal at the Power Systems Development Facility (PSDF) 
coal-gasification plant in Wilsonville, Alabama, in July 2004. This is the second test at the 
PSDF aimed at demonstrating that high efficiency SECA fuel cell technology can successfully 
use coal gas to produce power cleanly and eficiently. Overall, the SECA Program is 
progressing extremely well leading up to Phase 1 prototype testing starting in FY 2005. 

Major automotive and truck manufacturers, such as BMW and PACCAR, are 
collaborating with indusfry teams for fuel cell business ventures to pursue growth in APUs 
applications. In fact, B M W  has an arrangement with Delphi to put a compact fuel cell APU in 
its trucks by 2007. The National Aeronautics and Space Administration’s (NASA) interest in 
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