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PREFACE

The members of the Fuel Cell Seminar Organizing Committee welcome you to the 1996 Fuel Cell
Seminar.

This year’s meeting highlights the fact that fuel cells for both stationary and transportation appli-
cations have reached “The Dawn of Commercialization”, Sales of stationary fuel cells have expe-
rienced steady growth over the past two years. Phosphoric acid fuel cell (PAFC) buses have been
demonstrated in a number of urban areas. Proton-exchange membrane (PEM) fuel cells are on the
verge of revolutionizing the transportation industry, as demonstrated by Ballard’s PEMFC buses,
the Daimier-Benz NECAR II, the Energy Partners’ Gator, and the frenzy of activity in the U.S.,
Europe, and Japan on development of fuel cell vehicles. These activities and many more will be
discussed during the three-day seminar.

This seminar will provide a forum for the exchange of information among people from the inter-
national fuel cell community who are engaged in a wide spectrum of fuel cell activities.
Discussions addressing research and development of fuel cell technologies, manufacturing and
marketing of fuel cells, and experiences of fuel cell users will take place through oral and poster
presentations. For the first time, the seminar will include commercial exhibits, further evidence
that commercial fuel cell technology has arrived. The Fuel Cell Seminar Organizing Committee
invites professionals worldwide, who are concerned about energy and environmental issues, to
join the international fuel cell community in welcoming the dawn of fuel cell commercialization
at the 1996 Fuel Cell Seminar.

| —_——

Pandit Patil, Chairman
1996 Fuel Cell Seminar
Organizing Committee

%
‘3
P



ACKNOWLEDGEMENTS

The organizers of the 1996 Fuel Cell Seminar express their gratitude for the generous support

received from the following organizations:

Ballard Power Systems, Inc.
9000 Glenlyon Parkway
Burnaby, British Columbia
CANADA V5J 519

Delphi Energy and Engine Management
Systems
World Headquarters

- P.O. Box 1360

Flint, Michigan 48501-1360

E. L. du Pont de Nemours & Company
Experimental Station
Wilmington, Delaware 19898

Energy Research Corporation

Fuel Cell Engineering

Fuel Cell Manufacturing Corporation
3 Great Pasture Road

Danbury, CT 06813

Ford Motor Company
P.O. Box 2053
Dearborn, MI 48121

Fuji Electric Company
1-12-1 Yurakucho Chiyoda-ku
Tokyo 100 JAPAN

Hitachi, Ltd.

Power Group

4-6 Kanda Surugadai, Chiyoda-ku
Tokyo 101 JAPAN

IHI

Fuel Cell Project Department
3-1-15 Toyuso, Koto-ku
Tokyo 135 JAPAN

International Fuel Cells
ONSI Corporation

195 Governor’s Highway
PO BOX 1148

South Windsor, CT 06074

M-C Power Corporation
8040 South Madison Street
Burr Ridge, IL 60521-5808

Mitsubishi Electric Corporation
Energy Technology Department i
Tsukaguchi-Honmachi 8-1-1 Amagasaki
Hyogo, 661 JAPAN

Sanyo Electric Company, Ltd.
1-1 Dainochi Higashi-machi
Moriguchi, Osaka 570 JAPAN

Toshiba Corporation

Fuel Cell System Division

1-1-6 Uchisaiwai-cho, Chiyoda-ku i
Tokyo 100 JAPAN :




ALPHABETICAL EXHIBITOR LISTING

American Methanol Institute
800 Connecticut Ave., NW #620
Washington, DC 20006
202-467-5050
FAX 202-331-9055 ‘
The American Methanol Institute Works to
Encourage the Development of Methanol
Fuel Cell Technologies

Booth #2

ElectroChem, Inc.

400 W. Cummings Park

Woburn, MA 01801

617-938-5300

FAX 617-935-6966

Fuel Cell Power Source and Accessories
Booth # 16

Electric Power Research Institute
3412 Hillview Ave.
PO BOX 10412
Palo Alto, CA 94303
415-855-2521
FAX 415-855-8501
The Electric Power Research Institute —
Products and Services
Booth # 18 & 19

Emprise Corporation
830 Franklin Court
Marietta, Georgia 30067-8939
770-425-1420
FAX 770-425-1425
Various Fuel Cell and Hybrid Vehicle Test
Facilities
Booth #9

Energy Partners, Inc.
1501 Northpoint Parkway, Suite 102
West Palm Beach, FL 33407
407-688-0500
FAX 407-688-9610
PEM Fuel Cell Power Systems & PEM
Fuel Cell Powered Vehicles

Booths #11 & 12

Energy Research Corporation
1634 Eye Street, N.W., Suite 900
Washington, DC 20006
202-737-3232
FAX 202-737-7337
2.8 MW DFC Power Plant (Model) and
ERC R&D items
Booth # 10

ETSU
Harwell,Oxfordshire OX11 ORA
UNITED KINGDOM
44-1235-433510
FAX 44 1235 432817
The United Kingdom Department of
Trade and Industry Advanced Fuel Cells
Programme

Booth # 8

W. L. Gore & Associates, Inc.

PO Box 1100

Elkton, MD 21922

410-392-3300

FAX 410-398-6624

GORE-TEX Expanded PTFE Products;

GORE-CARBEL Carbon Composite

Electrodes; GORE-SELECT

Fluoroionomer Composite Products
Booth # 1




ALPHABETICAL EXHIBITOR LISTING

Lynntech, Inc.

7610 Eastmark Drive, Suite 105

College Station, TX 77840

409-693-0017

FAX 409-764-7479

Fuel Cell Test System, Model 2110
Booth # 6

M-C Power Corporation

8040 South Madison Street

Burr Ridge, IL 60521

630-986-8040

FAX 630-986-8153

Molten Carbonate Fuel Cell Power Plants
Booth #15

ONSI Corporation

195 Governors Highway

South Windsor, CT 06074

203-727-2348

FAX 203-727-2216

200 Kilowatt Fuel Cell Power Plant
Booth # 14

Praxair, Inc.
16130 Woodinville-Redmond Road # 7
Woodinville, WA 98072
206-487-1769
FAX 206-487-1859
Multi-Component Ceramic Oxide SOFC
Powders — Electrolyte: Yttria-Stabilized
Zirconia & Cerium Gadolinium Oxide;
Anode: Nickel/Yttria-Stabilized Zirconia;
Cathode: Doped Lanthanum Manganite
and Cobalt; Interconnect: Doped
Lanthanum Chromite

Booth # 13

Scribner Associates, Inc.

1415 West Leigh Drive

Charlottesville, VA 22901

804-977-5521

FAX 804-977-5546

Fuel Cell Loads and Test Systems
Booth # 7

SOFCo
1562 Beeson Street
Alliance, Ohio 44601
330-829-7822
FAX 330-829-7293
Planar Solid Oxide Fuel Cell
Technology. Liquid Hydrocarbon Fuel
Reforming Technology.
Booth #5

US Department of Energy

PO Box 880

Morgantown, WV 26507

304-285-4747

FAX 304-285-4469

Morgantown Energy Technology

Center’s Fuel Cells Display
Booth # 20 & 21

Westinghouse Electric Corporation
Science & Technology Center
1310 Beulah Road
Pittsburgh, PA 15235
412-256-2022
FAX 412-256-2002
Tubular SOFC Bundles
Booths #3 & 4

g,‘p

A8
¥

LR TAON



3:00 pm-
6:00 pm

3:00 pm-
5:00 pm

3:00 pm-
5:00 pm

5:00 pm-
7:00 pm

7:30 am-
8:30 am

7:30 am-
5:30 pm

7:30 am-
5:00 pm

7:30 am-
9:00 am

8:00 am-
5:00 pm

9:00 am-
12:00 Noon

9:00 am-
9:15 am

9:15 am-
10:00 am

10:00 am-
10:15 am

PROGRAM AND TABLE OF CONTENTS

SUNDAY, NOVEMBER 17, 1996
Registration Tamiami Lounge
Convention Center
Presenters Practice Room Open Ft. Lauderdale Room
Convention Center
Guest Hospitality Room Open Key Largo Room
Convention Center
Welcoming Reception Exhibit Hall
MONDAY, NOVEMBER 18, 1996
Presenters Breakfast St. Petersburg/Sarasota Rooms
(Monday Presenters only) Convention Center
Presenters Practice Room Open Ft. Lauderdale Room
Registration Tamiami Lounge
Continental Breakfast Tamiami Louge
Guest Hospitality Room Open Key Largo Room
SESSION I Cypress Ballroom
Convention Center
Opening Remarks
Chair:

Dr. Pandit Patil
U.S. Department of Energy
Office of Advanced Automotive Technologies

Keynote Address

Fuel Cell Technology Commercialization Challenges
The Honorable Mary L. Good

Under Secretary for Technology

U.S. Department of Commerce

Refreshment Break Tamiami Lounge

Lxan AR ; 7

i
A
e



10:15 am-
10:50 am

10:50 am-
11:25 am

11:25 am-
12:00 Noon

12:00 Noon-
1:00 pm

1:15 pm-
4:20 pm

1:15 pm-
1:25 pm

1:25 pm-
1:45 pm

1:45 pm-
2:05 pm

2:05 pm-
2:25 pm

2:25 pm-
2:45 pm

MONDAY, NOVEMBER 18, 1996

Fuel Cells for Automotive Applications *
Byron McCormick

Managing Director

Delco Propulsion Systems

Stationary Power Fuel Cell Commercialization Status Worldwide 1
Mark Williams

Product Manager, Fuel Cells

U.S. Department of Energy-METC

Commercial Aspects of Fuel Cells *
William E. Cratty

Sales Director, Fuel Cells

Equitable Resources, Inc.

Luncheon Florida Hall
Exhibit Hall

SESSION II-A

POWER PLANT APPLICATIONS Casselberry/Orlando Hall
& DEMONSTRATIONS 1 Convention Center
Chair:

Mark Williams

USDOE/METC

Co-Chair:
Kazuhiko Takasu
NEDO

Opening Remarks

Activities Dedicated to FCPP Commercialization at Toshiba 4
S. Ikeda, J. Ozono and N. Sato, Toshiba Corporation, Tokyo, JAPAN

Construction and Start-Up of a 250 kW Natural Gas Fired

MCFC Demonstration Power Plant 8
R. Figueroa, San Diego Gas & Electric, San Diego, CA, J. Carter,

J. Otahal and R. Rivera, San Diego Gas & Electric, San Diego, CA,

J. Scroppo, R. Laurens, M-C Power Corporation, Burr Ridge, IL,

1000kW On-Site PAFC Power Plant Development and Demonstration 12
T. Satomi and S. Koike, Phosphoric Acid Fuel Cell Technology Research

Association (PAFC-TRA), Osaka, JAPAN and R. Ishikawa, New Energy and

Industrial Technology Development Organization (NEDO), Tokyo, JAPAN

Questions and Answers

*Abstract not available at time of publication.




2:45 pm-
3:00 pm

3:00 pm-
3:20 pm

3:20 pm-
3:40 pm

3:40 pm-
4:00 pm

4:00 pm-
4:20 pm

1:15 pm-
4:20 pm

1:15 pm-
1:25 pm

1:25 pm-
1:45 pm

1:45 pm-
2:05 pm

2:05 pm-
2:25 pm

2:25 pm-
2:45 pm

2:45 pm-
3:00 pm

MONDAY, NOVEMBER 18, 1996

Break Tamiami Lounge

Startup, Testing, and Operation of the Santa Clara 2MW Direct

Carbonate Fuel Cell Demonstration Plant 16
A. Skok, Fuel Cell Engineering Corporation, Santa Clara, CA, T. O’Shea, SCDP,

Santa Clara, CA and A. Leo, Fuel Cell Engineering Corporation, Danbury, CT

ARGE DFC - A European Approach to MCFC Commercialization 20
P. Kraus, G. Huppmann, MTU Friedrichshafen GmbH, Munich, GERMANY

Progress and Prospects for Phosphoric Acid Fuel Cell Power Plants 24
L. Bonville, G. Scheffler, and M. Smith, International Fuel Cells Corporation,
South Windsor, CT

Questions and Answers

SESSION II-B

SOFC R&D Kissimmee/St. Cloud Hall
Convention Center

Chair:

Kevin Krist

GRI

Co-Chair:
W. Carey Smith
USDOE

Opening Remarks

Advances in Tubular Solid Oxide Fuel Cell Technology 28
S. Singhal, Westinghouse Electric Corporation, Pittsburgh, PA

Status of SOFC Development at Siemens 32
W. Drenckhahn, L. Blum and H. Greiner, Siemens AG Power
Generation Group, Erlangen, GERMANY

Development Status of Planar SOFCs at SANYO 36
Y. Miyake, M. Kadowaki, Y. Akiyama, T. Yasuo, S. Taniguchi, K. Nishio,

Sanyo Electric Company, Ltd., Osaka, JAPAN and M. Harada, New Energy

and Industrial Technology Development Organization (NEDO), JAPAN

Questions and Answers

Break Tamiami Lounge

A



3:00 pm-
3:20 pm

3:20 pm-
3:40 pm

3:40 pm-
4:00 pm

4:00 pm-
4:20 pm

4:30 pm-
6:30 pm

MONDAY, NOVEMBER 18, 1996

AlliedSignal Solid Oxide Fuel Cell Technology
N. Minh, K. Bar, P. Kelly and K. Montgomery, AlliedSignal Aerospace
Equipment Systems, Torrance, CA

Technical Problems to Be Solved Before the Solid Oxide Fuel Cell Will Be
Commercialized

C. Bagger, Riso National Laboratory, Roskilde, DENMARK, N. Christiansen,
Haldor Topsoe A.S, Lyngby, DENMARK, P. Hendriksen, Riso National Laboratory,
Roskilde, DENMARK, E. Jensen, S. Larsen, Haldor Topsoe A/S, Lyngby,
DENMARK and M. Mogensen, Riso National Laboratory, Roskilde, DENMARK

Development of Low Temperatare Solid Oxide Fuel Cells
W.T. Bakker and R. Goldstein, EPRI, Palo Alto, CA

Questions and Answers

40

48

POSTER SESSION ONE Florida Hall

Chair:
Ed Beyma
USDOE

POSTERS PI1A - Power Plant Applications and Demonstrations

1) Development of 1000kW-Class MCFC Pilot Plant
M. Ooue, H. Yasue, MCFC Research Association, Mie Pref., JAPAN, K. Takasu
and T. Tsuchitori, New Energy and Industrial Technology Development
Organization, Tokyo, JAPAN

2) Integrating Fuel Cell Power Systems into Building Physical Plants
J. Carson, KCI Technologies, Inc., Hunt Valley, MD

3) Special Considerations on Operating a Fuel Cell Power Plant Using
Natural Gas with Marginal Heating Value
M. Ng, C. Lin, Industrial Technology Research Institute, Chutung, Hsinchu
County, TAIWAN, R.0.C,, and Y. Cheng, Taiwan Power Company, Shu-Lin,
Taipei County, TAIWAN, R.0.C.

4) Development of 200kW Multi-Fuel Type PAFC Power Plant
T. Take, Y. Kuwata, M. Adachi, and T. Ogata, NTT Integrated Information and
Energy Systems Laboratories, Tokyo, JAPAN

5) Operation Result of 40kW Class MCFC Pilot Plant
H. Saitoh, S. Hatori, M. Hosaka and H. Uematsu, Ishikawajima-Harima
Heavy Industries Co., Ltd., Tokyo, JAPAN

6) Trial Operation of a Phospheric Acid Fuel Cell (PC25) for CHP
Applications in Europe
M. Uhrig, W. Droste and D. Wolf, Ruhrgas AG, Dorsten, GERMANY

51

55

59

63

67

71



MONDAY, NOVEMBER 18, 1996

7) Dynamic Simulation of a Direct Carbonate Fuel Cell Power Plant
J. B. Emest, Fluor Daniel, Inc., Irvine, CA, H. Ghezel-Ayagh and A. Kush,
Fuel Cell Engineering, Danbury, CT

8) Results of 200 kW Fuel Cell Evaluation Programs
J. Torrey, G. Merten, Science Applications International Corporation,
San Diego, CA, M. Binder, F. Holcomb, W, Taylor, U.S. Army Construction
Engineering Research Laboratories, Champaign, IL and M. Bowers,
New York State Energy Research and Development Authority, Albany, NY

9) Power Conversion and Quality of the Santa Clara 2 MW Direct
Carbonate Fuel Cell Demonstration Plant
A. Skok, Fuel Cell Engineering Corporation, Danbury, CT, R. Z. Abueg,
Basic Measuring Instruments, Santa Clara, CA, P. P. Schwartz, Fluor Daniel,
Inc., Irvine, CA, P. H. Eichenberger, The City of Santa Clara California,
Santa Clara, CA, and M. N. Brodie, Fluor Daniel Wright, Ltd., Vancouver,
B.C., CANADA

10) Making the Grid The Backup: Utility Applications for Fuel Cell Power
S. L. Eklof, Sacramento Municipal Utility District, Sacramento, CA

11) Development of 2 10 kW PEM Fuel Cell for Stationary Applications
H. Barthels, J. Mergel, H. F. Oetjen, V. M. Schmidt and U. Stimming,
Forschungszentrum Julich GmbH (KFA), Julich, GERMANY

12) Demeonstration of an On-Site PAFC Cogeneration System with
Waste Heat Utilization by a New Gas Absorption Chiller
T. Urata, Tokyo Gas Company, Ltd. Tokyo, JAPAN

13) Operating a Fuel Cell Using Landfill Gas
C. E. Trippel, Northeast Utilities Service Company, Berlin, CT, J. L. Preston, Jr.,
J. Trocciola, International Fuel Cells, South Windsor, CT and R. Spiegel, U.S.
Environmental Protection Agency, Research Triangle Park, NC

14) Electrical Power Systems for Distributed Generation
T. A. Robertson and S. J. Huval, Stewart & Stevenson Services, Inc., Houston, TX

15) A Preliminary Design and BOP Cost Analysis of M-C Power’s
MCFC Commercial Unit
T. P. Chen, Bechtel Corporation, San Francisco, CA

16) High Pressure Operation of Tubular Solid Oxide Fuel Cells and
Their Integration with Gas Turbines
C. Haynes and W. J. Wepfer, Georgia Institute of Technology, Atlanta, GA

POSTERS P1B — SOFC R&D
1) Effect of Microstructure on the High Temperature Mechanical

Properties of (C.0,)55(Gd0; 5)g2 Electrolytes
N. Sammes and Y. Zhang, The University of Waikato, Hamilton, NEW ZEALAND

G

75

79

83

87

91

95

99

103

107

111

115



MONDAY, NOVEMBER 18, 1996

2) Improvement of SOFC Electrodes Using Mixed Ionic-Electronic
Conductors 119
Y. Matsuzaki and M. Hishinuma, Tokyo Gas Company, Ltd., Tokyo, JAPAN

3) Application of Impedance Spectroscopy to SOFC Research 123
G. Hsieh, Northwestern University, Evanston, IL, T. O. Mason, Northwestern
University, Evanston, IL, and L. Pederson, Pacific Northwest National
Laboratory, Richland, WA

4) Manufacturing of Planar Ceramic Interconnects 127
B. L. Armstrong, G. W. Coffey, K. D. Meinhardt and T. R. Armstrong,
Pacific Northwest National Laboratory, Richland, WA

5) Mechanical Properties of Lanthanum and Yttrium Chromites 131
S. W. Paulik and T. R. Armstrong, Pacific Northwest National Laboratory,
Richland, WA

6) Fabrication and Characteristics of Unit Cell for SOFC 135

G.-Y. Kim, S.-W. Eom, S.-1. Moon and M.-S. Yun, Korea Electrotechnology
Research Institute, Kyongnam, KOREA and H.-C. Lim, KE.P.R.L, Tagjon,
KOREA

7) Design and Performance of Tubular Flat-Plate SOFC 139
T. Matsushima, D. Tkeda, H. Kanagawa, NTT Interdisciplinary Research
Laboratories, Tokyo, JAPAN and A. Komura, NTT Advanced Technology,
Tokyo, JAPAN

8) Study on Durability for Thermal Cycle of Planar SOFC 143
M. Ando, K. Nakata, S. Wakayama, Y. Someya and T. Yoshida,
TONEN Corporation, Saitama, JAPAN

9) Measurement of Residual Stresses in Deposited Films of SOFC
Component Materials 147
T. Kato, A. Momma, S. Nagata, and Y. Kasuga, Electrotechnical
Laboratory, Ibarbrysonaki, JAPAN

10) Characterization of Ceria-Based SOFCs 151
R. Doshi, J. Routbort and M. Krumpelt, Argonne National Laboratory,
Argonne, IL

11) Improvement of the Long Term Stability in the High Temperature
Solid Oxide Fuel Cell Using Functional Layers 155
B. Bruckner, C. Gunther, R. Ruckdischel, and H. Schmidt, Siemens AG,
Erlangen, GERMANY, E. Fendler, German Aerospace Research
Establishment (DLR), Stuttgart, GERMANY

12) Effect of Ionic Conductivity of Zirconia Electrolytes on Polarization

Properties of Various Electrodes in SOFC 159
M. Watanabe, H. Uchida and M. Yoshida, Yamanashi University, Kofu, JAPAN

vi




MONDAY, NOVEMBER 18, 1996

13) Development of Osaka Gas Type Planar SOFC
M. Tha, A. Shiratori, O. Chikagawa, H. Takagi, Y. Sakabe, Murata Manufacturing
Co., Ltd., Shiga, JAPAN and K. Akagi, Osaka Gas Co., Ltd., Kyoto, JAPAN

14) Development of Cofired Type Planar SOFC
H. Taira, S. Sakamoto, H.-B. Zhou, H. Nakai, S. Towata, H. Takagi, and
Y. Sakabe, Murata Manufacturing Co., Ltd., Shiga, JAPAN

15) Power Generation Characteristics of Tubular Type SOFC By Wet Process
H. Tajin and T. Nakayama, Kyushu Electric Power Company, Inc., Fukuoka,
JAPAN, M. Kuroishi, A. Ueno, M. Aizawa, Toto, Ltd., Kanagawa, JAPAN,

K. Eguchi and H. Arai, Kyushu University, Fukuoka, JAPAN

16) Realisation of an Anode Supported Planar SOFC System
H. P. Buchkremer, U. Diekmann, L. G. J. de Haart, H. Kabs, U. Stimming,
and D. Stover, Forschungszentrum Julich GmbH (KFA), Julich, GERMANY

17) LaCrO;-Dispersed Cr for Metallic Interconnect of Planar SOFC
R.-H. Song, D. R. Shin, Korea Institute of Energy Research, Taejon,
KOREA and M. Dokiya, National Institute of Materials and Chemical
Research, Ibaraki, JAPAN

18) Ztek’s Ultra-High Efficiency Fuel Cell/Gas Turbine System
for Distributed Generation
M. Hsu, D. Nathanson, Ztek Corporation, Waltham, MA, D. Bradshaw,
D. Stephenson, Tennessee Valley Authority, Chattanooga, TN and
R. Goldstein, Electric Power Research Institute, Palo Alto, CA

19) Status of the TMI SOFC System
R. Ruhl, M. Petrik, and T. Cable, Technology Management, Inc., Cleveland, OH

20) Modifying Zirconia Solid Electrolyte Surface Property to Enhance
Oxide Transport
B. Y. Liaw and S. Y. Song, University of Hawaii, Honolulu, HI

21) Development of 10kW SOFC Module
N. Hisatome, and K. Nagata, Mitsubishi Heavy Industries, Ltd., Nagasaki,
JAPAN, S. Kakigami, Electric Power Development Co., Ltd., Tokyo, JAPAN,
H. Omura, Electric Power Development Company, Inc., Kitakyushu, JAPAN

22) Structure<->Property Relationships in Solid Oxide Fuel Cells
W. Huebner, D. Reed and H. Anderson, University of Missouri-Rolla, Rolla, MO

23) Manufacture of SOFC Electrodes by Wet Powder Spraying
R. Wilkenhéner, L. G. J. de Haart, W. Mallener, H. Buchkremer
Forschungszentrum Julich GmbH, Julich, GERMANY

24) Status of SOFCo Planar SOFC Technology Development

R. Privette, SOFCo, Alliance, OH, M. Perna, K. Kneidel, J. Hartvigsen,
S. Elangoven, A. Khandkar, SOFCo, Salt Lake City, UT

vii

163

167

171

175

179

183

187

190

194

198

202

206



MONDAY, NOVEMBER 18, 1996

POSTER P1C — Manufacturing and Operating Experience

1) Imhex Fuel Cell Repeat Component Manufacturing Continuous
Improvement Accomplishments 210 -
L. A, Jakaitis, V. J. Petraglia, E. S. Bryson, J. F. Czerwien, G. H. Garcia,
K. Katsman, E. B. Petersen, and S. L. Woods, M-C Power Corporation,
Burr Ridge, IL

POSTERS P1D — PAFC R&D

1) Influence of Impurity Gases and Operating Conditions on
PAFC Performance 214
K. Hirai, N. Iwasa, M. Suzuki and O. Okada, Osaka Gas Co., Ltd., Osaka,
JAPAN, M. Matsumoto, Mitsubishi Electric Corporation, Hyogo, JAPAN

2) Estimation of Current Density Distribution of PAFC by Analysis of
Cell Exhaust Gas 218
S. Kato, and A. Seya, Fuji Electric Corporation, Chiba, JAPAN and A. Asano,
Fuji Electric Corporate Research & Development, Ltd., Kanagawa, JAPAN

3) Acids Distribution in Phosphoric Acid Fuel Cells 222
I. Okae, A. Seya and M. Umemoto, Fuji Electric Co., Ltd., Chiba, JAPAN

4) Development of Portable Fuel Cells 226
K. Nakatou, S. Sumi, and N. Nishizawa, Sanyo Electric Company, Ltd.,
Osaka, JAPAN

5) Evaluation of the Performance Degradation at PAFC Investigation of
Dealloying Process of Electrocatalysts with In-situ XRD 230
N. Nakajima, Fuji Electric Company, Kofu, JAPAN, H. Miyoshi, Mitsubishi
Electric Co., K. Nishizaki, Tokyo Gas Company, Ltd., T. Kitai, Toshiba Company,
Tokyo, JAPAN, H. Uchida and M. Watanabe, Yamanashi University, Kofu, JAPAN

6) Evaluation of the Performance Degradation at PAFC Effect of Electrolyte
Fill-Level on Electrode Performance 234
T. Kitai, Toshiba Co., Tokyo, JAPAN, K. Nishizaki, Tokyo Gas Co., Ltd.,
Tokyo, JAPAN, and N. Nakajima, Fuji Electric Co., H. Miyoshi, Mitsubishi
Electric Co., H. Uchida and M. Watanabe, Yamanashi University, Kofu, JAPAN

7) Evalunation of the Performance Degradation at PAFC Effect of Catalyst
Degradation on Electrode Performance ; 238
K. Nishizaki, Tokyo Gas Company, Ltd., T. Kitai, Toshiba Co., N. Nakajima,
Fuji Electric Co., H. Miyoshi, Mitsubishi Electric Co., H. Uchida and
M. Watanabe, Yamanashi University, Yamanashi, JAPAN

8) Evaluation of the Performance Degradation at PAFC Effect of
Operating Conditions on Acid Loss 242
H. Miyoshi, Mitsubishi Electric Co., N. Nakajima, Fuji Electric Co., T. Kitai,
Toshiba Co., K. Nishizaki, Tokyo Gas Co., Ltd., H. Uchida and M. Watanabe,
Yamanashi University, Yamanashi, JAPAN

viii




5:30 pm-
7:30 pm

7:30 pm-
9:30 pm

7:30 am-
8:30 am

7:30 am-
5:30 pm

8:00 am-
5:00 pm

8:00 am-
9:00 am

8:00 am-
5:00 pm

9:00 am-
12:05 pm

9:00 am-
9:10 am

MONDAY, NOVEMBER 18, 1996

9) Development of the Electric Utility Dispersed Use PAFC Stack
H. Horiuchi, I. Kotani, Mitsubishi Electric Co., Kobe, JAPAN, 1. Morotomi,
M. Ogawa and O. Yamanishi, Kansai Electric Power Co., Hyogo, JAPAN

10) Development of On-Site PAFC Stacks
K. Hotta, Y. Matsumoto, Kansai Electric Power Company, Amagasaki, JAPAN,
H. Horiuchi and T. Ohtani, Mitsubishi Electric Co., Kobe, JAPAN

11) Evaluation of the Electrode Performance for PAFC by Using Acid
Absorption, Acceleration and AC-Impedance Measurements
C.-S. Kim, R.-H. Song, B.-W. Choi, D.-R. Shin, and S.-H. Choi,
Korea Institute of Energy Research, Taejon, KOREA

Exhibits Open (Posters Remain Open Until 6:30 pm)

Manufacturers Reception

246

250

254

Exhibit Hall

Poolside 2

Hibiscus Court

TUESDAY, NOVEMBER 19, 1996

Presenters Breakfast
(Tuesday Presenters only)

Presenters Practice Room Open

St. Petersburg/Sarasota Rooms

Ft. Lauderdale Room

Registration Tamiami Lounge

Continental Breakfast Tamiami Lounge

Guest Hospitality Room Open Key Largo Room

SESSION III-A

TRANSPORTATION APPLICATIONS I
Chair:

Jon Leonard

SCAQM

Co-Chair;
Mark Hoberecht
NASA

Opening Remarks

Casselberry/Orlando Hall

e —— =



9:10 am-
9:30 am

9:30 am-
9:50 am

9:50 am-
10:10 am
10:10 am-

10:30 am

10:30 am-
10:45 am

10:45 am-
11:05 am

11:05 am-
11:25 am

11:25 am-
11:45 am

11:45 am-
12:05 pm

9:00 am-
12:05 pm

9:00 am-
9:10 am

9:10 am-
9:30 am

TUESDAY, NOVEMBER 19, 1996

Breaking Down the Barriers to Commercialization of Fuel Cells

in Transportation Through Government — Industry R&D Programs 258
S. Chalk, U.S. Department of Energy, Washington, DC and S. Venkateswaran,

Energetics, Inc., Columbia, MD

PEFC Technology R&D at Toyota 262
S. Kawatsu, M. Iwase and S. Aoyama, Toyota Motor Corporation, Shizuoka, JAPAN

Fuel Cell Systems for Passenger Cars — Opportunities and Requirements 266
J. Tachtler, BMW, Munich, GERMANY and C. Boumne, Rover Group, Coventry,
UNITED KINGDOM

Questions and Answers

Break . Tamiami Lounge

Fuel Cells — From the Laboratory to the Road 270
M. H. Fronk, Delphi Energy and Engine Management Systems, Rochester, NY

Development of PEFC for Transportable Applications 272
H. Maeda, H. Fukumoto, K. Mitsuda, H. Urushibata, Mitsubishi Electric

Corporation, Hyogo, JAPAN, M. Enami and K. Takasu, NEDO (New Energy

and Industrial Technology Development Organization), Tokyo, JAPAN

High Power Density PEM Fuel Cell Stack Development for

Automotive Applications 276
R. Pow, Ballard Power Systems, Inc., Burnaby, B.C., CANADA, M. Reindl and

W. Tillmetz, Dornier GmbH, GERMANY

Questions and Answers

SESSION III-B

MCFC R&D Kissimmee/St. Cloud Hall
Chair:

Rioji Anahara

FCDIC

Co-Chair:

Tom George
USDOCE

Opening Remarks

Direct Fuel Cell Product Design Improvement 280
H. C. Maru and M. Farcoque, Energy Research Corporation, Danbury, CT




9:30 am-
9:50 am

9:50 am-
10:10 am

10:10 am-
10:30 am

10:30 am-
10:45 am

10:45 am-
11:05 am

11:05 am-
11:25 am

11:25 am-
11:45 am

11:45 am-
12:05 pm

12:30 pm-
2:00 pm

TUESDAY, NOVEMBER 19, 1996

Status of MCFC Stack Technology at YHI 284
M. Hosaka, T. Morita, T. Matuyama and M. Otsubo, Ishikawajima-Harima
Heavy Industries Co., Ltd., Tokyo, JAPAN

Development of Large Scale Internal Reforming Molten Carbonate Fuel Cell 288
A. Sasaki, T. Shinoki and M. Matsumura, Mitsubishi Electric Corporation,
Hyogo, JAPAN

Questions and Answers

Break Tamiami Lounge

Progress of MCFC Stack Technology at Toshiba 292
M. Hori, T. Hayashi and Y. Shimizu, Toshiba Corporation, Tokyo, JAPAN

Demonstration of Direct Internal Reforming for MCFC Power Plants 296
K. Aasberg-Petersen, Haldor Topsoe A/S, Lyngby, DENMARK, P. Simonsen,

Elkraft AmbA, Ballerup, DENMARK, P. Christensen, S. Winther, E. Jorn,

E. Jensen, C. Olsen, Haldor Topsoe A/S, Lyngby, DENMARK

Status of the M-C Power IMHEX® MCFC Commercialization Program 300
Rene M. Laurens, J. Scroppo, R. Petri, and T. Benjamin, M-C Power
Corporation, Burr Ridge, IL

Questions and Answers

POSTER SESSION TWO AND LUNCH Florida Hall
Chair:

Pat O’Donnell

NASA

POSTERS P2A — Transportation Applications

1) Ansaldo Programs on Fuel Cell Vehicles 304
B. G. Marcenaro and E Federici, Ansaldo Ricerche Sri, Genova, ITALY

2) Performance Evaluation of 1kW PEFC 307
H. Komaki, Ishikawajima-Harima Heavy Industries Co., Ltd., Tokyo, JAPAN and
S. Tsuchiyama, The Shipbuilding Research Association of Japan, Tokyo, JAPAN

3) PEM Fuel Cell Powered Utility Vehicle Fleet in the City of Palm Desert, CA *
G. Rambach, Lawrence Livermore National Laboratory, Livermore, CA

4) Experimental Investigation on a Turbine Compressor for Air Supply
System of a Fuel Cell 311
M. Matsuda, Sumitomo Heavy Industries, Ltd., Yokosuka, JAPAN and
S. Tsuchiyama, The Shipbuilding Research Association of Japan, Tokyo, JAPAN

*Abstract not available at time of publication.

Xi

T

PRpLLS



TUESDAY, NOVEMBER 19, 1996

5) Development of a Selective Oxidation CO Removal Reactor for
Methanol Reformate Gas
S. Okada, Y. Takatani, S. Terada, and S. Ohtani, Kawasaki Heavy Industries,
Ltd., Hyogo, JAPAN, S. Tsuchiyama, The Shipbuilding Research Association
of Japan, Tokyo, JAPAN

6) Performance of Catalysts for CO Removal by Methanation
H. Oshiro, K. Nagaya, and K. Mitani, Hitachi Zosen Corporation, Osaka,
JAPAN, S. Tsuchiyama, The Shipbuilding Research Association of Japan,
Tokyo, JAPAN

7) Power Feature Required for PEFC Powered Electric Propulsion Ship
I. Yoshida, NKK Corporation, Yokohama, Japan and M. Oka, Mitsubishi
Heavy Industries, Ltd., Nagasaki, JAPAN

8) Dynamic Simulator for PEFC Propulsion Plant
M. Hiraide, E. Kaneda, and T. Sato, Mitsui Engineering & Shipbuilding Co.,
Ltd., Tokyo, JAPAN and S. Tsuchiyama, The Ship Building Research
Association of Japan, Tokyo, JAPAN

9) Turning Fuel Cells Into Operating Systems; Some Results From
a Systems Integration Study
R. Mallant, L. Hamilton, N. Lanser and C. Verhoeve, Netherlands
Energy Research Foundation, ECN, Petten, THE NETHERLANDS

10) Air-Breathing Fuel Cell Stacks for Portable Power Applications
M. S. Wilson, D. DeCaro, J. K. Neutzler, C. Zawodzinski and S. Gottesfeld,
Los Alamos National Laboratory, Los Alamos, NM

11) Diesel Fuel to DC Power: Navy and Marine Corps Applications
D. Bloomfield, Analytic Power Corporation, Boston, MA

12) Fuel Economy and Range Estimates for Fuel Cell Powered Automobiles
M. Steinburgler and J. Ogden, Princeton University, Princeton, NJ

13) Diesel Fueled Ship Propulsion Fuel Cell Demonstration Project
W. H. Kumm, Arctic Energies, Ltd., Severna Park, MD -

POSTERS P2B — MCFC R&D

1) Demixing and Effective Volatility of Molten Alkali Carbonate
Melts in MCFCs
T. Brenscheidt, H. Wendt, Institut fiir Chemische Technologie,
Darmstadt, GERMANY

2) Operation Characteristics of a Multiple Type MCFC
S. Kuroe and T. Kamo, Hitachi Research Laboratory, and H. Fujimura,
Power and Industrial Systems, R&D Division, Hitachi Ltd., T. Kahara,
Hitachi Works, Hitachi, Ltd., Ibaraki-ken, JAPAN

*Abstract not available at time of publication.

Xii

315

319

323

327

withdrawn

331

335

339

342

343

347



TUESDAY, NOVEMBER 19, 1996

3) MCFC Power Plant with CO, Separation
N. Kinoshita, Ishikawajima-Harima Heavy Industries Company, Ltd.,
Tokyo, JAPAN

4) An Approach for Longer Lifetime MCFCs
M. Matsumoto, M. Tatsumi, T. Hayano, H. Takeya, A. Miki, MCFC
Research Association, Tokyo, JAPAN

5) Endurance Testing with Li/Na Electrolyte
E. T. Ong, R. J. Remick and C. Sishtla, Institute of Gas Technology,
Des Plaines, IL

6) R&D of MCFC Matrix for Long Term Operation
T. Nishimura, Y. Fujita, H. Urushibata and A. Sasaki, Mitsubishi Electric
Corporation, Hyogo, JAPAN

7) Properties of LiCoO2-Coated NiO MCFC Cathode
K. Kim, H. S. Chun, S. T. Kuk, Korea University, Seoul, KOREA and
H.-J. Kwon, Samsung Electronics Company, Ltd., Suwon, KOREA

8) Guidelines for Design and Development of Industrially Relevant
MCFC Stacks
A, Torazza, A. Dufour, Ansaldo Ricerche S.r.l., Genova, ITALY, L. Giorgi,
ENEA, Roma, ITALY, J. G. Martin, IBERDROLA S.A., Madrid, SPAIN,
J. Simon, Babcock & Wilcox Espanola S.A., Vizcaya, SPAIN, and
G. Rocchini, ENEL S.p.A.-CRAM, Milan, ITALY

9) Modeling and Simulation of NiO Dissolution and Ni Deposition
in Molten Carbonate Fuel Cells
S. W. Nam, H.-J. Choi, T. H. Lim, L.-H. Oh and S.-A. Hong, Korea Institute
of Science & Technology, Seoul, KOREA

10) High Temperature Corrosion of Separator Materials for MCFC
M. Yanagida, K. Tanimoto, T. Kojima, Y. Tamiya, T. Asai and Y. Miyazaki,
Osaka National Research Institute, Osaka, JAPAN

11) Physical Properties of Molten Carbonate Electrolyte
T. Kojima, M. Yanagida, K. Tanimoto, Y. Tamiya, T. Asai and Y. Miyazaki,
Osaka National Research Institute, Osaka, JAPAN

12) High Power Density Carbonate Fuel Cell
C.-Y. Yuh, R. Johnsen, J. Doyon and J. Allen, Energy Research Corporation,
Danbury, CT

13) Present Status of Some Technological Activities Supporting the
Molcare Project
A. Torazza, Ansaldo Ricerche S.r.1, Genova, ITALY, G. Rocchini, ENEL
SpA-CRAM, Milano, ITALY and M. Scagliotti, CISE SpA, Milano, ITALY

xiii

351

355

359

363

367

371

375

379

382

386

390



TUESDAY, NOVEMBER 19, 1996

14) Performance of New 10 kW Class MCFC Using Li/K and Li/Na Electrolyte

Y. Mugikura, E. Yoshiba, Y. Izaki, T. Watanabe, Central Research Institute of
Electric Power Industry, Kanagawa-ken, JAPAN, K. Takahashi, S. Takashima
and T. Kahara, Hitachi, Ltd., Ibaraki-ken, JAPAN

15) Electrolyte Loss in Corrosion of 30Cr-45Ni-1A1-0.03Y-Fe Alloy for
MCFC Separator ’
K. Masamura, K. Ohe, and M. Takemura, NKK Corporation,
Kawasaki, Kanagawa, JAPAN

16) Lithium-Ferrate-Based Cathodes for Molten Carbonate Fuel Cells
M. T. Lanagan, I Bloom, T. D. Kaun, J. Wolfenstine and M. Krumpelt,
Argonne National Laboratory, Argonne, IL

17) Three-Dimensional and Dynamical Performance of a Molten
Carbonate Fuel Cell Stack
W. He, Delft University of Technology, Delft, THE NETHERLANDS,
Q. Chen, Massachusetts Institute of Technology, Cambridge, MA

18) Fuel Cell Systems for a Sustainable Energy Production
T. Kivisaari, Royal Institute of Technology (KTH), Stockholm, SWEDEN

19) Advanced Component Development of MCFC Technology at M-C Power
D. S. Erickson, E. J. Haugh and T. G. Benjamin, M-C Power Corporation,
Burr Ridge, IL

20) Long Term Operation of the 100-cm? Class Single Cell of MCFC
K. Tanimoto, M. Yanagida, T. Kojima, Y. Tamiya and Y. Miyazaki,
Osaka National Research Institute, Osaka, JAPAN

21) The Russian/American Fuel Cell Consortium
A. Sylwester and R. Baker, Sandia National Laboratory, Albuquerque, NM,
and M. Krumpelt, Argonne National Laboratory, Argonne, IL

22) Catalyzed Double Layer Cathodes for High Performance and
Long Life MCFC
M. Bischoff, Motoren & Turbinen Union Friedrichshafen GmbH, Munich,
GERMANY, U. Jantsch and B. Rohland, ZSW Center for Solar Energy &
Hydrogen Research, Ulm, Germany

23) Development of a New Electrolyte Matrix for MCFC
1. Nagashima, K. Higaki, S. Terada, and T. Suemitsu, Kawasaki
Heavy Industries, Ltd., Akashi, JAPAN

24) Test Results of a 2kW Internal Manifold MCFC Stack
H.-C. Lim, J.-H. Seol, Korea Electric Power Research Institute, Taejon,
KOREA, I.-H. Oh, T.-H. Lim, S.-W. Nam, and S.-A. Hong, Korea Institute
of Science and Technology, Seoul, KOREA

25) Prediction of Temperature Profile in MCFC Stack

K. Lee, H. Kim, Seoul National University, Seoul, KOREA, S.-A. Hong,
KIST, Seoul, KOREA and H. Lim, KEPRI, Tacjon, KOREA

Xiv

394

398

402

406

410

413

417

421

423

427

430

434




TUESDAY, NOYEMBER 19, 1996

26) Development of Cu Alloy Anode and Separator Coated with
Al-Ni Intermetallic Compound
K. Toyokura, The Japan Research and Development Center for Metals,
Tokyo, JAPAN, K. Hoshino, Mitsubishi Materials Corporation, Saitama,
JAPAN, M. Yamamoto, Nisshin Steel Co., Ltd., Yamaguchi, JAPAN

27) Evaluation on the Feasibility of Ethanol Steam Reforming in a
Molten Carbonate Fuel Cell
S. Cavallaro, E. Passalacqua, G. Maggio, A. Patti and S. Freni,
Istituto CNR-TAE, Messina, ITALY

28) Use of Ceramic Porous Membranes in Molten Carbonate Fuel Cells
E. Passalacqua, S. Freni, A. Patti, G. Maggio, Istituto CNR-TAE, Messina, Italy

29) Performance of an Internal Reforming Molten Carbonate
Fuel Cell Supplied with Ethanol/Water Mixture
S. Freni, G. Maggio, F. Barone, E. Passalacqua, A. Patti and M. Minutoli,
Istituto CNR-TAE, Messina, ITALY

POSTERS P2C — Market Development

1) High Efificiency Direct Fuel Cell Hybrid Power Cycle for Near Term Application
G. Steinfeld and H. C. Maru, Energy Research Corporation, Danbury, CT
and R. A. Sanderson, Fuel Cell Systems Consultant, Wethersfield, CT

2) Impact of New PEM Fuel Cell Materials on Commercialization
T. Tangredi, The DAIS Corporation, Palm Harbor, FL and G. Wnek, Rensselaer
Polytechnic Institute, Troy, NY

3) Market Opportunities for Fuel Cells in Argentina
C. M. Marschoff, Universidad de Buenos Aires, Buenos Aires, ARGENTINA,
J. Lande and S. Espindola, Jaime Lande y Asociados, Buenos Aires, ARGENTINA

4) Can Fuel Cells Compete? A Study of the Competition
D. Hooie and E. Parsons, U.S. Department of Energy, Morgantown, WV

5) Decentralized Conversion of Biomass to Energy, Fuels and
Electricity with Fuel Cells
P. Grimes, Grimes Associates, Westfield, NJ

6) Distributed Generation — the Fuel Processing Example
R. Victor, Praxair, Inc., Tonawanda, NY and P, J. Farris, International Fuel Cells
Corporation, South Windsor, CT

7) Development of Advanced Concepts for DIR-MCFC Cogeneration
Applications in the European Market
P. Kortbeek, R. Ottervanger, Dutch Fuel Cell Corporation (BCN), Beverwijk,
THE NETHERLANDS and A. Dicks, British Gas plc, Leicestershire,
UNITED KINGDOM

*Abstract not available at time of publication.

Xv

RPN

o,

438

442

446

450

454

458

462

463

467

469



2:15 pm-
5:20 pm

2:15 pm-
2:25 pm

2:25 pm-
2:45 pm

2:45 pm-
3:05 pm

3:05 pm-
3:25 pm

3:25 pm-
3:45 pm

3:45 pm-
4:00 pm

4:00 pm-
4:20 pm

4:20 pm-
4:40 pm

4:40 pm-
5:00 pm

TUESDAY, NOVEMBER 19, 1996

8) Ammonia Synthesis and ER-MCFC-Technology — A Profitable Combination? 473

G. Dijkema, J. Vervoort, R. Daniels, and C. Luteijn, Delft University of

Technology, Delft, THE NETHERLANDS

9) The Chemical Industry, A Novel Market Niche for Fuel Cells 477
G. Dijkema, J. Grievink, C. Luteijn, and M. Weijnen, Delft University
of Technology, Delft, THE NETHERLANDS

SESSION IV-A
MARKET DEVELOPMENT Casselberry/Orlando Hall
Chair:
John O’Sullivan
EPRI
Co-Chair:
Masahiro Watanabe
Yamanashi University
Opening Remarks
Markets and Commercialization Scenarios for Emerging Fuel Cells
in Evolving Electricity Markets 481
D. M. Rastler, Electric Power Research Institute, Palo Alto, CA
Added Value for On-Site Fuel Cells Through Equipment and 485
Application Integration
F. Whitaker, ONSI Corporation, South Windsor, CT
Commercialization of the 2.8MW DFC Plant: This Is It! 489
D. Glenn, Fuel Cell Engineering Corporation, Washington, DC and
J. Serfass, Fuel Cell Commercialization Group, Washington, DC
Questions and Answers
Break Tamiami Lounge
Industry Support for Molten Carbonate Fuel Cell Commercialization 493
J. Nimmons, Alliance to Commercialize Carbonate Technology, Olympia, WA
Cost Projections for Planar Solid Oxide Fuel Cell Systems 497
K. Krist, The Gas Research Institute, Chicago, IL, John Wright, C. Romero, TDA
Research, Wheat Ridge, CO and T. Chen, Bechtel Group, Inc., San Francisco, CA
Commercial Ballard PEM Fuel Cell Natural Gas Power Plant Development 501

D. Watkins, Ballard Power Systems, Inc., Burnaby, B.C., CANADA, R. Cohen,
FCP Engineering, Boca Raton, FL and D. Dunnison, Ballard Power Systems, Inc.,

Bumaby, B.C., CANADA

Xxvi



5:00 pm-
5:20 pm

2:15 pm-
5:20 pm

2:15 pm-
2:25 pm

2:25 pm-
2:45 pm
2:45 pm-
3:05 pm

3:05 pm-
3:25pm

3:25 pm-
3:45 pm

3:45 pm-
4:00 pm

4:00 pm-
4:20 pm

4:20 pm-
4:40 pm

4:40 pm-
5:00 pm

TUESDAY, NOVEMBER 19, 1996

Questions and Answers

SESSION IV-B

PEMR&D - Kissimmee/St. Cloud Hall

Chair:
Jim Miller
USDOE/ANL

Co-Chair:
R. Nowak
ONR

Opening Remarks

Development of a 10 kW Hydrogen/Air PEM Fuel Cell Stack
F. Barbir, F. Marken, Energy Partners, Inc., West Palm Beach, FL,
B. Bahar and J. Kolde, W. L. Gore & Associates, Elkton, MD

Flemion S and PEFC
M. Yoshitake, N. Yoshida and T. Ishisaki, Asahi Glass Co., Ltd., Kanagawa, JAPAN

High Energy Density Proton Exchange Membrane Fuel Cell With Dry
Reactant Gases

S. Srinivasan, S. Gamburzev, O. A. Velev, E Simoneaux and A. J. Appleby,
Texas Engineering Experimental Station, College Station, TX

Questions and Answers

505

509

513

Break Tamiami Lounge

Study of PEFC Propulsion System for Surface Ships
R. Ono, Ishikawajima-Harima Heavy Industries Co., Ltd., Tokyo, JAPAN and
S. Tsuchiyama, The Ship Building Research Association of Japan, Tokyo, JAPAN

Polymer Electrolyte Direct Methanol Fuel Cells: An Option for
Transportation Applications

S. Gottesfeld, S. Cleghorn, X. Ren, T. Springer, M. Wilson and T. Zawodzinski,
Los Alamos National Laboratory, Los Alamos, NM

Recent Advances in High-Performance Direct Methanol Fuel Cells

S. Narayanan, W. Chun, T. Valdez, B. Jeffries-Nakamura, H. Frank, S. Surampudi

and G. Halpert, Jet Propulsion Laboratory, Califomia Institute of Technology, Pasadena,
CA, J. Kosek, C. Cropley and A. La Conti, Giner, Inc., Waltham, MA, and M. Smart,
Q.-]. Wang, G. Prakash, G. Olah, University of Southem California, Los Angeles, CA

Xvii

f

517

521

525



TUESDAY, NOVEMBER 19, 1996

5:00 pm-  Questions and Answers

5:20 pm
5:30 pm-  Reception and Exhibition Exhibit Hall
8:30 pm
WEDNESDAY, NOVEMBER 20, 1996
7:30 am-  Presenters Breakfast St. Petersburg/Sarasota Room

8:30 am (Wednesday Presenters only)

7:30 am-  Presenters Practice Room Open Ft. Lauderdale Room
5:30 pm
8:00 am-  Registration Tamiami Lounge
5:00 pm
8:00 am-  Continental Breakfast Tamiami Lounge
9:00 am :
8:00 am-  Guest Hospitality Room Open Key Largo Room
5:00 pm

SESSION V-A
9:00 am- MANUFACTURING & OPERATING EXPERIENCE Casselberry/Orlando Hall

12:05 pm Chatir:

Dan Rastler

EPRI

Co-Chair:

Patrick Davis

USDOE
9:00 am-  Opening Remarks
9:10 am
9:10 am-  PC25™ Product and Manufacturing Experience 529

9:30 am E. Hall, W. Riley, and G. Sandelli, ONSI Corporation, South Windsor, CT and
E. Hall, International Fuel Cells Corporation, South Windsor, CT

9:30 am-  Status of MCFC Stack Development at Hitachi 532
9:50 am S. Takashima, T. Kahara, M. Takeuchi, Y. Amano and T. Yoshida, Hitachi, Ltd.,
Ibaraki, JAPAN

9:50 am-  Balance of Plant for SOFC Experiences with the Planning, Engineering,
10:10 am Construction and Testing of a 10 kW Planar SOFC Pilot Plan 536
K. Klov, Statoil Research Centre, Trondheim, NORWAY, P. Sundal, T. Monsen
and A. Vik, Prototech as, Fantoft, NORWAY

Xviii



10:10 am-
10:30 am

10:30 am-
10:45 am

10:45 am-
11:05 am

11:05 am-
11:25 am

11:25 am-
11:45 am

11:45 am-
12:05 pm

9:00 am-
12:05 pm

9:00 am-
9:10 am

9:10 am-
9:30 am

9:30 am-
9:50 am
9:50 am-

10:10 am

10:10 am-
10:30 am

WEDNESDAY, NOVEMBER 20, 1996

Questions and Answers

Break Tamiami Lounge

Development of SkW Class MOLB Type SOFC 540
M. Hattori, Y. Esaki, Y. Sakaki, Chubu Electric Power Company, Inc., Nagoya, JAPAN,

H. Miyamoto, Mitsubishi Heavy Industries, Ltd., Hyogo Pref., JAPAN, and F. Nanjo,

T. Matsudaira, K. Takanobu, Mitsubishi Heavy Industries, Ltd., Kobe, JAPAN

Low Cost Electrode Development and Performance in

Ballard Advanced Stack Hardware 544
G. Hards, T. Ralph, Johnson Matthey Technology Centre, Berkshire,

UNITED KINGDOM, D. Wilkinson and S. Campbell, Ballard Power Systems,

Bumaby, B.C., CANADA

Development of Fuel Processors for Transportation and
Stationary Fuel Cell Systems 548
W. Mitchell, J. Bentley, and J. Thijssen, Arthur D. Little, Inc., Cambridge, MA

Questions and Answers

SESSION V-B

TRANSPORTATION APPLICATIONS I Kissimmee/St. Cloud Hall
Chair:

Steve Chalk

USDOE

Co-Chair:

Shang Hsiung

FTA

Opening Remarks

Three Fuel Cell Buses: Did the Promise Live Up to Reality? 553
D. Lee, U.S. Department of Energy, Washington, DC

Fuel Cell Transit Bus Development & Commercialization Programs

at Georgetown University 557

R. Wimmer, J. Larkins and S. Romano, Georgetown University, Washington, DC

Transportation Engine Commercialization at Ballard Power Systems 559
N. Otto and P. Howard, Ballard Power Systems, Inc., Bunaby, B.C., CANADA

Questions and Answers

Xix

‘.
L



10:30 am-
10:45 am

10:45 am-
11:05 am

11:05 am-
11:25 am

11:25 am-
11:45 am
11:45 am-
12:05 pm

12:30 pm-
2:00 pm

WEDNESDAY, NOVEMBER 20, 1996

Break Tamiami Lounge

PEM Fuel Cell Stack Development for Automotive Applications
W. Ernst, Mechanical Technology Inc., Latham, NY

Design and Performance of A Prototype Fuel Cell Powered Vehicle
P. Lehman and C. Chamberlin, Humboldt State University, Arcata, CA

Fuel Cell Power System for Utility Vehicle
M. Graham, F. Barbir, F. Marken and M. Nadal, Energy Partners, Inc.,
West Palm Beach, FL

Questions and Answers

563

567

571

POSTER SESSION THREE AND LUNCH Florida Hall

Chair:
Donna Lee
USDOE

POSTERS P3A — PEM R&D

1) Fuel Cell Development for Transportation: Catalyst Development
N. Doddapaneni and D. Ingersoll, Sandia National Laboratories, Albuquerque, NM

2) Electrode Porosity and Effective Electrocatalyst Activity in
Electrode-Membrane Assemblies (MEAs) of PEMFCs
A. Fischer and H. Wendt, Institut fiir Chemische Technologie,
Darmstadt, GERMANY

3) Self-Humidified Proton Exchange Membrane Fuel Cells:
Operation of Larger Cells and Fuel Cell Stacks
H. Dhar, J. Lee, and K. Lewinski, BCS Technology, Inc., Bryan, TX

4) Development of a Polymer Fuel Cell System for Naval Surface Ship Applications
D. Schmal, C. E. Kluiters, TNO Institute of Environmental Sciences, Energy
Research and Process Innovation, Delft, THE NETHERLANDS, and
1. Barendregt, Royat Netherlands Navy, Den Haag, THE NETHERLANDS

5) Development aﬂd Properties of the “Stonehart” Humidity Stabilized
Perfluoro-Polymer Membrane
P. Stonehart, Stonehart Associates, Inc., Madison, CT .

6) Efficient Pt Catalysts for Polymer Electrolyte Fuel Cells
J. Fournier, G. Faubert, J. Y. Tilquin, R. Cote, D. Guay, and J. P. Dodelet,
INRS-Energie et Materiaux, Varennes, Quebec, CANADA

7) The Canadian Fuel Cell R&D Program
N. Beck, and M. Hammerli and Natural Resources Canada, Ottawa,
Ontario, CANADA

575

579

583

587

591

595

599



WEDNESDAY, NOVEMBER 20, 1996

8) Process Simulation of a PEM Fuel Cell System
K. Ledjeff-Hey, J. Roes, V. Formanski, Gerhard-Mercator-Universitat
Gesamthochschule Duisburg Fachbereich Maschinenbau, Duisburg,
GERMANY, K. Ledjeff-Hey, J. Gieshoff and B. Vogel, Fraunhofer-Institute
for Solar Energy Systems, Freiburg, GERMANY

9) Development of Small Polymer Electrolyte Fuel Cell Stacks
V. Paganin, E. Ticianelli, and E. Gonzalez, and Instituto de Quimica de
Sao Carlos/USP, Sao Carlos, SP, BRAZIL

10) Effects of Microstructure on Carbon Support in the Catalyst Layer
on the Performance of Polymer Electrolyte Fuel Cells
M. Uchida, Y. Fukuoka, Y. Sugawara, N. Eda and A. Ohta, Matsushita
Battery Industrial Co., Ltd., Osaka, JAPAN

11) Preparation Method of Ultra Low Platinum Loading Electrodes
for Polymer Electrolyte Fuel Celis
Y. Fukuoka, M. Uchida, Y. Sugawara, N. Eda and A. Ohta, Matsushita
Battery Industrial Co., Ltd., Osaka, JAPAN

12) High Performance Radiation-Grafted Membranes and Electrodes
for Polymer Electrolyte Fuel Cells
S. Nezu, H. Seko, M. Gondo and N. Ito, IMRA Materials R&D
Company, Ltd., Aichi, JAPAN

13) PEM Fuel Cell Stack Performance Using Dilute Hydrogen Mixtures:
Implications on Electrochemical Engine System Performance and Design
M. Inbody, N. Vanderborgh, J. C. Hedstrom, and J. I. Tafoya, Los Alamos
National Laboratory, Los Alamos, NM

14) Performance Evaluation of PEFC Stack
J. Fujita and J. Ohtsuki, The Kansai Electric Power Co., Inc., Amagasaki,
JAPAN, and Y. Shindo, Y. Enami, S. Kinoshita, K. Urabe, Fuji Electric
Corporate Research and Development, Ltd., Kanagawa, JAPAN

15) An Optimization Study on PEFC Drive Electric Vehicle
K. Kishida, M. Tanaka, K. Kanai, Y. Iwahashi, and K. Tsumura, Fukui
University of Technology, Fukui-shi, JAPAN

16) Modeling of Gaseous Flows Within Proton Exchange Membrane Fuel Cells
K. Weisbrod, N. Vanderborgh,
Los Alamos National Laboratory, Los Alamos, NM, S. Grot, Delphi Energy and
Engine Management Systems, Rochester, NY

17) Novel, Low-Cost Separator Plates and Flow-Field Elements for Use
in PEM Fuel Cells
D. Edlund, Northwest Power Systems, LLC, Bend, OR

18) PEM Fuel Cell Applications and their Development at International Fuel Cells
T. Fuller, M. Gorman, and L. Van Dine and International Fuel Cells Corporation,
South Windsor, CT

Ve

604

608

612

616

620

624

628

631

635

639

641



WEDNESDAY, NOVEMBER 20, 1996

19) The Effect of Operation and Design Parameters on the Performance of the
Direct Methanol Fuel Cell
S. F. Simpson, A. Cisar, K. Franaszczuk, H. Moaddel, D. Brejchova, C. Salinas,
D. Weng and O. J. Murphy, Lynntech, Inc., College Station, TX

20) The Importance of Water Control to PEM Fuel Cell Performance
A. Cisar, O. Murphy and S. Simpson, Lynntech, Inc., College Station, TX

21) Performance of Direct Methanol Polymer Electrolyte Fuel Cell
D.R. Shin, D. H. Jung, C. H. Lee and Y. G. Chun, Korea Institute of Energy
Research, Taejon, KOREA

22) Performance Improvement of PEFC Modules with Cells Containing
Low Amount of Platinum
Y. Miyake, M. Kadowaki, A. Hamada, M. Kaneko, T. Nakaoka, T. Matsubayashi
and K. Nishio, Sanyo Electric Company, Ltd., Osaka, JAPAN, M. Enami and
K. Takasu, New Energy and Industrial Technology Development Organization
(NEDO), Tokyo, JAPAN

23) Stainless Steel Wire Mesh Flow-Fields for Polymer Electrolyte Fuel Cells
C. Zawodzinski, M. Wilson and S. Gottesfeld, Los Alamos National Laboratory,
Los Alamos, NM

24) Characterization and Basic Research Investigations at PEFC Electrodes
and MEA
M. Schulze, N. Wagner, G. Steinhilber, E. Giilzow, M. Wéhr, and XK. Bolwin,
DLR, Institut fiir Technische Thermodynamik, Stuttgart, GERMANY

25) Innovative Production Techhique for PEFC Electrodes
D. Bevers, E. Giilzow, A. Helmbold and B. Miiller, DLR, Institut fiir Technische
Thermodynamik, Stuttgart, GERMANY

26) Opportunities for Portable Ballard Fuel Cells
H. Voss, and J. R. Huff, Ballard Power Systems, Inc., Bumaby, B.C., CANADA

27) X-Ray Absorption and Electrochemical Studies of Direct
Methanol Fuel Cell Catalysts
D. Zurawski, A. Aldykiewicz, Jr., S. Baxter and M. Krumpelt, Argonne National
Laboratory, Argonne, IL

28) Analysis of the Electrochemical Characteristics of a Direct Methanol
Fuel Cell Based on a Pt-Ruw/C Anode Catalyst
A. Arico, P. Creti, R. Mantegna, N. Giordano, and V. Antonucci, Institute
C.N.R.-T.A.E. for Transformation and Storage of Energy, Messina, ITALY,
and P. Antonucci, Institute of Chemistry, University of Reggio Calabria,
Reggio Calabria, ITALY

29) Comparison of Pt-Based Binary and Ternary Alloy Anode Catalysts for
Polymer Electrolyte Direct Methanol Fuel Cells

R.Liu, K. Ley, C. Pu, E. Reddington, K. Trintefillou, T. E. Mallouk, and
E. Smotkin, Illinois Institute of Technology, Chicago, IL

xxii

647

651

655

659

663

668

672

674

678

682



WEDNESDAY, NOYEMBER 20, 1996

30) Discovery of Methanol Electro-Oxidation Catalysts by Combinatorial Analysis
T. E. Mallouk, E. Reddington, Pennsylvania State University, University Park, PA,
C.Pu, K. L. Ley, and E. S. Smotkin, llinois Institute of Technology, Chicago, IL

POSTERS P3B — Fuels and Processors, Alkaline R&D

1) A Mathematical Modeling of Raney Nickel Hydrogen Electrode for AFC
H. Kim and J. Jo, Hanyang University, Seoul, KOREA

2) Removal of Sulfur Contaminants in Methanol For Fuel Cell Applications
S. Lee, R. Kumar, Argonne National Laboratory, Argonne, IL, and R. Sederquist,
International Fuel Cells, South Windsor, CT

3) Evaluation and Performance of an Unconventional AFC-Design
S. Schwartz, and O. Lindstrom, Royal Institute of Technology, Stockholm,
SWEDEN

4) Performance of Pt-Co Alloys and CoTPP Catalysts for the Reduction
of Oxygen in AFC
Y. Kiros, Royal Institute of Technology, Stockholm, SWEDEN, A. Sampathrajan
and M. Ramanathan, Tamil Nadu Agricultural University, Coimbatore, INDIA

5) FCPP Application to Utilize Anaerobic Digester Gas
Y. Nakayama, N. Kusama and K. Wada, Toshiba Corporation, Tokyo, JAPAN

6) Local Biofuels Power Plants with Fuel Cell Generators
O. Lindstrom, Royal Institute of Technology, Stockholm, SWEDEN

7) Integrated Analysis of the “Sponge Iron Reactor and Fuel Cell System”
J. Lehrhofer, M. Ghaemi, H. Wernigg, K. Friedrich and K. Kordesch,
Graz University of Technology, Graz, AUSTRIA

8) Onboard Fuel Reformers for Fuel Cell Vehicles: Equilibrium,
Kinetic and System Modeling -
T. Kreutz, M. Steinbugler, and J. Ogden, Princeton University, Princeton, NJ

9) Analysis of On-Board Fuel Processing Designs for PEM Fuel Cell Vehicles
S. Kartha, S. Fischer and T. Kreutz, Princeton University, Princeton, NJ

10) Demonstration Test of a Reformer Employing Thermal Radiation
Media for Multi-Megawatt Fuel Cell Applications
Y. Morita, Chiyoda Corporation, Yokohama, JAPAN, M. Ogawa, Kansai
Electric Power Company, Amagasaki, JAPAN, T. Horie, Chiyoda Corporation,
Yokohama, JAPAN and Y. Mizumoto, Mitsubishi Electric Corp., Kobe, JAPAN

11) Development and Life Evaluation of a Steam Reforming Process for PAFC

S. Nagase, S. Takami, M. Masuda, N. Shinke and N. Iwasa, Osaka Gas
Company, Ltd., Osaka, JAPAN

*Abstract not available at time of publication.

Xxiii

686

690

694

698

702

706

710

714

718

722

726



2:15 pm-
5:20 pm

2:15 pm-
2:25 pm

2:25 pm-
2:45 pm

2:45 pm-
3:05 pm

3:05 pm-
3:25 pm

3:25 pm-
3:45 pm

3:45 pm-
4:00 pm

WEDNESDAY, NOVEMBER 20, 1996

12) Development of a Hydrogen Generator for Fuel Cells Based on the
Partial Oxidation of Methane 730
V. Recupero, T. Torre, G. Saija and N. Giordano, Institute CNR-TAE,
Messina, ITALY

13) Techno-Economical Analysis of an Integrated Hydrogen
Generator-Fuel Cell System 734
V. Recupero, G. Maggio, R. Di Leonardo and M. Lagana, Istituto CNR-TAE,
Messina, ITALY

14) Modelling Studies to Proper Size a Hydrogen Generator for Fuel Cells 738
G. Maggio, V. Recupero, R. Di Leonardo and M. Lagana, Istituto CNR-TAE,
Messina, ITALY

15) Operation of the 2SKW NASA Lewis Solar Regenerative Fuel Cell Testbed 742
G. Voecks, Jet Propulsion Laboratory, Pasadena, CA and P. Prokopius,
NYMA, Inc./NASA LERC, Cleveland, OH

SESSION VI-A

FUEL CELLS - THE FUTURE Casselberry/Orlando Hall
Chair:

Marvin Warshay

NASA

Co-Chair:
Diane Hooie
USDOE

Opening Remarks

Lightweight Pressure Vessels and Unitized Regenerative Fuel Cells 743
F. Mitlitsky, B. Myers and A. Weisberg, Lawrence Livermore National
Laboratory, Livermore, CA

Hydrogen Fuel Cells in Chemical Industry: The Assemini Project 747
G. Caserza, T. Bozzoni, Ansaldo CLC s.r.l.,, Genova, ITALY, G. Porcino

and A. Pasquinucci, Enichem s.p.a., Milano, ITALY

The Low-Temperature Partial-Oxidation Reforming of Fuels

for Transportation Fuel Cell Systems 750
R. Kumar, S. Ahmed and M. Krumpelt, Argonne National Laboratory, Argonne, IL

Questions and Answers

Break Tamiami Lounge

XXiv



4:00 pm-
4:20 pm

4:20 pm-
4:40 pm

4:40 pm-
5:00 pm

5:00 pm-
5:20 pm

2:15 pm-
5:20 pm

2:15 pm-
2:25pm

2:25 pm-
2:45 pm

2:45 pm-
3:05 pm

3:05 pm-
3:25 pm

3:25 pm-
3:45 pm

3:45 pm-
4:00 pm

WEDNESDAY, NOVEMBER 20, 1996

A Pound of Prevention: Air Pollution and the Fuel Cell 754
B. Johnson, Agency for Toxic Substances and Disease Registry,
Atlanta, GA and R. Rose, Fuel Cells 2000, Washington, DC

Fuel Cells for Transportation: Status, Opportunities and Challenges 758
A. Lloyd, Desert Research Institute, Reno, NV and J. Leonard,
South Coast Air Quality Management District, Diamond Bar, CA

Legal & Regulatory Issues Affecting Participation in Distributed Resource Markets 761
J. Nimmons, John Nimmons & Associates, Olympia, WA

Questions and Answers

SESSION VI-B

POWER PLANT APPLICATIONS &

DEMONSTRATIONS I Kissimmee/St. Cloud Hall
Chair;

Mike Binder

U.S. Army Corps of Engineers

Co-Chair:
Bill Taylor
U.S. Army Construction Engineering Research

Opening Remarks

DoD Fuel Cell Demonstration Program 765
F. H. Holcomb, M. J. Binder and W. R. Taylor, U.S. Army Construction
Engineering Research Laboratories, Champaign, IL

Demonstration of SMW PAFC Power Plant 768
Y. Usami, Phosphoric Acid Fuel Cell Technology Research Association (PAFC-TRA),

Osaka, JAPAN and T. Takae, New Energy and Industrial Technology Devieopment
Organization (NEDO), Tokyo, JAPAN

Experimental Analysis of Elemental Factors Controlling the Life of PAFCs 772
M. Watanabe, H. Uchida, Yamanashi University, Kofu, JAPAN, H. Miyoshi,

Mitsubishi Electric Co., N. Nakajima, Fuji Electric Company, T. Kitai,

Toshiba Company, Kofu, JAPAN, K. Nishizaki, Tokyo Gas Company, Ltd.

Questions and Answers

Break Tamiami Lounge

$y5

5
ST
L




4:00 pm-
4:20 pm

4:20 pm-
4:40 pm

4:40 pm-
5:00 pm

5:00 pm-
5:20 pm

5:20 pm

WEDNESDAY, NOVEMBER 20, 1996

‘Tubular SOFC and SOFC/Gas Turbine Combined Cycles — Status and Prospects
S. Veyo and W. Lundberg, Westinghouse Electric Corporation
Science & Technology Center, Pittsburgh, PA

Hydrodesulfurization and Prereforming of Logistic Fuels for Use

in Fuel Cell Applications

M. Piwetz, Haldor Topsoe, Inc. Houston, TX, T. Christensen, Haldor Topsoe A/S,
Lyngby, DENMARK and J. Larsen, Haldor Topsoe, Inc., Houston, TX
Stationary Market Applications Potential of Solid Oxide and

Solid Polymer Fuel Cell Systems

J. N. Baker and W. H. Fletcher, EA Technology, Chester, UNITED KINGDOM

Questions and Answers

Conclusion of the 1996 Fuel Cell Seminar

XXvi

776

780

784




STATIONARY POWER FUEL CELL COMMERCIALIZATION
STATUS WORLDWIDE

Dr. Mark C. Williams
Fuel Cells Product Manager
U.S. Department of Energy
Morgantown Energy Technology Center
Morgantown, West Virginia USA

Abstract

Fuel cell technologies for stationary power are set to play a role in power generation
applications worldwide. The worldwide fuel cell vision is to provide powerplants for the
emerging distributed generation and on-site markets. Progress towards commercialization has
occurred in all fuel cell development areas. Around 100 ONSI phosphoric acid fuel cell
(PAFC) units have been sold, with significant foreign sales in Europe and Japan. Fuji has
apparently overcome its PAFC decay problems. Industry-driven molten carbonate fuel ceil
(MCFC) programs in Japan and the U.S. are conducting megawatt (MW)-class demonstrations,
which are bringing the MCFC to the verge of commercialization. Westinghouse Electric, the
acknowledged world leader in tubular solid oxide fuel cell (SOFC) technology, continues to set
performance records and has completed construction of a 4-MW/year manufacturing facility in
the U.S. Fuel cells have also taken a major step forward with the conceptual development of
ultra-high efficiency fuel cell/gas turbine plants. Many SOFC developers in Japan, Europe, and
North America continue to make significant advances.

Introduction

Fuel cell technologies for stationary power are set to play a significant role in power
generation applications worldwide. The worldwide fuel cell vision is to provide powerplants
(<20 MW) for the emerging distributed generation and on-site markets. Fuel cells have also
taken a major step forward with the conceptual development of larger, advanced, ultra-high
efficiency fuel cell/gas turbine plants (50-100 MW) for industrial and traditional customers.
These remarkable fuel cell/gas turbine plants promise in excess of 70 percent efficiency. Fuel
cells are under consideration for use in many distributed power applications. Fuel cells address
important technical and environmental customer needs, such as: (2) Low emissions, (b)
premium power quality and uninterruptable power supply applications, (c) efficiency (even in
small sizes and part-load), (d) low noise, (¢) high-quality by-product heat, (f) modularity, (g)
unmanned operation, (h) fuel flexibility, and (i) the highest possible reliability. Progress
towards commercialization has occurred in all fuel cell development areas. In the U.S,, Japan,
and Europe, the programs continue to receive the support of governments, industry, and
institutes, and work is carried out at industrial locations, manufacturer sites, and at supporting
laboratories and universities.

PAFC Status

In the U.S., the Department of Defense/Department of Energy Climate Change Fuel Cell
Program has resulted in both national and international awards. Eighteen U.S. projects and 19
foreign projects have been selected. Additional awards under the program are expected in
1997. Around 100 ONSI PAFC units have been sold, with significant foreign sales in Europe
and Japan. In Japan, Osaka Gas and Tokyo Gas are
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continuing to demonstrafe and test a significant number of fuel cells. Osaka Gas, alone, has
tested 49 fuel cell units, totaling 6800 kilowatts (kW's). Osaka Gas has indicated that the
ONSI units it has tested have experienced less than 10 percent degradation in 40,000 hours.

Fuji, Toshiba, and Mitsubishi are continuing development in Japan, and some of their fuel cells
are being evaluated in Japan and Europe. The 5-MW PAFC test at Amagasaki is expected to
be completed by 1997. According to Osaka Gas, Fuji has apparently overcome its PAFC
decay problems.

MCFC Status

Industry-driven MCFC programs in Japan and the U.S. are conducting MW-class
demonstrations, which are bringing the MCFC to the verge of commercialization. In the U.S.,
Energy Research Corporation attained 2 MW's at its demonstration in Santa Clara, California.
M-C Power plans startup of a 250-kW demonstration at the Miramar Naval Air Station in -
San Diego, California, by December 1996. Two manufacturing capabilities of 2-17 MW/year
have been established in the U.S. The stated objective of the U.S. MCFC Program is to
develop a packaged, commercializable MCFC product and to bring 2 multifueled, integrated,
simple, low-cost, modular, market-responsive MCFC powerplant to the marketplace.

In Japan, IHI, Toshiba, Mitsubishi, Hitachi, and Sanyo are continuing MCFC development.
Some developers have completed 100-kW tests and are now working on issues in 20-40-kW
stacks through the Ministry of International Trade and Industry and the New Energy and
Industrial Technology Development Organization. In 1998, Hitachi and IHI will be testing a
combined 1-MW pressurized, external reforming MCFC plant near Osaka. Mitsubishi is
planning a 300-kW demonstration in the near future. In Europe, ECN and Ansaldo are
continuing stack development and testing in MCFC.

SOFC Status

Many SOFC developers in Japan, Europe, and the U.S. continue to make significant advances.
In the U.S,, in the tubular SOFC area, Westinghouse, working with Ontario-Hydro, has tested
an SOFC at 15 atmospheres pressure. In addition, Westinghouse will begin testing of a
100-kW SOFC plant in the Netherlands in 1997. - Westinghouse continues to set performance
records and has completed a 4 MW/year manufacturing facility in the U.S.

In the U.S,, SOFC planar development continues at ZTEK, Allied-Signal, SOFCO, and TML.
ZTEK completed several thousand hours testing on a 1-kW planar SOFC design. SOFC power
density feasibilities of 2.0 watts per square centimeter appear feasible. Emphasis in SOFC
planar remains on solving design issues and establishing performance.

In Europe and Japan, development continues on both tubular and planar designs at many
locations by many developers. MHI, one leading Japanese developer, is working on both
tubular and planar designs. MHI should complete 10-kW tubular and 5-kW planar tésts in
1996. Siemans plans to complete a 20-kW test in 1996 and a 100-kW test by 1998,
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Fuel cells have also taken a major step forward with the conceptual development of larger,
advanced, ultra-high efficiency fuel cell/gas turbine plants for industrial and traditional
customers. Westinghouse, ZTEK, and others are working to integrate the fuel cell and gas
turbine into an ultra-high efficiency powerplant. The SOFC appears to be particularly
integratable with the gas turbine.
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ACTIVITIES DEDICATED TO FCPP COMMERCIALIZATION AT TOSHIBA

Shin-ichi Ikeda, dJiro Ozono, and Nobuaki Sato
Fuel Cell Systems Division
Toshiba Corporation
1-6 Uchisaiwai-cho, Chiyoda-ku, Tokyo 100, Japan

1. INTRODUCTION

The present line-up of fuel cell power plants (FCPPs) at Toshiba consists of 11MW
FCPP for pressurized operation, 1000kW on-site FCPP and 200kW on-site FCPP,

In these, an 11IMW FCPP installed at Goi Power Station of Tokyo Electric Power
Company (TEPCO) is providing valuable experience through more than 20,000
cumulative hours of operation. Also, a 1000kW on-site FCPP, which Toshiba
manufactured under the joint program of NEDO and PAFC Technology Research
Association, has cumulative operation of 7,500 hours.

Toshiba, however, believes that the 200kW on-site FCPP is the leader in the
commercialization of phosphoric acid FCPP. This paper therefore presents the
development status of 200kW power plants and our strategic considerations for full
commercialization of PC25 type 200kW FCPP.

2. DEVELOPMENT OF 200kW PC25 FCPP

In 1890, IFC ( a subsidiary of UTC in which Toshiba has significant interest ) and
Toshiba formed ONSI as a subsidiary of IFC, which focuses on on-site power plants,
Toshiba has since performed E&D and business activities under strong cooperation
with IFC/ONSI. As the first step, Toshiba cooperated closely with IFC/ONSI in
developing ONSI's 200kW PC25T™A FCPP. Toshiba shared in the development and
manufacturing of the reformers and electrical system assemblies for PC25 model A
units.

Now, a total of 104 units of 200kW PC25 FCPP delivered by ONSI or Toshiba are
showing excellent average operating availability of 95%. Most of the plants are
showing stable characteristics in cell voltage, as shown in Figure 1. Three units have
cumulative operating time exceeding 30,000 hours, and 29 units have exceeded
20,000 hours. Continuous generation in excess of 6 months has been achieved in 29
cases. In April, 1996, the PC25 fleet has accumulated one million hours of service
world wide.
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Figure 1. Typical cell voltage change at a PC25A

Succeeding the PC25 A and its modified PC25 B, the most advanced design, PC25
model C (Figure 2), has been developed as a commercial product, and the first
production unit was shipped in November, 1995,
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Major features of PC25 C are as follows:
- Maintaining the excellent baseline power plant design and characteristics of the
preceding model, PC25 A
- Remarkable reduction of size, weight and cost
» Improvement of plant installability and maintainability

The specification for the 200kW PC25 C is shown in Table 1. The 22 units of PC25
C have been shipped to many destinations in U.S., Japan and Korea ; these are now
being placed in service. Initial operation has shown good performance. Seven units
have been shipped to Japan for Tokyo Gas Company, Osaka Gas Company and
Toshiba's factory. A PC25 C at the Torishima site of Osaka Gas, which was the first
PC25 C production unit has cumulative operating time more than 2,000 hours. For
reference, a prototype PC25 C unit which is installed at the IFC/ONSI plant has
recorded cumulative operation time more than 10,000 hours as of the end of August,
© 1996.

Table 1. _Specification of PC25 C
Net AC Efficiency [%LHV] 40
Heat Efficiency {%LHV] 41
Volume Width [m] 5.5

Depth [m] 3.0
Height [m] 3.0
Foot Print [m2/kW] 0.08

Package Weight [ton] 18.2

" a2 | iSGES

Figure 2. PC25 C 200kW FCPP

3. PROMOTION TO COMMERCIALIZATION

Fuel cell customers demand reliable and high quality energy out:put at a competitive
price. To meet this demand, Toshiba will focus on the three factors ; product
reliability, cost reduction, and maintenance and servicing.

(1) Product Reliability

We believe that Toshiba, IFC and ONSI have established the reliable technologies
necessary for manufacturing the 200kW on-site FCPP as a commercial product.

As mentioned above, PC25 FCPPs installed at various locations in the world so far
are establishing excellent operating records. In addition to the experience from field
operation, Toshiba has focused on verifying the stability of cell characteristics during
long term operation, since we recognize the customer’s concern with durability of cell
performance over a cell life of 40,000 hours. For example, Toshiba has performed
several teardown inspections and examinations to evaluate the integrity of cell stack
assembly observing the interim state of the CSA components which had been
operated for an extended period. Key factors affecting cell life, such as carbon
corrosion, loss of electrolyte and catalyst sintering, have been evaluated. To date
there have been no indications of wear out or life limitation.

A 2Tl
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This knowledge has strengthened our confidence that long term cell stability will be
achieved.

(2) Cost Reduction

While the production cost of PC25 C has been reduced by about 50% in comparison
with the precedmg model, further cost reduction of FCPP is required for market
expansion in the future. Since the reliability of PC25 FCPP is being proven, we
believe that cost reduction is the most important factor to be pursued. Cost reduction
of FCPP will be accomplished in two ways ; technical innovation and increase of
production rate (mass-production effect).

With regard to technical innovation for cost reduction, Toshiba and IFC/ONSI will
continue to perform joint activities focusing on cell stack, reformer and inverter,
as well as ancillary system improvements.

In order to strongly pursue the mass-production effect, Toshiba and IFC/ONSI have
strategically agreed that manufacturing of alt PC25 FCPPs contracted by-Toshiba or
IFC/ONSI with customers should be concentrated into IFC/ONSI. This enables
IFC/ONSI to make mass-procurement of materials/components from outside venders
and also improve productivity at IFC/ONSI's facbory, contributing to cost reduction.

The above strategy is based on the strong cocperation between, Toshiba and
IFC/ONSI. That is, with respect to sales by Toshiba, these parties will act as_one
body and IFC/ONSI’s factory functions as if a part of Toshiba’s, while Toshiba_will
take the full responsibility to its customers for all aspects of transportation,
supervision of installation / trial operation, service and warrantee for any FCPPs to
be contracted by Toshiba. In order to smoothly perform the above formation, Toshiba
has assigned engineers to work at IFC/ONSI, and a Toshiba manager is actmg asa
vice president of IFC.

(3) Maintenance and Servicing

Toshiba is making efforts to provide the maintenance support system required to
achieve customer satisfaciton. In the spring of 1996, Toshiba established a local
service center in the Osaka area to promptly make a diagnosis of problems using a
Remote Diagnostic Terminal (RDT). Also, Toshiba will open a training school so that
customers can gain practical experience in the operation and maintenance of FCPP
and learn troubleshooting.

4. . DEVELOPMENT OF VARIOUS APPLICATIONS

To expand the market with making full use of ‘advantages and flexibility of FCPP,
Toshiba is developing various kind of applications for on-site power plant. Some
examples are presented as follows :

(DDirect Current Supply System :
A part of DC power from the cell stack can be supphed to DC loads dlrectly or
through DC/DC converter.
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This system will be attractive for the site where both of AC and DC power sources
are required such as chemical process facility, water purifying plant, and DC power
source for electronics applications.

(2)Application to Various Fuel Sources :

While natural gas is a prime fuel for FCPP, it can be operated using various fuel
sources, such as LPG, kerosene and naphtha. Digester gas which is generated at
sewage disposal plants is another alternative fuel source. (See Figure 3)

Microorganism
Digester

gas tank

Storage Sludge heat Digester
tank exchanger gas holder
S
ewerage Thickening
facilities Hot water

—>{ FCPP

,AC output \l,

Figure 3. Schematic of Digester Gaé Utilization

Digester gas

(3)Application as UPS Function :

FCPP can be a premium power source in place of conventional UPS (Uninterruptible
Power Supply) to supply lower cost power with high quality and reliability to any
important loads such as computer facilities.

(4)Steam Supply System :

FCPP can supply heat in the form of steam in 170C, which is generally utilized as
an energy source of absorption chiller to produce cold water for air conditioning or as
heat source to boiler feed water.

5. SUMMARY

The operating record of the PC25 C fleet continues to show the superior
characteristics of the PAFC FCPP and operating times have increased significantly
since the last fuel cell seminar. Introduction of the PC25 C demonstrates the
continued improvement of this product characteristics.

The potential world wide market for FCPPs is very large and a variety of
applications are possible. In cooperation with IFC/ONSI, Toshiba will aggressively
pursue the activities required to provide high quality and cost competitive PAFC
power plants to the market in Japan and other Asian countries, so that the PC25
FCPP will be widely recognized as an efficient and premium power source with
benign emission profile.




CONSTRUCTION AND START-UP OF A 250 KW NATURAL GAS FUELED MCFC
DEMONSTRATION POWER PLANT

R. A. Figueroa, J. Carter, R. Rivera, and J. Otahal
San Diego Gas & Electric
San Diego California

J. A. Scroppo and R. M. Laurens
M-C Power Corporation
Burr Ridge, Illinois

San Diego Gas & Electric (SDG&E) is participating with M-C Power in the development and
commercialization program of their internally manifolded heat exchanger (IMHEX®) carbonate
fuel cell technology. Development of the IMHEX technology base on the UNOCAL test facility
resulted in the demonstration of a 250 kW thermally integrated power plant located at the Naval
Air Station at Miramar, California. .

The members of the commercialization téam lead by M-C Power (MCP) include Bechtel
Corporation, Stewart & Stevenson Services, Inc., and Ishikawajima-Harima Heavy Industries
(IHI). MCP produced the fuel cell stack, Bechtel was responsible for the process engineering
including the control system, Stewart & Stevenson was responsible for packaging the process
equipment in a skid (pumps, desilfurizer, gas heater, turbo, heat exchanger and steam
generator), IHI produced a compact flat plate catalytic reformer operating on natural gas, and
SDG&E assumed responsibility for plant construction, start-up and operation of the plant.

The focus of this paper is the participation of a utility, a prospective customer of the product, with
the technology developer in coordinating the construction and start-up of the thermally
integrated demonstration power plant at a NAS Miramar. We wish to acknowledge the
cooperation and assistance of LtCdr. R. Fahey and Mr. J. Gray of NAS Miramar Staff Civil
Engineering, Capt. Corbett and Mr. J. Thomas of Public Works Center, and the Commanding
Officer of the NAS Miramar Base, Capt. Rollins for their support in making this project a reality.

Construction of a demonstration / proof of concept plant requires the usial coordination between
designers, engineers, and technologists. These plants are usually expected to be constructed in
university campuses, research institutes, or in a designated host site at utilities. When a proof of
concept project is installed at an end user site, project coordination becomes more complex and
expectations for success are elevated beyond that of a test. SDG&E took on the role of
coordinating the host site activity with the construction and start-up of this project.

SDG&E'’s participation was primarily to gain experience with a new technology product and to
provide utility experience in the start-up process. The thermally integrated power plant at
Miramar is a proof of concept, also referred to as the product development test (PDT,) of the
IMHEX technology. This is the forerunner of a commercial design for the market entry product
by M-C Power by the year 2000, :

Demonstration Plant Description and Location:

The PDT plant is located within the NAS Miramar base nearly 15 miles north-east of down town
San Diego. The plant includes an improved design of the fuel cell stack, a pressurized process
system using the thermal energy to improve cycle efficiency, a skid mounted package with the
balance of plant, and an innovative flat plate natural gas reformer by IHI. The plant is contained
in a 40 by 80 square foot area and it consists of three main parts: the fuel processor (reformer),
the balance of plant (BOP) skid, and the fuel cell stack. Auxiliary equipment includes a nitrogen
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gas storage tank and vaporizer, air compressor, and boiler feed water make-up system, which are
separate from the BOP skid. It is anticipated that in 2 commercial plant, the auxiliary equipment
will be part of the BOP skid or eliminated. The electrical equipment and control system is within
a control room and electrical room, which would be reduced to cabinet size equipment ina
commercial product.

Objectives:

The objectives of the PDT test are:

¢ Determine plant component performance

e Prove that the BOP can be constructed using proven commercial equipment

o  Applicability of the product simulating a distributed generation system at an end user site.

e Demonstrate the practicality of building, operating and maintaining power plants with non-

specialized work force, which is not the normal operating procedure for an electric utility.
Coordination and Planning:

Construction of the 250 kW PDT plant was an integrated process between six different entities:
M-C Power, Bechtel Enginecring, Stewart & Stevenson, IHI, The U.S. Navy, and SD G&E. Each
group had individual responsibilities, MCP to deliver the fuel cell, Bechtel to deliver process
design and construction packages for the mechanical, instrumentation, and electrical contracts
including control system design and specifications. Stewart & Stevenson incorporated the BOP
into a skid-mounted unit, and SDG&E was the site coordinator providing, civil engineering and
design, construction management, plant start-up, and operation. The Navy provided information
on utilities on the selected site at NAS. Although IHI was perceived as a vendor of the reformer,
coordination was required to ensure the compatibility of the reformer with the process design and
transportation of the reformer to the site.

Planning for construction began with site definition and permitting. Site definition included
negotiations with the Navy to install the project within the NAS facility followed by site
selection. The permits were primarily from the Navy to meet environmental and safety
requirements. Since the installation ‘was within a Federal installation, a construction permit from
the city was not required. We did however, submit construction drawings to the San Diego Navy
Civil Engineering South West Division for their approval. Additional permits were required
from the local pollution control district, the DOE environmental department, and the Navy’s
environmental group within the NAS facility. The PDT project was issued an exception by the
San Diego Air Pollution Control District. DOE and NAS issued a categorical exclusion from an
Environmental Impact Report.

Construction of the PDT plant began in May 1995 and was completed in September 1996.
Figure 1 is a photograph of the near completed plant at the time this paper was issued. Site
preparation and civil construction was complete in November 1995 followed by mechanical and
electrical construction which began in February 1996. To optimize the available resources,
SDG&E electrical crews worked in parallel with the mechanical and civil contractors to expedite
the construction process. We experienced some delays in construction due to field design
changes.

Plant Commissioning and Start-up:

Although the PDT plant is 250 kW net, the commissioning process was quite similar to
commissioning larger conventional power plants. The entire system was divided into subsystems
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Figure 1. 250 kW PDT Fuel Cell Plant, NAS Miramar ~

and operators and commissioning personnel were assigned areas of responsibility for each
subsystem to ensure safety was the top priority. The commissioning of the subsystems were to be
done to the maximum extent prior to initiating a coordinated plant operation.r

At the time this paper was issued, we completed checkout of three of six subsystems and were in
the process of verifying the operation of the turbo charger subsystem. Figure 2 is a process flow
diagram of the plant. Prior to subsystem checkout, all field terminations were verified and the
Bailey control system was commissioned. 'SDG&E lead the commissioning team, which included
M-C Power, Bechtel, and Stewart & Stevenson. The commissioning process was performed with
experienced SDG&E personnel in process engineering, instrumentation, electrical, operations,
controls, and shop personnel.

SDG&E elected to play a unique role in this project as a team member and commissioning lead
to ensure that utility procedures were followed and to gain experience with the carbonate fuel cell
technology. Part of the process include troubleshooting and resolving technical issues during
commissioning period. These issues fall into the following categories:

Unanticipated limits of pre commercial technology
Process design interface

Equipment and system specification integration
Equipment procurement coordination

Equipment performance deficiencies

Construction errors

Operational procedures deficiencies

*® o o o ¢ o o

During our troubleshooting process, we encountered some BOP system design issues that needed
resolution in the field. One example of this is field modifications of the turbocharger loop, which
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was not able to achieve self sustaining operation because the performance requirements were not
met. Additional engineering and equipment modifications were required to ensure that proper
flow and temperature conditions were delivered to the turbocharger system.

Benefits of SDG&E Participation:

By participating in the PDT project, SDG&E was able to improve the success of the PDT project
by utilizing experienced power plant engineering, operations, maintenance, and craft personnel.
In addition, we were able to use the existing support infrastructure of vendors, suppliers, and
services to get quick turn-around of supplies and materials needed in the construction and
commissioning process. Throughout the construction and commissioning process, SDG&E was
able to provide a user’s perspective on process design and solutions to field problems. In
addition, we were able to contribute to the adaptation of standard operating procedures and safety
considerations. The experienced power plant personnel provided a perspective of looking at the
fuel cell as a generating facility rather than a research exercise.

The anticipated benefits to SDG&E include a perspective of how to accommodate a product such
as a carbonate fuel cell as part of its operations in a restructured electric utility industry, the
potential applications a fuel cell product as distributed generator at customer sites, and the
potential impact on the electric distribution system. Fuel cells provide one more option to the
utilities portfolio of distributed generation technologies to consider in their implementation
plans. However, when SDG&E initiated its support for the M-C Power technology, electric
industry restructure was far from a thought. But as we approach the operation of the PDT plant,
the utility business environment is fluid and full of uncertainties.

Conclusion:

The coordination during construction and start-up of the different participants was a challenge.
The results to-date however, have been very positive. Throughout the construction and
subsystem pre-testing we’ve had no loss of time due to accidents. The non-specialized work force
consisting of technicians, craftsmen, and operators have worked very well. Although we've
experienced some setbacks in schedule, we have not identified an insurmountable roadblock to
prevent a successful operation of the PDT plant.
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Figure 2. Process Flow Diagram for 250 kW IMHEX Fuel Cell Plant at NAS Miramar
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1000kW ON~SITE PAFC POWER PLANT DEVELOPMENT AND DEMONSTRATION

Tomohide Satomi , Shunichi Koike
Phosphoric Acid Fuel Cell Technology Research Association (PAFC—TRA)
3-3, 3~chome, Tenjinbashi, Kita—ku, Osaka 530, Japan

Ryou Ishikawa
New Energy and Industrial Technology Development Organization (NEDO)
1-1, 3—chome, Higashi—Ikebukuro, Toshima—ku, Tokyo 170, Japan

INTRODUCTION '

Phosphoric Acid Fuel Cell Technology Research Assocxatxon (PAFC—TRA) and New
Energy and Industrial Technology Development Organization (NEDO) have been conducting
a joint project on development of a 5000kW urban energy center type PAFC power plant
(pressurized) and a 1000kW on—site PAFC power plant (non—pressurized).

The objective of the technical development of 1000kW on—site PAFC power plant is to
realize a medium size power plant with an overall efficiency of over 70% and an electrical
efficiency of over 36%, that could be installed in a large building as a cogeneration system.

The components and system integration development work and the plant design were
performed in 1991 and 1992. Manufacturing of the plant and installation at the test site
were completed in 1994. PAC test was carried out in 1994, and generation test was started
in January 1995. Demonstration test is scheduled for 1995 and 1996.

SYSTEM CONFIGURATION .

The 1000 kW on—site PAFC power plant is being developed as a cogeneration system
that can be installed in a large building in an urban setting, and the following concepts were
identified as the development and design targets: 7

+ For installation in large building complex in urban setting (on—site type) ;

+ For supplying electrical power and thermal energy (to be especially eﬂ”xment in
supplying the energy for air—conditioning of large bulldmgs) ;

- Compact and well—integrated configuration for easy transportation to and installation ;

- Highly reliable and durable.

Table 1 summarizes the main target specifications for. this plant, and Figure 1 shows the
system flow diagram of this plant. Simplicity and high—reliability were given high prioritics
in developing and designing the basic system configuration.

To meet the targets, a plant design was considered that can produce waste heat
recovery in the form of high—temperature (170°C) steam so that building’s air—conditioning
demand be supplied efficiently with an absorption chiller while achieving the target electrical
efficiency. The semi—indirect steam output system was developed that combines direct
steam generation by a steam separator and a heat exchanger type steam generator.

And the steam recovery efficiency was improved by lowering the reforming steam/carbon
ratio and by using heat exchange between the fuel cell coolant and the supply air.

A package skid method was adopted for the integration of the plant equipment so that
the equipment can be manufactured and assembled in factories, then packages can be
installed and combined simply at the site, and the plant can be easily transported over land
and carried into the installation site. The plant completed has overall dimensions of 12.5 m
in width, 8 m in depth, and 3.6 m in height (height is 3.2 m except for cell stack and
reformer) and footprint of 100 m®(0.1m?/ kW), thus achieving the compactness target.
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Table 1. Target Specifications of 1000 kW Plant

Specifications

Rated output 1,000k% (AC-net)
Electrical; 3B %
Thermal ; = 35 %

Efficiency (HHV) Steam ;= 20

Hot water ; = 15

Total ;=T %

Operating pressure; Atmospheric

Operating temperature; - 20b °C

Fuel cell stack Number of fuel cell stacks; 2 stacks

Cell size ; ca. In®

Current density; 250 ma/cn®

Reformer 1,000k¥ class, Multi-tube type
Foot prints = 0.1 n*/kW
Fuel Natural gas , Pressure : 0.7 kg/em®G
Alr Blower
E Fan Hot Water Utd.
NS Cooling Tower System
p xm”' Exhaust Ga! Cger O—=]
&5 (™ W) {Exhaust ]
Cathode  fe—J
Cell Stack
* &__ Y
| Anode _\ L
form Water Treatment
I System
Foel
Preheatpe | CO Shift Reactor
W (W W St - = g
Costant Cooler
E]edor {Alr Preheater)
costut & =)
CityGas Desyliutizer Regetor Steam Generator

Figure 1. System Flow Diagram of 1000 kW Plant

CHARACTERISTICS OF KEY PLANT COMPONENT
(1) Fuel cell

To achieve high performance and compactness, large, 1 m square class
high—performance fuel cell capable of generating 250 mA/cm? at atmospheric pressure
were selected.

The fuel cell package consists of 2 fuel cell stacks (414 cells/stack), and these stacks are
arranged closely with symmetrical configuration of gas manifold. This arrangement can
achieve approximately 24% less foot print than the conventional independent two cell stack
configuration.
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(2) Reformer .

The multi—tube type reformer which has 30 reforming” tubes inside a vertically
positioned cylindrical vessel was developed and employed. To improve heat recovery by
high—temperature ‘steam, a reforming system that can minimize the amount of steam
necessary for reforming process was developed. This has enabled achievement of a
steam/carbon ratio of 2.5 at the rated power level. . :

3 Inverter

The inverter has been down-—sized 40% compared to a conventional GTO—based unit by
using IGBT devices in the main circuit. A self—exciting voltage type PWM control method
was selected and a current control function was developed and integrated which allows
stable operation even when monentary voltage drop occurs. k

PROGRESS OF DEVELOPMENT WORK .

The development of this plant began in 1991. The elemental technologiés development
and the design phase was performed in 1992 and 1993. Manufacturing of the system
component equipment and packaging were completed in 1994. “The completed system
component packages were carried into and installed at the test site. Figure 2 shows how
the installed plant looks.

After each package,
excepting the cell stack, was
installed, the PAC testing was
performed from August to
December of 1994 to verify the
static characteristics of the
process system including the
reformer and to make control.-
adjustments on start, stop, load
change, etc. The series of
testing showed that the plant
can operate at a methane .
conversion ratio of at least 93%
under the rated capacity and at
other parameters exceeding the
design levels, proving that the Figure 2. Extemal View of 1000kW Plant
plant has a good control characteristic.

Upon completion of the PAC testing, the cell stack was installed in December 1994 and
the power generation adjustment test was begun from January 1995. Initial power
generation was successfully conducted in February, and the 1000kW rated power output was
achieved in March. And the plant had passed a Governmental inspection in May. Table 2.
summarized the operation records as of the end of July 1996, and Figure 3 shows the plant
load characteristic data after 1500 hours of operation. The cell stack voltage in the initial
power generation stage is higher than the design values, so that the electrical efficiency at
the rated power level of 38% or higher and steam recovery efficiency of over 20% were
respectively achieved. This is very good performance for an atmospheric pressure type
plant. Figuer 4 shows the operation history of the cell stack voltage. The rate of voltage
decay except the initial power generation stage is less than 24 V/h. on average, and the
characteristics of cell stack has been above the targeted curve during operation.
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Table 2. Operation Records of 1000kW Plamt

Itens Record
Initial power generation { Feburuary 28, 19%
Rated output attained - | March 7, 19%
Passing Gavernmental inspection May 11, 19%
Cumulative electric power generated 8,000 MWH
Cumulative generation hours - 7,667 hours
Maximum continuous operation 3,247 hours
Cumulative frequency for generation 21 times
‘As of th? end of July 1996
E 50
g 2 . W
£ 2 //////////////// -
10 -
o //// / //// /////// .
| Figure 3. Load Charactel;j)s:jcs(z)mOOkW Plant
800
% 700 .
§. 600
N 500 * ! . :
0 2000 4000 6000 8000
Operation Time Chrs)
Figure 4. Operation History of Cell Stack Voltage
CONCLUSION

From now through fiscal 1996, demonstration testing and evaluative studies are
scheduled in order to promote the commercialization of 1000kW on—site PAFC power plant
through demonstration of operating characteristics, reliability, durability, etc.
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STARTUP, TESTING, AND OPERATION OF THE SANTA CLARA 2MW DIRECT
CARBONATE FUEL CELL DEMONSTRATION PLANT

A. J. Skok, A. J. Leo, (203) 778-1323 T.P. O’Shea (408) 246-0831
Fuel Cell Engineering Corporation - Santa Clara Demonstration Project
3 Great Pasture Road 1601 Civic Center Dr., Suite 202A

Danbury, CT 06813 Santa Clara, CA 95050

»

INTRODUCTION o

The Santa Clara Demonstration Project (SCDP) is a collaboration between several utility
organizations, Fuel Cell Engineering Corporation (FCE), and the U. S. Dept. Of Enérgy aimed at the
demonstration of Energy Research Corporation’s (ERC) direct carbonate fuel cell (DFC) technology.
ERC has been pursuing the development of the DFC for commercialization near the end of this
. decade, (1) and this project is an integral part of the ERC commercialization effort. The objective
of the Santa Clara Demonstration Project is to provide the first full, commercial scale demonstration
of this technology. The approach ERC has taken in the commercialization of the DFC is described
in detail elsewhere(2). An aggressive core technology development program is in place which is
focused by ongoing interaction with customers and vendors to optimize the design of the commercial
power plant. ERC has selected a 2.85 MW power plant unit for initial market entry. Two ERC
subsidiaries are supporting the commercialization effort: the Fuel Cell Manufacturing Corporation
(FCMC) and the Fuel Cell Engineering Corporation (FCE). FCMC manufactures carbonate stacks
and multi-stack modules, currently from its production facility in Torrington, CT. FCE is responsible
for power plant design, integration of all subsystems, sales/marketing, and client services. FCE is
serving as the prime contractor for the design, construction, and testing of the SCDP Plant. FCMC
has manufactured the multi-stack submodules used in the DC power section of the plant. Fluor Daniel
Inc. (FDI) served as the architect-engineer subcontractor for the design and construction of the plant
and provided support to the design of the multi-stack submodules. FDI is also assisting the ERC
companies in commercial power plant design.

PROJECT DESCRIPTION - -

The project involves the design, construction, and testing of a 2MW DFC demonstration
power plant in the city of Santa Clara, California. The site for the plant is Iocated at 1255 Space Park
Drive in Santa Clara. The site is owned by the City’s Electric Department and is immediately
adjacent to the Scott Receiving Station, a 115/60kV switching station on the City electrical system.
The plant occupies a portion of the site, measuring approximately 150 feet by 150 feet.

The power plant uses 16 fuel cell stacks, each rated at 125kW. The stacks were fabricated and
assembled into four 4-stack modules in FCMC’s Torrington facility and truck shipped to the Santa
Clara site, where they were installed into the two 1MW modules which comprise the DC power
section of the plant. The key plant design specifications are listed in Table 1.

POWER PLANT OPERATION

Construction of the balance of plant (the power plant systems not including the fuel cell
submodules) was complete in June 1995. In place of the fuel cell submodules, spool pieces had
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Nominal Capacity
Plant Rating, Net AC
Heat Rate (LHV) at Rated Power
Maximum Emissions at Plant Rating
SO,
NO,
CO,

Noise

Availability

Startup Time, Cold Start Rated Power
Ramp Time, Standby to Rated Power
Reactive Power

2MW
1.8 MW
6850 BtwkWh

0.003 1b/MWh
0.0004 1b/MWh
845 1b/MWh

60dB(A) at 100ft
90%

40 hours

30 minutes
+/-1.67 MVAR

Tablel  SCDP Design and Performance Criteria

Performance Target-Based on Commercialization Objectives

been installed connecting fuel
cell inlet and exit lines. This
allowed the system to be tested
without the fuel cell stacks in a
series of balance of plant
(BOP) pre-test activities. The
BOP pre-test effort identified
and corrected a number of
BOP deficiencies and the
required modifications were
made to resolve all issues by
the end of the pre-test period.

The submodules arrived at the
sitt over the period of
November 1995 through

" February 1996. As the units

were delivered they were
stored in a laydown area
adjacent to the power plant,

Once all four units had been delivered, and the BOP pre-test effort had been successfully concluded,
the four submodules were installed in the plant. Figure 1 shows the completed power plant after the

stack submodule installation.

The power plant acceptance test period has been initiated, beginning with the initial plant start-up,
which includes some electrode and matrix conditioning steps which are unique to the first plant
heatup. The initial startup demonstrated that the conditioning operation can be controlled sufficiently

FIGURE 1
THE SANTA CLARA DEMONSTRATION PLANT
The Test Program has begun and the Plant has produced its Rated Power QOutput.
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to allow the start-up of multiple-stack systems. The initial open circuit voltages for the sixteen stacks
were equal to within 0.5%, with stack voltages of 251+/-1 Volt (See Figure 2). The successful
conditioning of these 16 stacks simultaneously was a significant project milestone. A period of tuning
and adjusting the AC/DC inverter control system followed the conditioning operations, While the
inverter had been extensively tested during the BOP pre-test activities, this final tuning was required
because it had not been operated with the fuel cell stacks. After the initial tuning was completed, the
initjal grid connect was made at a power level of 200 kW. In the initial phase the PCU was
deliberately tripped to verify that the power plant system could ride through inverter trips as the
inverter was adjusted further. Once that was completed the power ramp was continued, and on the
aftemoon of May 2, 1996 the plant reached the design level 2.0 MW gross AC, delivering 1.8 MW
net AC to the Santa Clara electric system(See Figure 3).

This initial phase of power plant operations was approached in a conservative manner, focusing on
characterizing the plant operations while minimizing operational risks. Two of the auxiliary burners
in the system - which are meant to be shut down during normal operations - were kept running in

order to minimize the impact of a trip caused by the inverter or any of the BOP equipment. This

approach was maintained as the plant was ramped to and above the rated power level. Within these
limitations the highest efficiency achieved by the power plant was 43.6% (7820 BawkWh LHV). This
was achieved at a power output of 1.93 MW net AC to the grid. Throughout the ramp to this higher
power level, the stack performance exceeded the projection used in the plant design calculations,
indicating that the target efficiency of 6850 Btw/kWh is achievable, once supplemental natural gas
use is stopped. ) :

Beginning approximately 520 hours into the plant operation, intermittent anomalies were observed
in some of the stack voltages.

OC VOLTAGE w V] GTACK VOLTAGES - In order to determine the cause

, % — of these events, the power plant

[CROSS AC PONIR s MV | STACKS (s 1 was .shut down and cooled to

KT AC PORER 1 MY ambient temperature for

AT LB S | inspecton. . The cause wes

B-cl [ m{m [ )m | [w m | ww (ol determined to be parasitic

ACImImimim(m|mmim|m|m | |s|ni|3]m|zs electﬁcal Cllﬂ'ents, Caused by a

300 e c breach of the electrical

250 isolation between the fuel cell

YOuTS ::: 5 stacfks and the gas distribution

100 piping. FCE has completed the

50 process of cleaning or

° a replacing  the  damaged

ANPS 123 45 IE_:Y] 8 9 1011 1213141516 diclectric piping. As of the
o (TR N o R I Y B ” .

STACKS writing of this paper, the power

plant restart was in progress.

FIGURE2 OPEN CIRCUIT STACK VOLTAGES
The 16 stacks had very uniform open circuit voltages.

CONTINUED PLANT OPERATION
After the power plant restart has been completed, the acceptance test effort will resume. The
acceptance test includes a total of 1000 hours system operation, during which time the plant

performance is measured against the design criteria described above. Following the completion of
the acceptance test, an additional 9000 hours of endurance testing is planned.,
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The SCDP project has already

™
m—ml —STACK VOLTA.G__ES begun to meet its objectives.
I¢ POTER a2t 4Y The work to date has
W STACKS (raTs ) demonstrated that a megawatt
L2 3 4 5 6 7 8 010 111213 14 1518 scale DFC plant can be
a-p[ e ule [nfofu[s|u s [u[nls [u]s configured using truck-shipped
b I R R e L I e e multistack submodules, and

that a multiple stack system
can be started and operated
with excellent performance and
uniformity among the stacks.
The power plant has already
met its rated power design
criteria, and demonstration of

=1 =] | the remaining criteria is
STACKS planned as the plant operation
is continued.

FIGURE 3 RATED POWER PLANT OUTPUT
Stack Performance was uniform at 1.8 MW net AC Power.
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The largest European program for the commercialization of the molten carbonate fuel cell tech-
nology is carried out by the European Direct Fuel Cell Consortium (ARGE DFC). The consortium
consists of the following companies:

e MTU Friedrichshafen GmbH (Germany), within the DaimlerBenz Group responsible for off-
road propulsion and decentralized energy systems.

e Haldor Topsoe A/S (Denmark). a plant engineering company and specialist for catalytic
processes

o Elkraft A.m.b.A. (Denmark), one of the countries two utility companies

e Ruhrgas AG (Germany), the largest German gas company

¢ RWE AG (Germany), the largest German electrical utility company

MTU acts as a consortium leader. The company shares a license and technology exchange
agreement with Energy Research Corporation of Danbury, Connecticut.

Three Phases of Development .

Established in 1990. the ARGE DFC has set up a comprehensive 10 year program to bring the
MCFC from a laboratory technology to a marketable power plant. The overall program volume
will be approx. 100 Million S to be spent between the years 1990 and 2000. The program is
divided into three phases. The first. phase (1990-6:1994) can be entitled basic technology
development. The second period (7/1994-12/1994) is a product development phase. The upcoming
third phase (1998-2000) will see field testing of a number of pilot plants leading gradually into
commercialization by the turn of the century.

Achievements of Phase I

In the beginning of our program the work of the ARGE DFC focused on cell technology. Based
on the cooperation with ERC we concentrated on finding solutions for material and corrosion
problems that limit MCFC life. Improvements in this field were usually tested in small scale
7 x 7 single cells and ministacks. Experience with larger stacks was obtained by the operation of
a3 kW 2 x 3” internal reforming stack in our laboratories in Ottobrunn and a 7kW 2 x 3’ internal
reforming stack at the ARGE’s test facility operated by Elkraft in Kyndby, Denmark.

The most important result of our Phase I cell technology work is the development of stabilization

methods for nickel oxide cathodes that reduce the NiO dissolution in the electrolyte by a factor of
approx. 4. bringing about cathode lifetimes well beyond 40.000 hours.
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In paraliel to the cell development, the MCFC technology was qualified for the application with
coal gas and other syn-gases in a comprehensive experimental program.

The ARGE’s work in MCFC system design came to a turning point in 1992 when we realized that
conventional system designs do not hold the promise for competitive power plants. As a rule of
thumb the fuel cell stack contributes only one third to the cost of the overall system. In a standard
configuration the cost of conventional components would keep the system too expensive, even if
the cost of the fuel cell stack itself could be reduced to zero (1).

Optimization by Simplification and Integration - the Hot Module Concept

In essence we have found that .

* system designs for small to medium scale MCFC power plants have to be as simple as by all
means possible. System costs are greatly influenced by this simplification.

s System costs remain prohibitively high even for simplified systems, if these designs are built
in a conventional plant engineering manner. Only a high degree of mechanical, thermal. and
pneumatic integration promises sufficiently low system cost.

¢ Intelligent mechanical and pneumatic integration can solve critical fuel cell problems
completely, e.g., differential cell pressure.

These findings have led us to the invention of an innovative design approach characterized by the
term Hot Module (Fig. 1). A Hot Module combines all the components of an MCFC system
operating at similar temperatures and pressures into a common thermally insulated vessel. A
typical configuration contains the MCFC stack. a catalytic burner for the anode tail gas and a
cathode recycle loop including mixing-in of fresh air and anode exhaust. The cell stack is resting
in a horizontal position on the fuel-in manifold, thus providing excellent gas sealing by gravity
forces. On the top of the stack the gases exiting from the anodes are mixed into the cathode
recycle loop together with fresh air supplied from the outside. The mixture is transported through
a bed of combustion catalyst located on top of the mixing area and blown back to the cathode
input by the cathode recycle blowers on the top end of the vessel. No gas piping or sealed cathode
manifolds are necessary. For start-up, an electrical or gas fired heater is arranged along the
cathode input of the stack.

The Hot Module is complemented by a fuel processing system of a similar high degree of
mechanical integration. All heat exchangers necessary for preheating of the fuel gas and
evaporation of the reforming water are integrated into a common duct supplied with the cathode
exit of the Hot Module. The reactors for the desulphurization and preconversion of higher
hydrocarbons in the fuel gas are skid mounted alongside this duct to form a compact unit finding
its place at one end of the cylindrical stack module. The other end of the stack module is taken by
an electrical and electronics compartment containing the control electronics and a state-of-the-art
efficient liquid cooled IGBT inverter. The whole arrangement is truck transportable and intended
to be installed within buildings as well as in the open.

ARGE DFC Product Development Targets

In the current second phase of our program the ARGE DFC concentrates on the development.
qualification and demonstration of a Hot Module power plant with one fuel cell stack of 280 kW.
In parallel. R&D work in cell technology is proceeding towards longer lifetimes. Our target is to
qualify the cell components for lifetimes up to 40.000 hours. The cell technology work is
complemented by a manufacturing technology program for full scale cell components.
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Hot Module Power Plant Qualification

In 1995 a first full scale mockup of an integrated fuel cell module was built and tested at room
temperature. It consists of all the components of a Hot Module, the cells being substituted by
dummy plates of identical dimensions and flow resistance. This Cold Dummy was used for
mechanical and flow tests and proved the feasibility of the mechanical and pneumatic integration
concept. In this year a Hot Dummy of the fuel cell module has been tested to prove the mechanical
and pneumatic behavior at full operating temperatures of 650°C.

Construction of the first real fuel cell module with the same design starts in the last quarter of
1996. It will go into operation as a complete System in spring 1997 at the Ruhrgas facilities
located in Dorsten at the northern end of the Ruhr area. After extensive testing and optimization
the plant wil! be ready for demonstration towards the end of 1997.

Things to Come

After successful test of the Hot Module system demonstrator the ARGE DFC plans to sell a
number of precommercial Field Test Units into key applications in industrial and commercial
cogeneration. This third phase of the ARGE’s program is intended to generate operational
experience on the side of the supplier and confidence into this new technology on the side of the
customer, paving the way into commercial application of our innovative product concept.
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PROGRESS AND PROSPECTS FOR PHOSPHORIC ACID FUEL CELL POWER PLANTS

Leonard J. Bonville, Glen W. Scheffler aﬁd Murdo J. Smith
- International Fuel Cells Corporation
South Windsor, Connecticut 06074

International Fuel Cells (IFC) has developed the fuel cell power plant as a new, on-site power
generation source. IFC’s commercial fuel cell product is the 200-kW PC25™  power plant. To
date over 100 PC25 units have been manufactured. Fleet operating time is in excess of one million
hours. Individual units of the initial power plant model, the PC25 A, have operated for more than
30,000 hours. The first model “C” power plant has over 10,000 hours of operation. The manufactur-
ing, application and operation of this power plant fleet has established a firm base for design and
technology development in terms of a clear understanding of the requirements for power plant
reliability and durability. This fleet provides the benchmark against which power plant
improvements must be measured.

PC25 Power Plant Development Progress

As the first PC25 power plants were entering service, IFC began an aggressive development program
to improve the design and manufacturing processes of the power plant to reduce its size, weight and
cost. In addition, this on-going development program has addressed the simultaneous goals of
improved performance, durability, and reliability. Development progress has been sustained at a
compounded rate of 10 percent per year since the late 1980’s. This development progress is
illustrated in Figure 1 which shows the significant reductions in power plant weight and volume
achieved since the initial prototype model was built. These improvements to date are reflected in the
PC25 C design which is a one-third reduction in size and weight when compared to the PC25 A.

Weight - Yolume
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8000 '
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7000
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Figure 1: PC25 Power Plant Weight and Volume Improvement

The advances in the PC25 design resulted from improvements in each of the major components; cell
stack, fuel processor, power conditioner and ancillary systems. Figure 2 compares the PC25A and
PC25 C cell stacks. The height of the stack has been reduced by 20 percent contributing together
with processing improvements to a dramatic reduction in stack manufacturing cost. Even further
reductions in stack cost and size have been defined under a recent cell component development
program sponsored through the Defense Advanced Research, Projects Agency (DARPA) and
administrated by the U.S. Army Construction Engineering Research Laboratories and parallel
efforts funded by IFC and Toshiba. These programs focused on reducing the manufactured cost of
the cell stack assembly and resulted in thinner, lower-cost cathode substrate, separator plate and
cooler configurations. Incorporation of these advanced components will lead to an additional
12-inch reduction in stack height and significant cost reduction.
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Figure 2: PC25 C Cell Stack Improvement

The fuel processing system has been simplified and its size has been reduced. The capability for
operation on propane has been developed. The combination of the reformer size reduction with the
reduced stack height provides an overall reduction of 18 inches in power plant height for the PC25
C. Further reformer improvements are being developed in other programs discussed below.

The advent of high capacity Insulated Gate Bipolar Transistors (IGBT) has simplified the power
conditioner. Figure 3 compares the electrical system of the PC25 A and PC25 C power plants. The
electrical system for the PC25 C is only one third the size of that for the PC25 A. Alternative .
topologies combined with higher rated IGBT’s, presently becoming commercially available, are ,

anticipated to lead to further cost reductions. '

ey

PC25C

Figure 3: PC25 C Electrical System Improvement
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The ancillary components also
represent a significant power
plant cost element. Reductions
in their cost have been ad-
dressed through value engi-
neering, including supplier
participation, to identify in-
tegration opportunities which
eliminate components or re-
duce their size. Figure 4 shows
the improved component ac-
cessibility designed into the
PC25C.

WCN-15024

Figure 4: Improved Component Accessibility

Application Expansion Combined With Technology Extension

Specific application improvements in phosphoric acid fuel cells are illustrated by two on-going
development programs; a program sponsored by Georgetown University through the U.S.
Department of Transportation to develop a 100-kW power system for a transit bus and a DARPA
funded program to develop a 100-kW Mobile Electric Power (MEP) system operational on logistics
fuel.

The Georgetown University bus application has specific weight and volume requirements for a dc
system that are one-fourth those of the PC25 C and requires multiple start-stop cycles. Methanol is
the specified fuel. Significant advances in cell stack and fuel processing technologies are necessary
to meet these requiréments. A conceptual power plant design is sfown in Figure 5. Using the
technology base from the PC25, IFC has designed an advanced cell configuration of small planform
area with increased performance. An advanced 32-cell stack under test is shown in Figure 6. This
cell stack operates at higher power density and and has lower weight per unit area than the PC25
C cell stack. Figure 7 compares the 100-kW compact methanol reformer with the PC25 natural gas
reformer. This compact reformer has been tested on methanol and natural gas and scales to less than
50 percent of the PC25 reformer at a 200-kW rating.

&
WCN-15322

Figure 5: 100 kW Bus Power Plant Concept  Figure 6: Advanced Cell Stack
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Although some of the advancement in characteristics ¥ 3
are associated with the transportation design
requirements, significant portions of this technology &

leading to future cost reduction.

The 100-kW MEP power plant concept is shown in |
Figure 8. The broader military application requires B
use of logistic fuels. The MEP program is focused on
developing a fuel processing system with logistics fuel §

capability including JP-8 and DF-2. An advanced, i

auto-thermal reformer has been designed. A full-size WCN-15230
module of this design was successfully tested with 200kW 100 kW

over 3500 hours of stable operation demonstrating Figure 7: PC25 C Reformer Compared
greater than 98 percent conversion on JP-8 fuels con- To Advanced Bus Design

taining 100, 800 and 3000 ppm sulfur. Figure 9 shows
the module mounted in the test stand. Post-test tear-
down and inspection showed no evidence of carbon
deposits. A complete 100-kW assembly will be built
and tested early in 1997.

Figure 8: Diesel Fueled MEP100 kW Figure 9: Logistics Fuel
Power Plant Concept Reformer Under Test
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ADVANCES IN TUBULAR SOLID OXIDE FUEL CELL TECHNOLOGY

S.C. Singhal
Westinghouse Electric Corporation
Science & Technology Center
1310 Beulah Road
Pittsburgh, PA 15235

INTRODUCTION

The design, materials and fabrication processes for the earlier technology Westinghouse
tubular geometry cell have been described in detail previously (1). In that design, the
active cell components were deposited in the form of thin layers on a ceramic porous
support tube (PST). The tubular design of these cells and the materials used therein have
been validated by successful electrical testing for over 65,000 h (>7 years). In these
early technology PST cells, the support tube, although sufficiently porous, presented an
inherent impedance to air flow toward air electrode. In order to reduce such impedence
to air flow, the wall thickness of the PST was first decreased from the original 2 mm (the
thick-wall PST) to 1.2 mm (the thin-wall PST). The calcia-stabilized zirconia support
tube has now been completely eliminated and replaced by a doped lanthanum manganite
tube in state-of-the-art SOFCs. This doped lantharium manganite tube is extruded and
sintered to about 30 to 35 percent porosity, and serves as the air electrode onto which the
other cell components are fabricated in thin layer form. These latest technology cells are
designated as air electrode supported (AES) cells.

In addition to eliminating the calcia-stabilized zirconia support tube, the active length of
the cells has also been continually increased to increase the power output per cell. The
active length has been increased from 30 cm for pre-1986 thick-wall PST cells to 150 cm
for today’s commercial prototype AES cells. Additionally, the diameter of the tube in
longer length AES cells has been increased from 1.56 cm to 2.2 cm to accommodate
larger pressure drops encountered in longer length cells. The power output of such an
AES cell is 210 W at 1 atm pressure and 280 W at 10 atm pressure at 1000°C and 85%
fuel (89% H, + 11% H,0) utilization.

The fabrication of PST cells involved three electrochemical vapor deposition (EVD)
steps, one each for the doped LaCrO, interconnection, the yttria-stabilized zirconia (YSZ)
electrolyte, and the Ni-YSZ fuel electrode. Though EVD provides very high quality thin
films (2), it requires capital intensive equipment making the process rather expensive.
Investigations on alternate processing techniques have been underway at Westinghouse
for several years to replace one or more EVD steps with a more cost-effective approach.
The interconnection is now deposited by plasma spraying calcium aluminate containing
lanthanum chromite powder over porous, doped lanthanum manganite air electrode tube;
calcium aluminate facilitates densification during plasma spraying and subsequent heat
treatment. These interconnections have a thermal expansion coefficient much better
matched to that of the electrolyte than the previously-used EVD Mg-doped lanthanum
chromite interconnection.  Plasma spraying of interconnections has now been
implemented in the manufacturing of all AES SOFCs. This has resulted in reduced
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process cycle time, increased yield, and a major reduction in cell fabrication cost. The
materials and fabrication processes for the state-of-the-art AES cells are summarized in
Table 1.

Table 1. Materials and fabrication processes for state-of-the-art AES cells.

Component Material Thickness ~ Fabrication Process
Air electrode tube | Doped LaMnO, 2.2 mm Extrusion-sintering
Electrolyte Zr0,Y,0) 40 pm EVD
Interconnection Doped LaCrO, 85 pm Plasma spraying
Fuel Electrode Ni-ZrO,(Y,0,) 100 ym Slurry spray-EVD
CELL PERFORMANCE

A large number of AES cells with plasma sprayed interconnections have been electrically
tested for up to about 9,000 h with little performance degradation. The performance
degradation has decreased from about 0.5% per 1,000 h for PST cells to less than 0.2%
per 1,000 h for AES cells. Also, the change from PST cells to the AES cells has resulted
in a power density increase of about 33%. In addition to improved performance, the
AES SOFCs have shown the ability to thermally cycle to room temperature for over 100
times without any mechanical damage or performance loss.

Westinghouse in conjunction with Ontario Hydro Technologies has also tested AES cells
at pressures up to 15 atmospheres on both hydrogen and natural gas fuels. Operation at
elevated pressures yields a higher cell voltage at any current density due to increased
Nernst potential and reduced cathode polarization, and thereby permits higher stack
efficiency and greater power output. With pressurized operation, SOFCs can be
successfully used as replacements for combustors in combustion turbines; such
integrated SOFC-combustion turbine power systems are expected to reach efficiencies
approaching 70% (3).

INVESTIGATIONS IN PROGRESS TO FURTHER REDUCE CELL COST

Elimination of one of the cell components (calcia-stabilized zirconia support tube) and
replacement of one EVD step by plasma spraying (for depositing interconnection) has
resulted in a major reduction in the cost of the AES cells and the cost of electricity
($/kW) produced by using such cells. Investigations are underway to further reduce the
cost of these cells by reducing the cost of materials used in SOFCs and replacing another
EVD step (for depositing fuel electrode) by a more cost-effective sintering approach.

Over 90% of the weight of an AES cell is that of the doped lanthanum manganite air

electrode tube. Presently, the air electrode material is synthesized using high purity
component oxides such as La,0, and MnO,. Over 70% reduction in the cost of air
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electrode raw materials is possible if mixed lanthanides are used instead of pure
lanthanum compounds to synthesize the air electrode powder. AES cells have now been
fabricated using air electrode powder synthesized using mixed lanthanides. The
performance of an initial cell with air electrode fabricated using mixed lanthanides at
400 mA/cm® was only about 8% lower, primarily due to non-optimized processing
conditions and a slightly higher resistivity of the mixed lanthanides air electrode
material. Further adjustments in the composition of the air electrode material
synthesized using mixed lanthanides are expected to result in lower air electrode
resistivity and a cell performance equivalent to that of cells using high purity air
electrode material synthesized using pure lanthanum oxide.

Investigations to deposit Ni-YSZ fuel electrode by a non-EVD process have also shown
great promise. Deposition of a Ni-YSZ slurry over the YSZ electrolyte followed by
sintering has yielded fuel electrodes that are equivalent in electrical conductivity to those
fabricated by the EVD process. Cells fabricated with only one-EVD step (sintered fuel
electrode, plasma sprayed interconnection, and EVD electrolyte) have shown electrical
performance equivalent to those of the two-EVD steps (plasma sprayed interconnection,
EVD electrolyte,. and EVD fuel electrode) cells. In fact, the sintered fuel electrode
polarization is even lower than the already very low (7-15 mV) EVD fuel electrode
polarization. This is believed to be due to a larger contact area and a greater number of
electrochemically active sites at the electrolyte/sintered fuel electrode interface. This fuel
electrode sintering process is currently being scaled up for cell manufacturing.

Tn the very near future, the AES cell production process will use EVD for only the
electrolyte. The EVD process deposits very thin (20 to 40 pm thick), gas-tight
electrolyte film over the porous air electrode, reliably, uniformly, and in acceptable cycle
time. Nonetheless, deposition of the YSZ electrolyte film by a non-EVD technique such
as colloidal/electrophoretic deposition of YSZ over porous air electrode tube followed by
sintering is also being investigated.

AES CELLS IN SOFC POWER GENERATION SYSTEMS

AES cells have been tested in two 25 kW systems, each consisting of 576 50-cm active
length cells (with EVD electrolyte, EVD fuel electrode, and plasma sprayed
interconnection). One system was operated at the Southern California Edison
Company’s Highgrove Generating Station, under a program with the U.S. Department of
Defense’s Advanced Research Projects Agency (ARPA). This system.was successfully
operated for 5,582 h before the project completion. During this time, the system endured
five thermal cycles to room temperature, produced up to 27 kW on three different fuels
(natural gas, DF-2 diesel, and JP-8 jet turbine fuel), and showed no evidence of
performance degradation. -

The other system, built for a consortium of Osaka Gas and Tokyo Gas, is still under
operation and has passed 8,800 h (>1 year) of successful operation on natural gas without
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any performance degradation. During this period, the unit has achieved 25 kW of power
output and has endured five thermal cycles to ambient temperature.

A 100 kW SOFC power generation system is presently being built for delivery to a
consortium of Dutch and Danish utilities (EDB/ELSAM). The system utilizes state-of-
the-art AES cells (2.2 cm diameter, 150 cm active length) with plasma sprayed
interconnections.

SUMMARY

State-of-the-art air electrode supported SOFCs have exhibited significant improvements
in performance, reliability, and ability to sustain thermal cycles, over previous tubular
design. This has been confirmed by successful operation of two 25 kW power generation
systems employing such cells. In addition, very significant cost reductions have been
achieved by adopting non-EVD processes in cell production; further reductions in
materials and processing costs will be realized when the programs currently underway
are proven successful and are implemented in cell manufacturing.
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STATUS OF-SOFC DEVELOPMENT AT SIEMENS

W. Drenckhahn, L. Blum, H. Greiner
Siemens AG, Power Generation Group
Freyeslebenstr. 1, 91058 Erlangen, Germany

The Siemens SOFC development programme reached an important milestone in June 1995. A
stack operating with hydrogen and oxygen produced a peak power of 10.7 kW at a current density
of 0.7 A/em? and was running for more than 1400 hours. The SOFC configuration is based on a
flat metal separator plate using the multiple cell array design. Improved PENs, functional layer
and joining technique were implemented. Based on this concept, a 100 kW plant was designed.

The SOFC development at Siemens has been started in 1990 after a two years preparation phase.
The first period with the goal of the demonstration of a 1 kW SOFC stack operation ended in
1993. This important milestone was finally reached in the begin of 1994. The second project
phase with the final milestone of a 20 kW module operation will terminate at the end of 1996.
This result will form a basis for the next phase in which a 50 to 100 kW pilot plant will be built
and tested.

The planar design of the Siemens high-temperature fuel cell combines metallic and ceramic
materials and allows high power densities.

A fuel cell stack consists of two metallic end plates and several bipolar plates containing channels
which direct the process gases to the electrochemically active elements. A main task has been to
adapt the thermal expansion coefficient of the metallic plate to that of the electrolyte made of
8YSZ and at the same time attaining high corrosion resistance. These goals have been reached
with a new metal alloy called CrFe5Y,031, which has been developed together with an Austrian
partner, Metallwerke Plansee. This metallic bipolar plate has good electrical conductivity making
it especially well:suited for high current densities, and produces a very uniform temperature
distribution due to its good thermal conductivity (1). Its high mechanical strength at elevated
temperatures permits the manufacture of large plates as well as large-volume stacks consisting of
numerous individual cells.

A characteristic of the Siemens design is the multiple cell array concept (2) which depends on the
manufacture of large plates as mentioned above. It allows the arrangement of several ceramic
single cell elements (so-called PENSs) in parallel in one layer. By this measure larger electrode
areas can be realized in one stack. The actual bipolar plate has dimensions of 260 x 260 mm?. This
allows the placement of 16 PENs of the size 50 x 50 mm? in parallel in one layer. The total
electrode area per layer is 256 cm®.

On the anode side, a Ni-grid works as functional layer to provide good electrical contact. For this
purpose LaCoOj is used on the cathode side. This perovskite is applied by wet spraying of a
powder with a certain grain size by an air brush method. This results in a deformable layer
compensating the thickness differences of the large number of parts which have to be assembled
in one layer in parallel as well as in series.

Decreasing the internal cell resistance, mainly by reduction of the polarization losses at the
electrodefelectrolyte interfaces, has led to improved cell behaviour with a power output of 0.9
W/em? (current density of 1.2 A/cm? at a cell voltage of 0.75 V, reacting hydrogen and air at 950
°C). Using a mixture of hydrogen with 50 % water vapour a power density of 0,6 W/cm? was
reached. This power output is reduced by about 45 %, if the operating temperature is lowered to
850 °C. The different current-voltage relations are illustrated in fig. 1.
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Fig. 1: I/U Curves of Improved Cells with Different Gases, at 850 and 950 °C

Parallel to the improvement of current-voltage relations, also the long term behaviour has been
investigated. Changes in electrode preparation and micro structure resulted in degradation rates of
less than 2 % in 1000 hours, tested at 950 °C in ceramic housing in Hy/H,O-atmosphere of 1:1. At
850 °C no degradation could be observed over a period of 4500h. In a first long term test at 850
°C in a metallic housing, a degradation rate of 2 % per 1000h was observed during 2000h of
operation. First tests at 950 °C, using a protective layer against chromium evaporation showed
similar degradation rates as tests in ceramic housings (3).

A very important step towards manufacturing of bigger stacks has been the transfer of the PEN
manufacturing from laboratory scale to a pilot plant. In this plant, 30000 electrolytes of the size 50
x 50 mm? or 10000 parts of the size 100 x 100 mm? can be manufactured per year. The capacity of
screen printing and sintering of electrodes is slightly higher. This means PENSs for a module up to
100 kW power (operating with air and 80% fuel utilization) can be manufactured per year. The
production of PENs with the size 100 x 100 mm? has been started in the beginning of 1996.

Based on the design described above, in June 1995 a stack with 80 cell layers has been assembled,
each layer consisting of 16 parallel PENs, which means 1280 PENs with a total electrode area of
about 2 m?. The stack had dimensions of 260 x 260 x 260 mm?, including end plates.

After brazing and anode reduction the stack performed well. The open circuit voltage of the stack
was 104 V. The mean voltage of a single layer was 1.3 V, which indicates that all PENs have been
sealed gas tight to the bipolar plates. The initial loading of the stack showed a power output of
10.7 kW (corresponding stack voltage 60 V, mean cell voltage 0,75 V £ 50 mV) at 950 °C and gas
utilisation of 50 %. Further loading of the stack was limited by the electrical equipment of the test
stand. Operating with hydrogen and air gave a power output of 5.4 kW. The power output at 850
°C was still 4.1 kW. The used PENs were of an older type than described above. The different
current-voltage relations of the stack are plotted in fig. 2.
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After a number of different 1/U-measurements, the stack was operated at constant load of 200 -~
300 mA/cm? for 1000 hours at 850 °C. During this time, the stack showed a relatively high
degradation rate and compared to the initial performance a power loss of 19 % was observed at
the designed load of 270 mA/cm?2. Afterwards, a thermal cycle of 950 °C/RT/950 °C was run
without serious damage to the stack.
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Fig. 2: I/U Curves of 10 kW Stack

Based on these results a 20 kW system was designed and built. It is suited for the operation with
hydrogen and air (with the possibility to shift to oxygen).

It will be a self-sustaining system down to a power output of about 10 kW. Therefore, the heat
loss to the environment was reduced to about 4 kW. The test facility is designed in a manner that 4
stacks can be operated in parallel. It is controlied by a stored programme computer. Fuel gas flow
is adjusted proportional to the load and the air flow regulated so as to keep the max. stack
temperature constant. The gases are preheated by the hot waste gases in specially designed
recuperative heat exchangers. The plant will be put into operation at the end of August 96. Then
the integration and test of the stacks will follow.

The design described above is used as a basis for the layout of bigger stacks and modules.

The design and manufacturing of bipolar plates of the size 360 x 360 mm? has been started,
implementing 9 PENs of the size 100 x 100 mm? with a total electrode area of 729 cm? in one
layer. ’

Based on this, it is planned to build up a 50 to 100 kW module consisting of 25 kW stacks till end
of 1998. This results in stacks with a height of about 0.5 m.

Investigations on system behaviour and system calculations have led to a flow scheme of a
100kW combined heat and power plant with an electrical efficiency of about 50% and a total
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efficiency above 90% (ﬁg; 3). These values are based on the use of air and natural gas with

internal reforming.
gross efficiency 54,6 %
Steam netefficiency  49.8%
total efficiency 94,2%

residential heat

natural gas

1 f: _I anode off-gas
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Fig. 3: Flow Scheme of a 100 kW CHP Plant with Heat Recovery

Conclusions

The test results described above proved the feasibility of manufacturing and operating larger
stacks based on the multiple cell design using metallic bipolar plates.

The development of PENs with high power density shows the potential of this SOFC technology.
The aim must be to reach these values as near as possible under real operating conditions and to
further improve the long term stability.

High electrical and system efficiencies can be attained, even for plants with a power output of 100
kW. This represents a great advantage compared to existing technologies.
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ABSTRACT

A 2 kW class combined cell stacked module (182 cm2? X-4X 17) was
examined. An output power of 2.47 kW and output power density of 0.20
W/em? were obtained at the current density of 0.3 Alem2.

The temperature uniformity is an important factor to develop large scale
SOFC modules. Therefore, in this 2 kW class module. one cell was divided
into four smaller unit cells to decrease temperature difference across these
cells. Moreover, an internal heat-exchanging duet was arranged to spend the
surplus heat effectively in the middle of the module.

As for the basic research, the followings were investigated to improve
thermal cycle characteristics. One was to adopt a silica/alumina-based sealing
material in order to absorb the thermal expansion difference between the
electrolyte and the separator. Deterioration was quite small after 12 thermal
cycles with a 150 by 150 mm single cell. The other was to use a heat-resisting
ferritic alloy as a separator in a 50 by 50 mm single cell in order to decrease
the thermal expansion coefficient of the separator. High performance was
obtained for 2000 hours at 900 °C in an endurance test and deterioration was
quite small after a thermal cycle.

EXPERIMENTAL

Module

Figure 1 shows the schematic diagram of the combined cell stacked module.
The single combined cell consisted of four unit cells, and active electrdde area of each
unit cell was 182 cm2. A 2 kW class combined cell stacked module (182 cm2 X 4X
17) was examined. The each size of the electrolyte (3 mol% Y20s partially stabilized
ZrOs) was 150 mm X 200 mm X 0.2 mmt. A heat-resisting alloy (Inconel 600)
was used for the separators. The separators were 350 mm X 350 mm in size. A
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form of a gas flow, which consisted of an
inner manifold, a counter-flow and an
oxidant gas flow with side exhaust, was
adopted to the combined cell as well as a 1
kW class moduleb. An internal heat-
exchanger duct was arranged at the center
in order to decrease the temperature
differences within face of combined four unit
cells. The temperature profile was
measured by thermocouples inserted into
the separators. A mixture of 8 mol% Yz20s3-
stabilized ZrO2 (8YSZ) and NiO was used for
the anode material. It was applied to the
electrolyte by screen printing and sintered
for 2 hours at 1300 °C. A mixture of

LaosSro MnOs (LSM) and 8YSZ was used

for the cathode. It was applied to the

heat-exchanger

Unit cell

duct

T Y

s e T

[

Oxidant f IowI

]
p-Fuel fl

ow

electrolyte and sintered for 4 hours at
1100 °C. A mixture of LSM and La203 was ___ v
applied to the cathode similarly to form the Figure 1 The schematic diagram
cathode second layer. of the combined cell

stacked module

Thermal cvele test of the single cell

Thermal cycles were carried out for a 150 by 150 mm single cell using
different sealing materials. A silica/alumina-based sealing material was adopted in
order to absorb the thermal expansion difference between the electrolyte and the
separator. A heat-resisting alloy (Inconel 600) was used for the separators.

Endurance test of ferrite allov separator

In order to improve the thermal cycle characteristics, a ferrite alloy was
examined for the separator material because .its thermal expansion coefficient is
smaller than that of nickel-based alloys. A heat-resisting ferrite alloy containing a
small amount of rare earth metals was used for the separator and a 50 by 50 mm
single cell test was carried out at 900 °C.

RESULTS AND DISCUSSION

Module

Figure 2 shows V-I and power characteristics of this module. The fuel
utilization (Uf) and the oxidant utilization (Uox) were 15 % and 30 % at 0.3 A/em?,
respectively. An output power of 2.47 kW and output power density of 0.20 W/cm?
were obtained at the current density of 0.3 A/em2. The output power density was
equivalent to that of the 1 kW class module (160 cm2 X 30) which was previously
reported)?, It was therefore considered that the combined cell structure was
effective for higher output power SOFC modules, because there was no reduction of
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output power density by adopting this structure.
Good performance was obtained up to Uf = 80 % of operation for a single combined
cell, so the uniformity of the gas distribution was confirmed.

20 2500
2 i 1 2000
® =
g 11500 =
-‘c—'; 10 ) o
o 1 Fuel : Ha {1000 3
= i Oxidant : Air o
8 UfflUox = 15/30 % (at 0.3 Aecm?) { 500
- Temp. : 1000 °C
0 I{/ : . N . . 0
0 0.1 0.2 0.3

Current density / A cm2

Figure 2 V-I and power characteristics of the module

Thermal cvele test of a single cell

Figure 3 shows the thermal cycle characteristics of single cells using
silica/alumina for sealing materials. Deterioration of the V-I characteristics after
12 thermal cycles was quite small. A substantial improvement of the thermal cycle
characteristic was observed by employing silica/alumina for sealing.

S
> 1000 150 mm %X 150 mm 100 -~
>
Eg5~ 800 80 O
~& [~ | Silicalalumina | S
5 600 7t = 60 G
S 400 I Y 140 5
om \ Fuel : H,
= Uf =20 % o
=+ 200 <_} Glass 100 % Uox =40 % 1 20 £
O © Temp. : 1000 °C ©
O~ Y. , , ! ©
0 0o 2

0 2 4 6 8 10 12
Thermal cycle

Figure 3 The thermal cycle characteristics of single cells using
silica/alumina for sealing materials
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Endurance test of ferrite allov separator

Figure 4 shows the result of the cell endurance test with the heat-resisting
ferrite alloy separator. High performance was obtained for 2000 hours at 900 °C.
Thus, the ferrite alloy is expected to serve as a separator material for high-
performance SOFCs.

1000
Ferritic alloy containing rare earth
> A
(= 800
% 600
<
4 400 F current density : 0.3 A cm2
E 200 Temp. : 900 oC
o Size : 50 mm % 50 mm
0 . . :
0 500 1000 1500 2000

Time/h

Figure 4 The result of the cell endurance test with the heat-resisting
ferrite alloy separator

SUMMARY

(1) An output power of 2.47 kW and output power density of 0.20 W/em? were
obtained with the combined cell stacked module.

(@ Cell performance deterioration was quite small after 12 thermal cycles using a
silica/alumina-based sealing material for a 150 by 150 mm single cell.

(3 High performance was obtained for 2000 hours at 900 °C of operation using the
heat-resisting ferrite alloy separator in a 50 by 50 mm single cell.
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INTRODUCTION

AlliedSignal has been developing high-performance, lightweight solid oxide fuel cell
(SOFC) technology for a broad spectrum of electric power generation applications. This
technology is well suited for use in a variety of power systems, ranging from commercial
cogeneration to military mobile power sources. The AlliedSignal SOFC is based on
stacking high-performance thin-electrolyte cells with lightweight metallic interconnect
assemblies to form a compact structure. The fuel cell can be operated at reduced
temperatures (600° to 800°C). SOFC stacks based on this design has the potential of
producing 1 kW/kg and 1 kW/L. This paper summarizes the technical status of the
design, manufacture, and operation of AlliedSignal SOFCs.

STACK DESIGN

The AlliedSignal SOFC stack design is a flat-plate concept that places ceramic cells in
a compliant metallic housing. In this design, single cells are connected in electrical series
via metallic fins and interconnects (interconnect assemblies). Metallic fins and
interconnects are made from thin cross-section foils. The fins, attached to the
interconnects, form flow channels for fuel and oxidant gases. A crossflow version of this
design is schematically shown in Figure 1.
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Figure 1 Stack Design
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This design has two key features:

« Single cells used in this design contain supported thin electrolytes. Thin
electrolytes reduce component weight, improve cell performance, and minimize
internal resistance, allowing efficient operation at reduced temperatures. The
advantages of reduced-temperature operation include wider choice of materials,
longer cell life, increased reliability, and potentially reduced fuel cell cost.

e The metallic interconnect assembly, made from thin foils, is designed to
provide sufficient compliancy to minimize thermal expansion mismatch stresses
and form a compact, lightweight structure.

This stack design has the potential of having low material and manufacture costs and can
produce high power densities while maintaining high efficiency at reduced temperatures.

STACK FABRICATION

AlliedSignal has developed a simple and cost-effective process for fabricating multicell
stacks.

(i) Thin-electrolyte cells are made by tape calendering. Tape calendering is a
conventional ceramic forming method that involves squeezing a softened thermoplastic
polymer/ceramic mix between two rolls to produce a continuous sheet of material. The
tape calendering process for fabricating thin-electrolyte cells involves progressive rolling
(calendering) of green (unfired) ceramic tapes to form a thin electrolyte (1 to 10 pm
thick) on an anode support. The electrolyte/anode bilayer is fired at elevated
temperatures to remove the organics. The cathode is then applied on the sintered bilayer
to produce a complete cell.

(i) Metallic interconnect assemblies are fabricated by conventional stamping and
joining techniques.

Figure 2 shows as an example a photograph of a typical thin-electrolyte cell fabricated
by tape calendering. A photograph of a five-cell stack incorporating thin-electrolyte cells
and metallic interconnect assemblies is given in Figure 3.

Figure 2 Thin-Electrolyte Cell

41




MINH ET AL

| AlliedSignal

ABROSPACE

Figure 3 Five-Cell Stack

This fabrication process has several important advantages: simplicity, scalability, and cost
effectiveness. In addition, the process is material-independent, thus providing fabrication
versatility. Furthermore, the process can be designed for high-volume production using
available commercial equipment.

STACK PERFORMANCE

Numerous multicell stacks have been assembled and performance tested. Several have
been thermal cycled without significant structural degradation. Figure 4 shows
performance curves of three two-cell stacks (footprint area of 25 cm?) tested with
hydrogen fuel and air oxidant at about 800°C. These stacks produced a maximum power
of about 25 W with the power density of about 650 mW/cm? at 800°C.
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Figure 4 Performance Curves of Two-Cell Stacks
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Figure 5 shows voltage/current density and power curves of a five-cell stack (footprint
area of 100 cm?) obtained at 800°C. This stack produced peak power of about 270 W
at 800°C and 185 W at 700°C, corresponding to power densities of 600 mW/cm? and
410 mW/cm?, respectively. This is the best stack performance reported to date at
reduced temperatures. Although the design has not been optimized, stack power densities
achieved are exceeding or close to the goals of 1 kW/kg and 1 kW/L (Figure 6).
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Figure 5 Performance of Five-Cell Stack
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Figure 6 Stack Power Densities
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1. INTRODUCTION

The problems which must be solved before SOFC-systems are competitive with todays power pro-
duction technology are of both technical and economical nature. The cost of SOFC stacks at the 25
kW level of today is about 30,000 ECU/KW /1/ and it is bound to come down to about 500
ECU/KW. The allowable cost of a SOFC system is anticipated to be around 1500 ECU/KW.

As part of the Danish SOFC program (DK-SOFC) a 0.5 kW stack was built and tested during the
second half of 1995 /2/. Based upon the experience gained, an economic analysis has been made.
The tools required to approach an economically acceptable solution are outlined below.

2. ECONOMIC ANALYSIS

The Danish 0.5 kW SOFC stack was built according to the Bipolar Flat Plate SOFC (BFP-SOFC)
concept. 50 cells, each with an active area of 50 cm?, produced the targeted 0.5 kW with an overall
area specific internal resistance (ASR) of 1 Qcm® at 1000°C. Cheap ceramic techniques with a
potential for upscaling had been selected for the technological development. The 8x8 cm electro-
lyte was tape cast from high purity zirconia (8 mole% yttria) to a sintered thickness of 160um. 5-
10pm composite electrode layers with La(SrMnQ;(LSM) /3/ and NiO /4/, respectively, were de-
posited by spray painting of ceramic slurries and sintered. Current collecting layers were made
from LSM by tape casting and from NiO/YSZ by spray painting. Ceramic interconnects were fab-
ricated from La(Sr)Cr(V)O3(LSCV) /5/ by uniaxial pressing and sintering at high temperature. The
plates were machined with diamonds to give suitable surfaces and cross flow gas channels. The
stack was assembled from quality controlled 10-cell substacks.

Based upon the fabrication experience of the first stack, costs were calculated to 3,000-10,000
ECU/W, depending on the area specific internal stack resistance. The lower limit of the fabrica-
tion cost corresponds to 0.4 Qcm?. The materials cost, including actual losses during the various
fabrication processes and components rejected by quality controls, constitutes ~50% (Fig. 1). The
remaining 50% are the cost of capital and manpower in a pilot plant with a total production capac-
ity of 2 MW SOFC stacks per year. In spite of the low-cost ceramic techniques chosen, the stack
cost requires a reduction of more than 10 times before it is of commercial interest (500 ECU/KW).
A number of tools are available for reduction:

- Redesign of identified high-cost elements

. Cheaper materials where acceptable

- Reduction of the number of components in the repetitive unit of the stack

. Reduction of losses during fabrication

. Automation of the production

L o R

The interconnect is by far the most expensive individual stack element. The requirement of gas
tightness implicates low materials porosity and the presence of gas channels makes the stack ele-
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ment the most voluminous one, alto-
gether maximizing the consumption of
the relatively costly lanthanum chromite.
The thickness and the layout with chan-
nels in cross flow configuration limit the
range of applicable ceramic shaping
techniques. Increasing demands to pla-
narity minimizes in-plane resistance
losses in the electrodes but introduces
expensive mechanical grinding after

Labour &
Maintenance . . . .
17,4% sintering. Reduction of the interconnect
element cost clearly requires reconsid-
Fig. 1. Distribution of present stack fabrication cost  eration of the design, leading to a lower
complexity of the element.

Materials of high purity are usually used for the development of new materials and components in
laboratory scale. Commercialization, however, necessitates determination of the importance of
purity to enable substitution of frequently used materials with cheaper ones. The cost of pure lan-
thanum compounds is high. The relatively high content in a stack (Fig. 2) makes the use of much
cheaper lanthanide mixtures desirable, and a substitution seems to be acceptable in current collect-
ing elements /6/. The cost of yttrium stabilized zirconia is high, too, when the content of silica,
which is detrimental to ion conductivity, is to be kept at a low level. Additions to YSZ which may
neutralize the effect of Si in cheaper zirconia are desired.

Generally, losses were high during the laboratory scale fabrication of the stack elements. Mass
production and automation will of
course reduce the waste fraction some-

Ogrics g?;: what, but losses are to a significant ex-

98% tent inherent to the individual ceramic

: technique (cut-away green tape, slurry

remnants). It is therefore important to

establish recycling of waste in the fabri-
cation processes.

A stack cost reduction factor of 3 may
be realized as a result of identified pos-
sible improvements of the technology.
The relative cost distribution in Fig. 3
shows that materials cost is reduced be-
Fig. 2. Distribution of present materials cost low 25% of the total, while capital in-
vestment cost increases to above 40%.

05%

3, TECHNICAL ANALYSIS

Although a stack ASR of ~1 Qcm? is a reasonable value in the present international context, the
value needs improvement to reduce stack volume/kW. The ASR of the individual cells of the stan-
dard production was 0.3-0.4 Qcm?. Allowing for the resistance of the interconnect, a stack ASR of
0.4-0.5 Qcm? may be realised. This result was actually met by one of the 10-cell substacks consti-
tuting the stack. Analysis of stack performance /2/ showed, that the main performance problem was
related to dimensional instability of the LSCV interconnect in reducing atmosphere, and the inabil-
ity of the sealing glass to accommodate the resulting relative in-plane movement between cells and
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interconnects. Gas mixing obviously was
a main problem, leading to a reduction of "sﬁ;j’s
the active fuel cell area. Current interrupt o
measurements showed that for stack sec- @f;‘?ls,?a
tions with less satisfactory performance
an increased area specific resistance Uililes
could be attributed to in-plane current 9%
conduction in the thin electrodes. Labouwr &

Meintenance
The performance analysis clearly shows, 5%
that the pO,-related dimensional instabil-
ity exhibited by the LSCV interconnect  Fig. 3. Assessed distribution of stack fabrication cost
cannot be tolerated in high performance  after planned optimizations
stacks. It is necessary to intensify the
research for ceramic interconnect materials with much better dimensional stability in reducing at-
mosphere. Metallic interconnect is an alternative to ceramics, but reduced temperatures are re-
quired. The increase in electrode overpotential with decreasing temperatures, however, necessitates
further electrode development in order to reach the ASR achieved at higher temperatures.

Few materials have been identified as potential candidates for metallic interconnect, and all have
high chromium contents. Oxidation and volatilization of Cr,O; influences ASR and cathode per-
formance adversely, necessitating further development. The presently most advanced metallic in-
terconnect material uses dispersed yttria to reduce the oxidation rate /7/. Fabrication of Cr,O3 based
alloys usually requires relatively expensive powder metallurgical processes and the presence of
yttria boosts the cost of the complex shaped component further due to machining problems.

Cofiring - in the sense of simultaneous sintering of adjacent layers - is often mentioned as a means
of reducing the number of sintering steps. Cofiring which includes sintering of the electrolyte
membrane is difficult, because sintering temperatures much below 1300°C of YSZ will result in
incomplete sintering; cofiring of the YSZ with NiO-based anodes at temperatures above 1300°C
may affect the bend strength of the electrolyte adversely assumably due to NiO dissolution in the
electrolyte layer, and cofiring with LSM based cathodes at temperatures even below 1200°C may
result in the formation of zirconates. The latter prevents full densification of the electrolyte and
will affect cathode performance adversely. Cofiring of Ni-based anodes and Cr based interconnect
materials at relevant temperatures may also lead to undesired reactions. However, simultaneous
firing of non-adjacent layers, e.g. anode and cathode sintering on the two sides of an already sin-
tered electrolyte is a means for reduction of the overall number of sinterings.

Probably, a commercialized SOFC will be fuelled with natural gas. If todays standard anode, the
Ni-YSZ-cermet, is exposed to natural gas, carbon precipitation will occur and the anode will be
destroyed. Therefore, steam reforming is necessary. The economic calculations show that it is very
important to avoid external reforming units which will add to the cost of the SOFC-system (balance
of plant). As Ni is a good steam reforming catalyst, internal reforming is in principle possible.
However, at 1000°C the endothermic reforming process will be too fast resulting in unacceptable
steep temperature gradients at the fuel inlet. Consequently, it is necessary to develop anodes which
are either more suitable for internal reforming than todays standard, or preferably able to facilitate
direct oxidation of the methane in prereformed natural gas /8/. Prereforming of natural gas will
always be necessary to remove hydrocarbons of two or more carbon atoms to avoid carbon deposi-
tion in the gas preheating tubes. Natural gas usually contains a few per cent (~5%-10%) of C,’s or
higher hydrocarbons.
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4. CONCLUSION

An economical analysis of stack fabrication costs, based upon the experience gathered from the
first Danish 1/2 kW stack shows, that if an area specific internal resistance of 0.4 Qcm® may be
achieved, the stack may be fabricated at 3000 ECU/KW. The fabrication is based upon simple ce-
ramic techniques. This cost is already a major reduction compared to the price published by the
European Community /1/ of 30,000 ECU/KW. A number of tools have been identified for further
reduction of the stack price: (i) redesign of costly components, (ii) utilisation of cheaper materials
where acceptable, (iii) reduction of the number of different components in the stack, and (iv) re-
duced losses in a highly automated, large scale production. Calculations excluding (iv) show that a
reduction to ~1100 ECU/KW is possible. This, however, requires further technological develop-
ment of the shaping of selected components. More than 40% of the 1100 ECU/KW is capital cost
and less than 25% is materials cost. A significant further reduction of the cost towards the assumed
commercialisation limit of 500 ECU/KW will have to address a general reduction of the internal
stack resistance, as this factor will influence all fabrication costs in the desired direction.

Technically the dimensional instability of the interconnect has to be focused upon, because single
sided material expansion during pO,-changes on the anode side during service will lead to sealing
problems and detachment of contacts between the individual stack elements. Presently available
metallic interconnect materials are not directly applicable, partly because of high materials cost and
high cost of shaping, partly because of the requirement of lower operation temperatures to reduce
oxidation and Cr,O3 poisoning of electrodes. Finally, it is mandatory that an anode either with an
adjusted internal reforming rate or with the ability of direct methane oxidation is developed.
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DEVELOPMENT OF LOW TEMPERATURE SOLID OXIDE FUEL CELLS

W.T. Bakker, R. Goldstein
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-Palo Alto, CA 94303

Introduction

The historical focus of the electric utility indusiry has been central station power plants. These
plants are usuvally sited outside urban areas and electricity was delivered via high voltage
transmission lines. Several things are beginning to change this historical precedent. One is the
popular concern with EMF as a health hazard. This has rendered the construction of new lines as
well as upgrading old ones very difficult. Installation of power generating equipment near the
customer enables the utility to better utilize existing transmission and distribution networks and
defer investments. Power quality and Iack of disturbances and interruptions is also becoming
increasingly more important to many customers. Grid connected, but dedicated small power plants
can greatly improve power quality. Finally the development of high efficiency, low emission,
modular fuel cells promises near pollution free localized power generation with an efficiency equat
to or exceeding that of even the most efficient central power stations.

Solid oxide fuel cells (SOFC) are especially attractive for small installations, i.e., 100Kw.
However, the present ZrQ, based fuel cells must operate at about 1000°C due to the relatively low
conductivity of Yttria doped zirconia. This requires use of costly ceramics or expensive metal
alloys for interconnects (bipolar plates), and balance of plant components such as seals, ducts and
heat exchangers. The life of SOFC is also limited at 1000°C due to interdiffusion of elements
between electrodes and the electrolyte. Operating a SOFC at 650-800°C, will completely
eliminate performance degradation due to interdiffusion and allow the use of inexpensive stainless
steels for interconnects and balance of plant.

For the above reasons, EPRI is supporting several projects supporting the development of SOFC’s
capable to operate below 800°C. These projects fail into 3 broad categories: 1) Reduce the
thickness of the electrolyte to reduce its resistivity. Calculations show that a 10um thick ZrO,
base electrolytes will have a lower resistance at 800°C than standard tape cast 150um electrolytes
at 1000°C. 2) Use of more highly conducting electrolytes. Both doped CeQ, (Ceria) and doped
LaGa0; are being studied. 3) Improve the efficiency and decrease the overpotentials at the
electrodes. Projects in the three areas are briefly described below.

Resuits
1. Thin Base El

Projects in this area carried out at LBNL and the University of Utah. Both projects use colloidal
dispersions to cast a thin film of Yttrium stabilized Zirconia (YSZ) electrolyte on a porous Ni-
Zr0O, cermet anode. The thickness of the electrolytes produced at LBNL is generally less than 10
pum, while those produced at the U of Utah are in the 10-20 um range. Single fuel cells using a
strontium doped lanthanum manganite cathode and platinum current collectors were prepared and
showed excellent I-V performance in the 700-800°c temperature range. Table 1 and Figure 1 show
some of the data produced by LNBL. Efforts to build small stacks are underway.
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Table 1 Performance of Thin Film SOFC at 650-800°C

Temperature Power Density Voltage Current Density
(°C) (mC/cm?) ) (mA/cm?)
650 140 0.51 280
700 350 0.51 710
750 575 048 1250
800 1935 0.43 4500

2. Altemate Electrol

There are several electrolytes, which have a considerable higher ionic conductivity than YSZ. The
most well known and studied electrolyte is doped CeO,. A problem with CeQ, is that it is
partially reduced to Ce,O, on the anode side, which induces electronic conduction. This in turn
will reduce the open circuit voltage and thus reduce efficiency. However, Prof. Riess® has shown
that a small amount of electronic conductivity can be tolerated, provided the fuel cell is operated
close to its maximum power output. Therefore, a project to study the use of CeO, electrolytes has
been conducted at Ceramatec. Earlier problem with deterioration of performance with time were
overcome and stable performance in single cells in excess of ten thousand hours has been
demonstrated. Ceria electrolytes appear to be very compatible with the selected electrode materials,
resulting in very flat I-V curves. Thus, the performance of Ceria based fuel cells at 700-800°C is
similar to that of Zr O, based fuel cells at 1000°C, when operated at 0.6V. This is shown in
Figure 2.Efficiency losses due to electronic conductivity are small at 700C or lower.

At the University of Texas at Austin, Prof. Goodenough and his associates have studied the ionic
conductivity of doped La GaO;. When using both cation and anion substitution, a composition
with an ionic conductivity of 0.08-1.0 S/cm? at 800C was obtained. No electronic conductivity
was present even at anode environments (H, - 3% H,0). Single cell experiments showed an OCV
near theoretical and a maximum power density of about 350 mW/cm?. This is much lower than
theoretically possible, mainly due to a large anode overpotentialWork on improved
electrolyte/electrode compatibility is in progress.

3. ingl mponent Solid Oxide Fuel Cell

The highest degree of compatibility between electrolyte and electrodes is obtained when all are
made of the same base material, i.e., ZrO,. To achieve the required electronic conductivity and
electro catalytic properties, appropriate dopants must be found. The problem is being studied by
Prof. W. Worell at the University of Pennsylvania. At present Tb doped ZrO, is being studied for
the cathode and Ti doped ZrO, for the anode. Figure 3 shows that the performance loss at 820°C of
a cell with a Tb doped zirconia is considerably lower than that of a conventional LSM cathode.
Performance of the TiO, doped zirconia anode was about the same as that on Zr,0, - Ni Cermets,
which have already a very low overpotential. However, it is expected that debonding between
anode and electrolyte will be improved. Scaleup of the technology is planned for next year.

References
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DEVELOPMENT OF 1000kW-CLASS MCFC PILOT PLANT

M.Ooue, H.Yasue
MCFC Research Association
87-2 Kamesaki-shinden-asake
Kawagoe-cho, Mie 512 JAPAN
K.Takasu, T.Tsuchitori
New Energy and Industrial Technology Development Organization

1. ABSTRACT
This pilot plant is a part of the New Sunshine Program which has proceeded by the Agency of
Industrial Science and Technology of the Ministry of International Trade and Industry.
MCFC Research Association is entrusted with the development of the pilot plant, and
constructing it at Kawagoe site.
Following items will be verified by this pilot plant operation.
a.  Development of 250kW class stack and confirmation of stack performance and decay rate.
b.  System verification such as basic process, controf system and operation characteristics,

toward commercialization.

¢.  To get design data for demonstration plant.

2. DEVELOPMENT TARGET
The development targets of this pilot plant are shown in Table 1.

ftem Target
Power Qutput 1000kW (AC)
Power Generation 45%(HHV)
Efficiency
Fuel LNG
QOperation Hours S000Hr
Stack Decay Rate 1%/1000Hr
Environmental effect less than regulated value

Table 1. Development Targets

3. BASIC CONCEPT FOR DESIGN
a. System Flow
Process flow sheet of the 1000kW pilot plant is shown in Fig. 1.

b. System configuration

The 1000kW pilot plant’s major components are stack, reformer, cathode blower, heat recovery

system, electric equipment, control, and utility facilities. Two kinds of fuel cell stacks are used

and 4 stacks of 250 kW class in total are connected with two 500kW class inverter. Each 500kW

unit has a cathode blower and it can be operated independently. All other equipments are one for

this pilot plant. Specification of each components are as follows.

(a) Fuel Cell Stack
Two 250kW cross-flow type stack and two 250kW parallel-flow type stack are used for this
pilot plant. By the investigation of the influence of operating temperature on voltage decay
rate, the operating temperature of the stacks was modified to be lower than the initial design
value.

(b) Reformer
We apply a catalytic burner to the reformer, because the heat value of anode outlet gas is low.
Steam / carbon ratio (S/C) for reforming is planned to be 3.5 with allowance to avoid carbon
formation and deposition inside the cell.

( c) Cathode Blower
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We apply magnetic bearing to the cathode blower for high efficiency under 640 °C.

(d)Heat Recovery System

The heat recovery system is consist of the turbine compressor and the heat recovery steam

generator (HRSG).

The turbine compressor has an auxiliary combustor to secure power, that is necessary for the
plant start-up and to maintain amount of steam produced by the HRSG.

(e) Electric Equipment

The PWM control type inverter is used to obtain high efficiency and to reduce harmonic
distortion. A large capacity IGBT is applied for the inverter device.

(f) Control .
The plant is controlled by two operators in the central control room.
NER
'&s\[ocx_: PR acr000mw
= P
[ HRSG EXHAUST
[ ] [ a sy
I PREHX T e o e i A
?:xs.a_‘s &4 | NS R gy IR g MR | STACK
REAT |
| ar
CATHODE
CATHODEGAS BLOWER
HEATER .
1
) AUXILILARY _ -
COMBUSTOR I ]
DESUFELIZR e - ';]‘R
NATURAL GAS !_HA! ﬂ
 —
Fig.1 1000kW pilot plant System Configuration
Component Specification
Fuel cell stack A 250kW x 2, Cross flow type, Cell area 1.20m’
Fuel cell stack B 250kW x 2, Parallel flow type, Cell area 1.02m*
Reformer 2-stage catalytic combustion, 18 tubes
Cathode blower Radial type, Magnetic bearing

Turbine compressor

T: Axial x 2-stage, C: Radial x 2-stage

Heat recovery steam generator

Smoke tube boiler

Anode blower

Radial type

Inverter

S00kW x 2, PWM control

Table 2. Specifications of major components
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(g) Utility facilities and others
The control air supply line has a back-up line of nitrogen in order to keep operation reliability

and safety.
4. PLOTPLAN
/ x \ This pilot plant is constructing in
@ Kawagoe Thermal Power Station of
C_ Chubu Electric Power Company.
C H ] The plot plan is shown in Fig. 2. The
- FUEL CE . ..
= .STACK@ ELEC. size of the site is 39.4m x 35.5m.
L.COO 'f'm copi‘meL Main components of the pilot plant
:I N clx_ml)REmRMER e is placed indoor, except HRSG.
ESTAND| BLOWER AhODBBwﬁ’El
D oxaiagy cobvsTor Perspective view of 1000kW pilot
‘_msz 58 D;?%m plant is shown in Fig. 3.
AR COMH .
l|_|o OA!RDRUM
WASTE WATER PIT I
D O ADMINISTRATION
0O OD WATERE, | sTack BLD.
STACK WATER DRUM

N — J

Fig.2 Plot Plan of 1000kW Pilot Plant

1+ 250kW Stacks @ Turbine Compressor
+2+ Reformer 5 HRSG
+3: Cathode Blower '6 Control Room

Wﬁ:; ek .: e s

¢

Fig. 3 Perspective view of 1000kW pilot plant
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5. SCHEDULE
Development schedule for 1000kW pilot plant is shown in Fig. 4.
In November 1996, the building work of the Kawagoe site will be finished. The plant equipments
fabrication will be finished in FY 1996, and they will be installed and adjusted in FY1997. The
PAC test will be carried out in FY 1998. And the operation will be carried out in FY 1999,
At present, every equipment are being fabricated by makers. And the Kawagoe MCFC test center
is preparing for the equipment installation and PAC test.
The recent photo of the Kawagoe site is shown in Fig. 5.

Fiscal Year 1993 1994 1995 1996 1997 1998 1999
Design
Equipment
Fabrication
Building ——trn
Equipment
Installation T |-
PAC test B —————
FC Stack
Fabrication
& Installation
Operation fem—
Evaluation —

=

Fig. 5 Recen

54



[EPURSUR

INTEGRATING FUEL CELL POWER SYSTEMS
INTO BUILDING PHYSICAL PLANTS

J. Carson
KCI Technologies, Inc.
Hunt Valley, MD 21030

This paper discusses the integration of fuel cell power plants and
absorption chillers to cogenerate chilled water or hot water/steam
for all weather air conditioning as one possible approach to
building system applications. Absorption chillers utilize thermal
energy in an absorption based cycle to chill water. It is feasible
to use waste heat from fuel cells to provide hydronic heating and
cooling. Performance regimes will vary as a function of the supply
and quality of waste heat. Respective performance characteristics
of fuel cells, absorption chillers and air conditioning systems will
define relationships between thermal and electrical load capacities
for the combined systems. Specifically, this paper develops
thermodynamic relationships between bulk electrical power and
cooling/heating capacities for combined fuel cell and absorption
chiller system in building applications.

The absorption cycle

Absorption chillers use water vapor at high vacuum as the
refrigerant. For discussion, point 1 in the cycle would be the low
pressure refrigerant as saturated liquid at approximately 40F. The
refrigerant enters the evaporator and removes heat from the working
fluid - chilled water - to provide the latent heat for transition to
saturated vapor. At point 2, the refrigerant enters the absorber,
where it comes into contact with the absorbent - a salt solution
with a high affinity for water. The solution is then compressed
through a pump and passed to the generator where waste heat
effectively boils the refrigerant off to a superheated state at
point 3. Once the superheated vapor leaves the generator, it passes
through the condenser - point 4 - and the cycle again resembles more
conventional refrigeration cycles.
Table 1
Refrigerant Properties

Cycle Pt. P(PSTA) T, F State h
1 0.122 40 Sat. vapor 1,078.9 BTU/LB
2 1.354 190 Vapor 1,143.5 BTU/LB
3 1.354 112 Sat. liquid ~80 BTU/LB
4 0.122 40 Throttled ~80 BTU/LB

Table 1 represents state properties of the refrigerant of some
typical absorption machines currently available. These machines
normally employ an ammonia or lithium bromide solution as the
absorbent. Because of the toxicity of ammonia, absorption chillers
usually use the lithium bromide solution. During compression and
heating, the solution is nominally 54 percent by weight lithium

bromide. Once the refrigerant has been "boiled off" in the
generator, the remaining solution is 59 percent by weight lithium
bromide. When considered from the absorbent side of the cycle, it

is essentially a regenerating solvent cycle, where the "strong
liquor" absorbs refrigerant in the absorber to become a "weak
liquor" and then is regenerated in the generator to become again the
"strong liquor." Table 2 contains the performance characteristics
for the model used in the analysis.
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Table 2

Model Chiller Operational Parameters

Generator vacuum
Evaporator vacuum
Mass fractions
"Strong" liquor
"Weak" liquor
Generator heat
Steam
Hot water

70 mm Hg‘(1.354 PSIA)
6 mm Hg (0.122 PSIA)

59%
54%

340F, 28 PSIA
260F supply (THWS)

210F return (THWR)

Tables 1 and 2 define the model absorption chiller used in the
analysis. Mass and heat balances show that the specific effective
heat input Q, is 15.73 MBTUH/ton cooling, for a coefficient of
performance of 0.763. Mass flow rates for the "weak" and "strong"
liquors are 141.6 LB, /HR/ton and 129.6 LB,/HR/ton, respectively.
These flows result in 12 LB,/HR/ton refrigerant flow.

System Analysis

This analysis treats the cases of molten carbonate fuel cells
(MCFCs) and solid oxide fuel cells (SOFCs), because they represent
technologies nearer to the market. In both MCFC and SOFC models,
anode gas is oxidized in a catalytic burner. The oxidized anode gas
and cathode gas are then used to pre-heat incoming fuel and oxidant
streams. After the preheat heat exchangers, the streams are
combined and pass on to the waste heat recovery system. The waste
heat stream is then exhausted, although in the MCFC variant, make-up
Co, for the cathode is recovered prior to exhaust.

The following are mass balances for the catalytic oxidation of anode
gas in MCFCs and SOFCs, respectively: -
(1+4U;) CO, + 4(1-Up)H, + {(4Upim-2)H,0 + 2(1+Y) (1-T) O,

+ 7.52(1+Y) (1-Up)N, -> (1+4U.)CO, + (4+m-2)H,0

+ 2Y(1-U,)0, + 7.52(1+Y) (1-Ux)N, (1)

4(1-Up)H, + (4Uptm-2)H,0 + CO, + 2(1+Y) (1-U,) O,
+ 7.52(14Y) (1-Up)N, -> (4+m-2)H,0 + 2Y(1-U,;) 0,
+ 7.52(1+Y) (1-U,)N, + CO, (2)

In each equation, U, is the fuel utilization factor, m is the steam
to carbon ration and Y is excess air. The mass balances account for
internal reforming. high temperature shift and power reactions.
Table 3 contains performance parameters for model MCFC and SOFC
power plants. BApplying these parameters to equations (1) and (2)
defines the compositions of the respective anode gas streams.

Table 3
Operational Parameters for Model Fuel Cells

MCFC SOFC

T 1660R 2290R

)4 1 Atm. 1 Atm.

Ue 0.75 J0.75

Uoxr 0.60 0.60

) ~50% ~45%
2.5 2.5

Following oxidation, anode gas temperature is:
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_ Dy MWy HHVy =155 . (3)

T =
Y apwc, () T

ga,

Calculated values for Q. in equation (3) resulted in theoretical
combustion efficiencies in the low 70 percent range. Oxidized anode
gas and cathode gas exhausting at stack temperature contain the
available waste heat. Most systems will use these streams to
preheat incoming fuel, feed water and oxidant. This analysis
accounted for the preheat losses and then combined the two streams.
Having arrived at a single stream of waste heat, the capacity and
heating water flow rate for a hot water generated chiller per
megawatt of electricity are:

N_3.412x10°EC, (T,~Tym) Tons (4)
w HHVPEelecoR MW
V. NQ, GPM (5)
W 500C, (Tymo-Tmm) MH

Where C; is the product of gas mass flow rate and specific heat;"xi"
is heat exchanger effectiveness.

For steam generated chillers, the mass and heat balances are
modified to account for latent heating of steam. The conventional
heat balance between gas and steam as it is superheated requires:

Col Tg=T,) =thisen (=) (6)

Where T, is the so-called pinch point, typically 50 - 70R above
saturated steam temperatures. Values for h; and h; are enthalpies
of steam vapor and saturated liquid, respectively at 28 PSIA.
Therefore, steam rate and chiller capacity are:

_3.412x10°C,(T,-T,) '¢))
sem HHVgEg o (hhy)

N_ Oaan= Lhs- (hetheX) ) iy Tons (8)
W 0 Or MW

The factor x is the quality of steam leaving the chiller generator.
Table 4 is a performance schedule for the three configurations of
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fuel cell-absorption chiller system: MCFC with hot water generation;

MCFC with steam generation, and SOFC with steam generation.

Heating

performance assumes a 90 % efficiency in hydronic heating generator.

Bulk Cogeneration per MW Electrical

Table 4
Output at Full Power

MCFC-HHW MCFC-Steam SOFC-Steam
Anode gas 0.74 0.74 6.70
oxidation eff., Y= 2.0 ¥Y=2.0 ¥=2.0
excess air
T, waste gas 1240R 1240R 1514R
Mass flow, waste gas 17078PPH 17078PPH 14851PPH
Waste heat recovery 0.65 T, = 766R T, = 766R
efficiency
Generator mass flow 89 GPM 2173 PPH 3498 PPH
(HW) (Steam) (Steam)
Cq BTU/R~LB, fuel 15.934 15.934 14.63
Qs 1258 MBTUH 1835 MBTUH 3961 MBTUH
N/MW 105 Tons 117 Tons 251 Tons
Hydronic flow 56.6 GPM 83 GPM 179 GPM
Heating 1132 MBTUH 1652 MBTUH 3583 MBTUH

Design Issues

Relationships between bulk electrical and thermal capacities at
steady state operation for the proposed system have been developed,
but several important design issues are not treated in this
analysis. Transient behavior and turn down ratio are two important
performance problems. With relatively long start up times and low
turndown ratios, the £irst generation of fuel cells may not be
suited for the application for many types of building. The ratios
of bulk capacities, as well, indicate that thermal capacities may be
insufficient to match electrical capacities in many applications.
Thermal design for the integrated system will significantly affect
the amount of waste heat available for cooling. One factor would
include internal vs. external reforming; an external reformer would
augment the waste heat from the fuel cell. Another significant
design issue would be accommodating respective thermal and power
capacities vs. load requirements across the operational envelope.
This will probably involve a low temperature cooling system with
circulating pump and cooling tower to trim excess thermal capacity
and to dissipate secondary heat, eg., from the absorber. Some
systems might schedule tandem heating and cooling during milder
weather as a method for utilizing excess thermal capacity. The major
factor in performance, though, is preheat of fuel, feed water and
oxidant. An optimized design would probably employ two stage cooling
with cathode gas cooling incoming oxidant and then supplying the
first stage of heating to the chiller. Oxidized anode gas would
preheat fuel and feedwater and then supply second stage heat.
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SPECIAL CONSIDERATIONS ON OPERATING A FUEL CELL POWER PLANT
USING NATURAL GAS WITH MARGINAL HEATING VALUE

Moses L. Ng and Chien-Liang Lin
Energy and Resources Laboratories
Industrial Technology Research Institute
Chutung, Hsinchu County, Taiwan
Republic of China

Ya-Tang Cheng
Power Research Institute
Taiwan Power Company
Shu-Lin, Taipei County, Taiwan
Republic of China

INTRODUCTION

In realizing new power generation technologies in Taiwan, a phosphoric acid fuel cell power plant
(model PC25B, ONSI Corporation) has been installed in the premises of the Power Research
Institute of the Taiwan Power Company in Taipei County of Taiwan. The pipeline gas supplying
to the site of this power plant has a high percentage of carbon dioxide [1] and thus a slightly lower
heating value than that specified by the manufacturer. Because of the lowering of heating value
of input gas, the highest output power from the power plant is understandably less than the rated
power of 200 kW designed. Further, the transient response of the power plant as interrupted
from the Grid is also affected. Since this gas is also the pipeline gas supplying to the heavily
populated Taipei Municipal area, it is conceivable that the success of the operations of fuel cells
using this fuel is of vital importance to the promotion of the use of this power generation
technology in Taiwan. Hence, experiments were set up to assess the feasibility of this fuel cell
power plant using the existing pipeline gas in this part of Taiwan where fuel cells would most
likely find useful.

EXPERIMENTAL METHODS

A baseline study of measuring the important parameters of the operation of the power plant under
steady state has been performed on different power output from the fuel cell power plant. These
parameters will be seen as important indicators showing the state of the power plant in returning
to stable operations after disturbances impose on the power plant. To minimize influence from
the Grid in achieving the steady state operations, the power plant was put on Grid Independent
mode of operation and the output was connected to an electric heater capable of consuming
variable wattage from 0 to 200 kW. Data were collected only after long time of operations of the
power plant under the same designated power output.

When experiencing disturbance from the Grid during Grid Connected mode of operations, the
output from the power plant disconnects from the Grid and the power plant goes to Idle mode of
operations. If and when the disturbance from the Grid clears, the power plant will try to resume
the original output level and reconnects to the Grid under Grid Connected mode of operations [2].
To simulate this situation, the power plant was put to Idle mode of operations for quite some time
to achieve the steady state status, The output level was then programmed to the designed value
and the power plant was abruptly changed to Grid Connected mode of operations. Data of
importance were then recorded manually in intervals of 10 seconds since the computer code for
automatic data acquisition was not available from the manufacturer. The experiments on
transient response from the power plant can be concluded after the vital parameters returns to their
respective values at steady state operations of similar output levels.
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RESULTS AND DISCUSSION

A sample from the pipeline natural gas supplying to the plant site was analyzed and the results
were listed in Table 1 against the specification of fuel gas furnished by the manufacturer. It was
found that the pipeline gas in use matched most of the specification except in excess carbon
dioxide thus lowering the heating value. The results of the steady state operation characteristics
of the power plant using this pipeline gas under Idle mode of operation as well as at 100, 125 and
150 kW output are listed in Table 2. Most of the operation characteristics agreed with those
specified by the manufacturer, except in the slightly lower electrical efficiency at the respective
output levels. In a separate study [3], it was found that the excess content of carbon dioxide,
which acts as inert in fuel cells, lowered the energy conversion efficiency.

The results in transient response of the gross and net power output, the reformer temperature and
the opening of the steam ejector of the power plant on a step change from steady Idle mode of
operation to the specified rated power output are iltustrated in Figures 1 to 3 respectively. It can
be seen that the output power, especially the net output power responded almost immediately to
the power level on the step change, whereas the longest time for the gross output power to settle
was within 5 minutes. However, the reformer temperature took longer time in the range of 20
minutes to reach their respective steady state values. The transient response in the opening of the
steam ejector valve ZT010 show an unusual behavior of 20% more opening before finally
reaching their respective steady state values. This is important especially in the range of output
level close to its rated capacity since the power plant will be automatically shutdown in the wide
opening of this ejector valve in more than 5 seconds [2].

In the course of performing the steady state experiments, it was found that the fuel cell power
plant could be gradually stepped up from the Idle mode of operation to output power of 150 kW at
intervals of 25 kW. However, the same increment of 25 kW from 150 kW to 175 kW prompted
the power plant to shutdown automatically, as reasoned above. At smaller increments of 5 to 10
kW, the output power of the power plant could be increased to 195 kW after observing the
important parameters, especially the opening of the ejector valve, of the power plant reach their
steady state values at respective output power. Hence, the steady state measurements of the
important parameters of the power plant such as those listed in Table 2 becomes a significant
guide in the operations of the fuel cell power plant. In addition, the opening of the steam ejector
valve becomes the bottleneck of the operations of the fuel cell power plant both in determining the
maximum power output and their rate of increase.

CONCLUSIONS

(1) The use of pipeline gas of excess carbon dioxide content on the operation of an on-site fuel
cell power plant may lower the energy conversion efficiency and reduce the maximum
output power.

(2) In operating an on-site fuel cell power plant, it is crucial to monitor the opening of the steam
ejector, as it may cause unscheduled shutdown of the power plant. In using fuels of
marginal heating value, the rate of increase of output power should be limited to avoid
automatic shutdown of the power plant due to full opening of the steam ejector, especially
when the net output power is close to the rated capacity of 200 kW. In such cases, the
opening of the steam ejector corresponding to the similar levels of the output power under
steady state conditions can be used as a guide in determining the rate of increase of the net
output power of the fuel cell power plant.
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TABLE 1 Specification and Analysis of Pipeline Gas

Constituent Specification, max. This Study
Methane 100 81.56
Ethane 10 4.63
Propane 5 1.53
Butanes 1.25 0.56
Pentanes, Hexanes, Cs+ 0.5 0.07
Carbon Dioxide 3 11.23
Oxygen 2.5 -
Nitrogen 4.0 0.42
Total Sulfur, ppmv 30 max/6 avg. 3.06
Ammonia, ppmv 1 -
Chlorine, ppmv 0.05 -
Supply Pressure, cm aq. 10-36 22.5
High Heating Value, kcal/m* 8,720 (min) 8,610

TABLE 2. Steady State Operation Characteristics of the Fuel Cell Power Plant

Rated Capacity, %
Idle 50 62.5 75
1. Output Power, kW

.net 1.0 104.2 126.2 1542
.Bross 56.8 121.1 141.4 169.0
2. Stack Current, amp 253.0 565.0 675.1 840.0
3. Stack Voltage, volt 230.8 2172 2142 2074
4. Fuel Consumption, m*/h 18.8 383 46.0 574
5. Burner Air Flow, kg/h 93.6 143.6 170.7 209.1
6. Steam Water Separator Temp, °C 1882 180.3 179.6 175.5
7. Reformer Temperature, °C 8154 827.5 846.4 874.2
8. Steam Ejector Opening, % 224 334 42.7 70.1
9. Reformer Efficiency, % 74.6 80.4 80.0 80.3
10. Electrical Efficiency, % 0.7 374 373 36.7
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Figure 1.

Transient Response of the Fuel
Cell Power Plant in Net and
Gross Output Power

Figure 2.

Transient Response of the Fuel
Cell Power Plant in Reformer
Temperature

Figure 3.

Transient Response of the Fuel
Cell Power Plant -in Steam
Ejector Opening



DEVELOPMENT OF A 200kW MULTI-FUEL TYPE PAFC POWER PLANT

Tetsuo Take, Yutaka Kuwata, Masahito Adachi, and Tsutomu Ogata
NTT Integrated Information & Energy System Laboratories
3-9-11, Midori-cho, Musashino-shi, Tokyo, 180 Japan

INTRODUCTION

Nippon Telegraph and Telephone Corporation (NTT) has been developing a 200 kW
multi-fuel type PAFC power plant which can generate AC 200 kW of constant power by
switching fuel from pipeline town gas to liquefied propane gas (LPG) and vice versa. This

paper describes the outline of the demonstration test plant and test results of its fundamental
characteristics.

DEMONSTRATION TEST PLANT

A main flow diagram of a 200 kW multi-fuel type PAFC power plant which was used
for demonstration tests is shown in Fig. 1. The plant was made by partially reconstructing
4200 kW PAFC power plant for pipeline town gas. An LPG supply unit and fuel switching
equipment were added to the plant.  Start-up and power-generation control programs for
LPG and a fuel-switching program were added to a controller in the plant, too. The
quantity of the pipeline town gas, LPG, and steam supply is automatically controlled by
regulating the open rates of the control valves for pipeline town gas and LPG, and the ejector
for steam. When the plant generates power using either pipeline town gas or LPG, both

----- —LPG ly unit = :
! LPG SupPly un’ Recycled hot water | Secondary coolant
II l ivaporizer @“QJ‘E ; |
; Tertiary coolant §
~a < i H
S = am— y QTE—
’ Hot water tank 1 Exhaust
g&‘ﬁi'psr}’lvgﬁ{‘ " Reformer ﬂ.
[ Pipeline ; Reformer
toRnlgas Igniter tube ___S_t_,
g St Ejector ] eam
Controller ] .
L o == Burner
TR |
ize
Desulfurizer ‘l 1Al L—m ] 5 @ ] N
Shift converter v — |~ Anoge Flow contro
— Cathode I—| Inverter sglt‘;te-down
Cell stack
i &J £ pump
Ir

é» Heat
o exchanger

Fig. 1 Main flow diagram of a 200kW multi-fuel type PAFC power plant
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control valves are always regulated matching the plant output at that time to avoid shut-
down of the plant caused by a transitional shortage of fuel in fuel switching. Fuel switching
from pipeline town gas to LPG is carried out by opening the shut-down valve in the LPG
supply line and then by closing the shut-down valve in the pipeline-town-gas supply line.

Pipeline town gas and LPG are stcam-reformed to form hydrogen, which is necessary
for the fuel cell reaction, in the same reformer. Steam reforming of LPG requires much
more stcam than stcam reforming of pipeline town gas to avoid carbon deposition when a
conventional Ni-Al203 catalyst bed is adopted in a reformer. In the developed multi-fuel
type PAFC power plant, it is impossible to supply steam which is sufficient to suppress
carbon deposition in steam reforming of LPG. A double-layer catalyst bed is therefore
adopted in the reformer of this plant. Figure 2 shows the function of the double-layer catalyst
bed. The new catalyst bed consists of 2 Ru-Al203 catalyst layer located at the gas-inlet side
of the catalyst bed and a Ni-A1203 catalyst layer located at the gas-outlet side of the catalyst
bed. This double-layer catalyst bed is designed so that LPG is steam-reformed completely
on the Ru-Al203 catalyst layer. On a Ru-Al203 catalyst, carbon deposition does not occur
in steam reforming of LPG even when the steam supply is suppressed and the steam-to-
carbon ratio (S/C) is decreased to 2.0. The methane which forms by the methanation
reaction on the Ru-Al203 catalyst layer is steam-reformed on the Ni-Al203 catalyst layer.
Carbon deposition in steam reforming of LPG can be therefore suppressed by adopling the
double-layer catalyst bed.

Waste heat from the plant was utilized to vaporize LPG. The tertiary coolant was
supplied to the hot water tank in the LPG vaporizer. The recycled hot water in the vaporizer
was then heat-exchanged for this tertiary coolant and heated up. LPG was vaporized by
heat-exchange for this recycled hot water.

Ru-Al203 catalyst layer Ni-Al203 catalyst layer

- Steam reforming
Hz
of LPG )
CaHs _,, |CaHe+3H20—3C0+7Hs| - Steam reforming of methane |, CO2
HeO - Methanation CH4 + HO — CO + 3H2 300
CO+3H2—>CHa+H20 2
Suppressive area for | Free area for carbon _|
carbon deposition deposition

Fig. 2 Function of the double-layer catalyst bed

START-UP CHARACTERISTICS
When the developed 200 kW multi-fuel type PAFC plant was started up from a cold
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state by pipeline town gas and LPG, the reformer top-tube temperature and the cell-stack
coolant temperature reached 760°C and 182°C for 4 hours from the beginning and the start-

up of the plant finishes in both cases.

CONSTANT POWER-GENERATION

CHARACTERISTICS Table 1 Constant power-generation
i . characteristics at AC 200kwW

The constant power-generation test Fodl PipeTne town gas PG

ts at 200 ti
results al ATC kW power generation Sg\?};e" DC output 23,4 KW 2304 KW
are shown in Table 1. The fuel-cell DC A ——

e cell voltay X X
output power, the average cell voltage, the verage celvollagq  0.652V 0647V
current density, and the reformer top-tube gu" ent def"S‘“; 201.0 mA/em? [200.7 mA/m?
. . tity of f

temperature are almost constant in spite of suupap?yl y offue 49.2Nm¥h | 22.8 Nm¥h

the kind of fuel. The quantity of the steam Quanhty of steam

supply 127.7 Nm¥h | 214.0 Nm¥h
supply for steam reforming of LPG is Reformer fop-iube

increased compared with that for steam |temperaiure

7939 °C 7929 °C

reforming of pipeline town gas. However, |Methane conversion| — 83.4 % 94.7 %
it can be controlled below the maximum |CO conversion 97.6 % 99.2 %
steam-supply level of the plant by adopting  |Hydrogen utilization 804 % 77.8%
the double-layer catalyst bed in the Oxygen utilization 53.9% 54.4 %

reformer ( Fig. 3). The shift

converter and desulfurizer é 125 ’\Aax;myrﬁ steam-supply
temperatures are almost constant % 100 |- fnn e evel of the plant
in spite of the kind of fuel. B
E  7BF
oy
FUEL SWITCHING SE =0
g
CHARACTERISTICS 5
. OS> B
Figure 4 shows the fuel- .2 a
—— © 5
switching test results at AC 200 & Conventional Ni-Al203  Double-layer
kW power generation. Despite catalyst bed catalyst bed
the fuel switching from pipeline  Fig. 3 Comparison of the quantity of steam for
town gas to LPG and vice versa steam reforming of LPG at AC 200kwW
’ power generation

the fuel-cell DC output power and

the AC output power remain constant. The fuel and steam supply is automatically controlled
to form a fixed quantity of hydrogen in the reformer, to maintain constant output power at
AC 200 kW, and to suppress carbon deposition. The steam supply is increased transitionally
to avoid steam shortages when the fuel is switched. The reformer top-tube temperature is
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changed by fuel switching for 5-6
minutes but is stabilized after that.
The fuel-switching test resuits at
the partial output-power generation
are similar to those at AC 200 kW
power generation.
LPG VAPORIZATION
CHARACTERISTICS
22.0 Nm¥h of LPG is

vaporized by utilizing exhaust heat
from the plant only for the heat
source of the LPG va;;orizer at AC
200 kW power generation.

8.4kW of the parasite-power
consumption is decreased by
heating up the recycled hot water
in the LPG vaporizer with the
tertiary coolant instead of an
electric heater located at the hot

water tank when power is generated

at AC 200 kW by LPG.  The
fuel-cell DC output power at AC
200 kW power generation by
pipeline town gas and that by LPG
are therefore almost the same.

CONCLUSIONS

TAKE ET AL.
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The developed 200 kW multi-fuel type PAFC power plant can be started up and can
generate constant power at AC 200 kW by pipeline town gas and LPG. " In this plant,
constant power generation at AC 200 kW can be continued by switching fuel from pipeline
town gas to LPG and vice versa, and 8.4 kW of the parasite-power consumption for the LPG
vaporizer can be decreased by using exhaust heat from the plant when power is generated at

AC 200 kW by LPG.

66



OPERATION RESULT OF 40kW CLASS MCFC PILOT PLANT
H. Saitoh, S.Hatori, M. Hosaka, H.Uematsu
Ishikawajima-Har ima Heavy Industries Co., Ltd.

(IH1)
3-1-15, Toyosu Koto—ku, Tokyo 135 JAPAN

Introduction

Ishikawajima—Har ima Heavy Industries Co., Ltd. developed unique Molten
Carbonate Fuel Cell (MCFC) system based on our original concept.

To demonstrate the possibility of this system, based on MCFC technology
of consigned research from New Energy and Industrial Technology
Development Organization (NEDO) in Japan, we designed 40kW class MCFC
pilot plant which had all equipments required as a power plant and
constructed in our TO~2 Technical Center.

This paper presents the test results of the plant.

Test objectives

The main objectives of this test plant are to verify the following items

in our concept.

1) Start-up and Shut-down operation within allowable differential
pressure limits of stack.

2) Cathode / anode differential pressure control method without
high—temperature valves.

3) Emergency shut—down operation within allowable limits of stack.

4) High fuel utilization and high power generation efficiency.

Plant Description

The view and process flow diagram of this test plant are shown in Figure
1 and 2 respectively.

In our system, both cathode and anode exhaust gas fed to a reformer
combustor, and sensible heat of cathode gas is used as a part of reforming
heat source.

Such cathode gas sensible heat reforming method and series arrangement
of stacks for gas flow direction realize high fuel utilization, and then,
high power generation efficiency.

Test Results

The main results in Process and Control (PAC) test are summarized below.

1) The start-up and shut~down operation were verified.

2) As shown in Figure 3, the results of load change test showed us that
load change of 10%/min will be available without high—temperature
differential pressure control valves.

3) Figure 4 shows typical data of differential pressure in emergency
shut~down test at rating load.
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The differential pressure were controlled successfully within
aliowable pressure limits of stack.
After PAC test we have been performing total plant demonstration test.
¥e have confirmed the applicability of cathode gas sensible heat reforming
method and series arrangement of stacks for gas flow direction.

. Conclusions

We have been operating 40kW
class MCFC pilot plant success-
fully first in the world as ex-
ternal reforming system.
Through design and demonstra-
tion test of this plant, the
results clearly show that cath-
ode gas sensible heat reforming
method and series arrangement of
stacks for gas flow direction is
an effective way for high fuel
utilization and high power gen-
eration efficiency, also cath-
ode / anode differential pres-
sure control method without
high-temperature control valves
is realized by connecting the
outlet of both cathode and anode
of stack with the inlet of com-
bustion side of reformer di-
rectly. FIG 1 : VIEN OF 40KN CLASS P1LOT PLANT
We believe that these test re-

sults will accelerate further

realization of MCFC power plant.
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TRIAL OPERATION OF A PHOSPHORIC ACID FUEL CELL (PC25) FOR
CHP APPLICATIONS IN EUROPE

M. Uhrig, W. Droste and D. Wolf
Ruhrgas AG
D-46284 Dorsten
Germany

INTRODUCTION

In Europe, ten 200 kW phosphoric acid fuel cells (PAFCs) produced by ONSI
(PC25) are currently in operation. Their operators collaborate closely in the
European Fuel Cell Users Group (EFCUG). The experience gained from trial op-
eration by the four German operators - HEAG, HGW/HEW, Thyssengas and
Ruhrgas - coincides with that of the other European operators. This experience
can generally be regarded as favourable {1].

With a view to using fuel cells in combined heat and power generation (CHP), the
project described in this report, which was carried out in cooperation with the
municipal utility of Bochum and Gasunie of the Netherlands, aimed at gaining ex-
perience with the PC 25 in field operation under the specific operating conditions
prevailing in Europe {2].

The work packages included heat-controlled operation, examination of plant be-
haviour with varying gas properties and measurement of emissions under dynamic
load conditions. The project received EU funding under the JOULE programme.

EXPERIMENTS

The design of the PAFC investigated only allows the electrical output to be prese-
lected, thus permitting power-controlled operation. In CHP in Europe, however,
heat-controlled operation is also of considerable significance. In this case, the re-
quirements of the consumer (e.g. a group heating system) in respect of the ther-
mal output to be made available serve as control parameter for the plant.

The amount of heat that can be made available to the group heating system de-
pends, on the one hand, on the preset electrical output and, on the other, on the
flow rate of water passing through the fuel cell as well as its supply temperature.

During the trial measurements, thermal output as a function of electrical output
based on volumetric water flow rate and return temperature (Trewr) Was deter-
mined in extensive series of experiments. This resulted in the curves shown in
Fig. L.
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For the purpose of heat-controlled operation, the thermal output made available
to the group heating system was measured-and served as actual value for a digital
controller based on a PI control algorithm. With the aid of this actual value and
the set point for thermal output entered manually, the controller determines the
corresponding electrical output as the manipulated variable.

In Europe, natural gas comes from various sources. As a result, the gas available
to a consumer may have varying properties. Furthermore, LPG/air may be ad-
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FIG 1: THERMAL OUTPUT VS. ELECTRICAL QUTPUT

mixed for peak-shaving purposes, primarily in winter.

Thus a further priority of the trial operation at Bochum municipal utility were ex-
periments to investigate plant behaviour in the case of LPG/air admixture. For
this purpose, a mixing unit was installed which allowed predefined admixture
rates. Propane/air with the heating value of natural gas was used.

In another work package, pollutant emissions were measured under various oper-
ating conditions.
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RESULTS

The time profile of thermal output shown in Fig. 2 demonstrated that heat-con-
trolled operation of a PAFC is possible without any difficulties by using the con-
troller developed by Ruhrgas. The actual value (-2-) excellently follows the set
point for thermal output (-3-).
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FIG 2: HEAT-CONTROLLED OPERATION: CHANGE OF SET POINT

The experiments on LPG/air admixture were carried out with admixture rates be-
tween 5 % and 25 %. It became clear that, with the existing fuel cell design,
trouble-free operation using peak-shaving gas over the entire performance range
is only possible up to a maximum admixture rate of 15 %.

This is due to the peripheral components of gas treatment, which are not ade-
quately dimensioned for reliable peak-shaving gas operation. This is evident in
Fig. 3. It shows the position of the ejector as a function of the electrical output.
The ejector controls the admixture of steam for the reforming reaction to produce
hydrogen-rich process gas from natural gas. Its dimensions are evidently too small.
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This means that, during operation with peak-shaving gas, the maximum ejector po-
sition is reached at high outputs and thus leads to plant shutdown.

The results of emission measurements revealed that, in the case of large increases
in electrical output, emission peaks may occur in respect of CO and hydrocar-
bons. However, they drop after a short time and are thus negligible for the overall
emissions.
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FIG 3: EJECTOR POSITION VS. ELECTRICAL OQUTPUT
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DYNAMIC SIMULATION OF A DIRECT CARBONATE FUEL CELL POWER PLANT

John B. Emest Hossein Ghezel-Ayagh and Ashok K. Kush
Fluor Daniel, Inc. Fuel Cell Engineering,

Irvine, CA 92698 a subsidiary of Energy Research Corporation
USA Danbury, CT 06813

Introduction

Fuel Cell Engineering Corporation (FCE) is commercializing a 2.85 MW Direct carbonate Fuel
Cell (DFC) power plant. The commercialization sequence has already progressed through
construction and operation (Ref. 1) of the first commercial-scale DFC power plant on a U.S.
electric utility, the 2 MW Santa Clara Demonstration Project (SCDP), and the completion of the
early phases of a Commercial Plant design. A 400 kW fuel cell stack Test Facility is being built
at Energy Research Corporation (ERC), FCE’s parent company, which will be capable of testing
commercial-sized fuel cell stacks in an integrated plant configuration. Fluor Daniel, Inc.
provided engineering, procurement, and construction services for SCDP and has jointly
developed the Commercial Plant design with FCE, focusing on the balance-of-plant (BOP)
equipment outside of the fuel cell modules.

The nature of the next-generation carbonate Fuel Cell power plants is that they will be
first-of-a-kind plants, which will follow widely varying loads, with controls automated to run
without human intervention. The DFC plant will be highly heat integrated with a very slow
thermal response due to the large thermal inertia of the stack itself. These attributes present a
compelling case for the use of Dynamic Simulation. Fluor Daniel and FCE have used Dynamic
Simulation to address practical issues of process and control design for the past two years.

Dynamic simulation models developed by others have focused on the 2-dimensional temperature
details of the stack itself (2, 3), or on the steam reformer (4), or on the separate issue of inverter
dynamics, or have taken a theoretical approach to an entire plant based on a simplified BOP (5).
Fluor Daniel and FCE have developed a dynamic simulation model of the entire integrated cell
stack and BOP for the Test Facility and Commercial Plant and produced results suitable for
design. We believe that this effort is broader and has achieved more useful results than all the
other dynamic simulations reported in the open literature.

This paper provides a brief orientation to the dynamic simulation technique, its application to
FCE's DFC power plant, and the benefits offered by this tool. An illustrative simulation is
described and figures show the major plant responses.

lati i

Dynamic simulation is a process engineering design tool that predicts how a process and its
controls respond in time to various process and control changes. In the past, the use of dynamic
simulation as a design tool was limited to simple linear modeling techniques for applications
such as operator training simulators. Increasingly however, rigorous dynamic simulation with
integrated energy and material balances, hydraulics, thermodynamics, and control modeling is
being used to design a variety of industrial processes.

Dynamic simulation models must be sufficient to reproduce rigorously the trends in the net
performance of the plant equipment and the stability of the control system. This requires much
more detail than steady-state models or dynamic models that rely on transfer functions. Fluor
Daniel has experience in applying rigorous dynamic simulation to conventional power plants and
a variety of other applications from the refining and petrochemical process industries (6, 7, 8).
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The dynamic simulation models for the DFC were developed using Aspen Technology, Inc.'s
SPEEDUP general purpose dynamic simulation computer program.

DFC Power Plant D ic Simulation Modelin

Fluor Daniel, in collaboration with FCE, has developed dynamic simulation models for both the
Commercial and Test Facility power plants. The Commercial Plant model is based on the data
available from the Preliminary design phase. Cases were run which verified this model with two
conventional steady-state simulators developed by FCE and Fluor Daniel. Also, a number of
simplified transient scenarios were studied. The trends and -cause-and-effect relationships
predicted by the dynamic simulation model for these simplified scenarios give confidence in the
predictions for more realistic cases. The dynamic simulation models will be updated with data
from ERC's Test Facility and Commercial Plant design refinements.

DFEC Power Plant Modeling Technical Tssues

'

The focus of DFC power plant modeling is on prediction of: control system stability and
response; oxidizer operations and cycling; warm-up and cool down time; interactions between
the oxidizer, heat exchangers, and stack; the temperature effect on voltage; transient violations
of design constraints (none of these can be found by steady-state analysis); and unforeseen
problems.

The following characteristics are very important to the dynamic behavior of the DFC power
plant: the high degree of heat integration between anode and cathode streams, oxidizer, and
DFC stack; the large oxidizer due to startup requirements; the very slow thermal response of the
DFC stack; the extensive interactions and constraints on controls; and the extensive control
logic, encompassing power generation, standby, startup, and shutdown operations.

Most of the process must be simulated rigorously due to process interactions. For example, to
predict accurately the cathode inlet temperature, the dynamic simulation model must predict the
heat transfer with the insulated pipes downstream of the oxidizer. However, some physical
phenomena can be ignored, such as the fuel treatment system's pressure gradient. The model of
the DFC stack includes the temperature, electrical, and gas composition changes due to
reforming, shift, anode, and cathode reactions; heat exchange between the cell components and
the reformer, anode, and cathode streams; and the current density-voltage-power generation
characteristic. The model of the BOP is equally rigorous. Its fuel treatment system includes the
natural gas and water/steam flow control valves, preconverter action, and heat exchange. The
oxidizer system includes the air supply blower, duct head loss, air flow control valves, thermal
burner, catalytic oxidizer, and piping heat exchange and pressure loss. The plant controls
include the oxidizer controls, DFC power generation and stack temperature, and master logic.

Figure 1 presents a Block Flow Diagram of the Commercial Plant. Controls and process are of
equal prominence.

Simulated Plant Performance
Plant performance is predicted for a wide range of cases: dc power generation rate ramps;

control setpoint and mode changes; upsets in gas, steam, air, and auxiliary electrical feeds and
thermal burner firing; emergency scenarios; and starfup and shutdown.
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Figures 2 and 3 present typical simulation results. In this case, the power is being increased
from 25% to 100% of rated power, while the oxidizer outlet temperature controller setpoint is
raised 100°F at the beginning of the power ramp, then lowered 150°F at the end of the power
ramp. The gas flow is set to maintain a fixed fuel utilization. - The steam flow is set to maintain
a fixed fuel steam/carbon ratio until the flow reaches its maximum.

Figure 2 shows the temperature profile. There are large transients in the oxidizer outlet
temperature as the temperature controller follows its setpoint., The temperature is much different
at the cathode inlet due to the heat exchange with the intervening pipe. The cathode outlet
temperature is still changing long after the power and oxidizer temperature setpoint ramps are
complete. Figure 3 shows the stack electrical performance. The major features of Figure 3, the
voltage drop and current density increase as the power is increased, could be determined from a
sequence of steady-state runs, However, the voltage undershoot and fluctuations are due to the
maximum steam flow constraint and controller transients.

nclusion;

Fluor Daniel and FCE have developed dynamic simulation models for both a near-term 400 kW
fuel cell stack Test Facility and the preliminary design of FCE's DFC Commercial Plant. These
models are already in use and soon will be validated against Test Facility experimental data.
The Test Facility dynamic simulation model is able to predict the thermal behavior and control
response of the entire power plant. The use of dynamic simulation models in engineering design
allows evaluation of system dynamics, equipment design parameters, and control strategies.
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RESULTS OF 200 KW FUEL CELL EVALUATION PROGRAMS

J. M.. Torrey/G. P. Merten
Science Applications International Corporation
San Diego, CA 92121

Dr. M.J. Bindes/W.R. Taylor/E.H. Holcomb
U.S. Army Construction Engineering Research Laboratories
Champaign, IL 61826

M.S. Bowers
New York State Energy Research and Development Authority
Albany, NY 12223

Science Applications International Corporation (SAIC) has installed six
monitoring systems on ONSI Corporation 200 kW phosphoric acid fuel cells.
Three of the systems were installed for the U.S. Army Construction Engineering
Research Laboratories (USACERL) which is coordinating the Department of
Defense (DoD) fuel cell Demonstration Program and three were installed under a
contract with the New York State Energy Research and Development Authority
(NYSERDA).

Monitoring of the three NYSERDA sites has been completed. Monitoring
systems for the DoD fuel cells were installed in Aungust, 1996 and thus no
operating data was available at the time of this writing, but will be presented at the
Fuel Cell Seminar.

This paper will present the monitoring configuration and research approach for
each program. Additionally, summary performance data is presented for the
completed NYSERDA program.

MONITORING APPROACH

The monitoring approach for the two programs are similar. SAIC specified and/or
installed the six monitoring systems on the ONSI 200 kW fuel cells. TRC
Environmental Corporation performed the emissions monitoring at the three
NYSERDA sites. The emissions tests were run at load points from 25% to 100%
of rated output in accordance with accepted U.S. Environmental Protection
Agency procedures. The monitoring systems specified utilized Campbell
Scientific data loggers and a variety of sensors for measuring electric
consumption, gas consumption, thermal output, etc.
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Data was collected every night via modem and processed at SAIC’s offices.
NYSERDA and USACERL have access to the database of monitored data. On a
periodic basis, a performance summary report is prepared.

i

NYSERDA PROGRAM
The three New York fuel cells were located at:

St. Vincent’s Hospital - Staten Island
Rochester Institute of Technology (RIT) - Rochester
Reifler Cement Company - Buffalo

The St. Vincent’s Hospital and RIT sites were monitored for 18 months and
Reifler Cement was monitored for ten months. A description of each installation
and a summary of operating statistics is provided below.

The fuel cell at St. Vincent’s Hospital in Staten Island, NY is configured to
operate solely in the grid connected electrical mode. The fuel cell electrical
output was fed into the hospital electrical distribution system. There was no sell
back of electricity to the electric utility. The fuel cell thermal output was used to
heat domestic hot water (DHW) for the hospital and was interfaced with a 1,000
gallon hot water storage tank.

The fuel cell at RIT in Rochester, NY is configured to operate in the grid
connected mode only. The fuel cell electrical output was fed into the university’s
electric grid. There was no sell back of electricity to the electric utility. The fuel
cell thermal output was used in an air conditioning reheat system to control
humidity in the micro-electronics building which does manufacturing and research
on electronic equipment.

The fuel cell at the Reifler Cement Company in Buffalo, NY was configured to
operate in both the grid connected and grid independent electrical modes. For the
first 8 months, the fuel cell operated in the grid independent mode at an electrical
output of 50 kW or less. The fuel cell operated for 10 months in the grid
connected mode. During this period, over 60% of the fuel cell electrical output
was sold back to the electric utility. The fuel cell thermal output was used to heat
process water in the concrete block fabrication and ready-mix processes during
the winter months. This allowed the cement plant to extend their operations
through the winter at a significant financial benefit.
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Operating Statistics for NYSERDA Fuel Cell Program

Description St. Vincent’s RIT Reifler Cement
Total Operating Hours (through 4/95) 19,541 11,596 16,692
Monitoring Period 11/93 - 4/95 11/93 - 4/95 7/94 - 4/95
Oper. Hours during Monitoring Period 11,516 11,596 6,282
Electric Capacity Factor (%) 93.5 98.4 90.2
Electrical Efficiency (%) 35.5 35.2 32.8
Thermal Efficiency (%) 37.2 43.1 n/a
Thermal Usage Rate (kBTU/hr) 334 568 314
No. of Forced Qutages 20 10 9

No. of Scheduled Outages 4 3 0
Mean Time Between Outages 814 892 709
Longest Time Between Qutages 5,592 1,968 1,416
Unadjusted Availability (%) 87.2 88.8 90.1
Adjusted Availability (%) 95.2 93.0 95.6

Fuel Cell Emission Test Results for NYSERDA Fuel Cell Program

Specification | St. Vincent’s RIT Reifler Cement
Emissions (Ib/MMBTU) | (b/MMBTU)* | (1b/MMBTU)* | (Ib/MMBTU)*
NOx .02 .0036 .0013 .0028
CO .20 .0036 .0007 .0011
Total Hydro
Carbons .02 .0008 .0008 .0009

* Full Load, Beginning of Life
USACERL/DoD DEMONSTRATION PROGRAM

USACERL is coordinating the installation of approximately 30 ONSI 200 kW
phosphoric acid fuel cells at DoD installations. SAIC has installed three
monitoring systems at the following locations:

Fort Eustis - Newport New, VA
Kirtland Air Force Base - Albuguerque, NM
Twentynine Palms Marine Corps. Base - Twentynine Palms, CA

The Fort Eustis fuel cell is installed at an athletic facility. The thermal output is
used to heat the indoor swimming pool and the DHW used for showers. The fuel
cell operates in the grid connected mode and as a back-up power source during
electric grid outages.
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The Kirtland Air Force Base fuel cell is located at a boiler plant where the thermal
output is used to preheat the make-up water for the boilers. The fuel cell operates
in the grid connected mode and as a back-up power source during electric grid
outages. i ) B

The Twentynine Palms fuel cell is located at the Naval hospital on Base. The
thermal output is sent-to a 1,000 gallon storage tank where it is then used to
supply two separate hot water loops for the building. The fuel cell operates in the
grid connected mode and as a-back-up-power source to the hospital -during utility
grid outages:” The existing back-up power provides power to the rest of the
building. B ST T ’ ) h

The monitoring systems for ‘the USACERL sites were installed in August, 1996
and thus no operating data were available at the time of this writing. In addition
to the monitoring systems installed at each of the fuel cells, emissions monitoring
will also be performed.
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POWER CONVERSION AND QUALITY OF THE SANTA CLARA 2 MW DIRECT
CARBONATE FUEL CELL DEMONSTRATION PLANT

A. . Skok, (203) 778-1323

Fuel Cell Engineering Corporation
3 Great Pasture Road

Danbury, CT 06813

Ramon Z. Abueg (408) 970-3700 Paul Schwartz (714) 975-3900
Basic Measuring Instruments Fluor Daniel, Inc.

3250 Jay Street 3333 Michelson Drive

Santa Clara, CA 95054 Irvine, CA 92730

Paul H. Eichenberger (408) 984-3158 M.N. Brodie (604) 488-2107
City of Santa Clara Fluor Daniel Wright, Ltd.
1500 Warburton Ave. 1075 W. Georgia Street

Santa Clara, CA 95050 Vancouver, B.C. V6E-4M7
INTRODUCTION

The Santa Clara Demonstration Project (SCDP) is the first application of a commercial-scale
carbonate fuel cell power plant on a U. 8. electric utility system.(1) It is also the largest fuel cell
power plant ever operated in the United States. The 2MW plant, located in Santa Clara, California,
utilizes carbonate fuel cell technology developed by Energy Research Corporation (ERC) of Danbury,
Connecticut.(2) The ultimate goal of a fuel cell power plant is to deliver usable power into an
electrical distribution system. The power conversion sub-system does this for the Santa Clara
Demonstration Plant. A description of this sub-system and its capabilities follows. The sub-system
has demonstrated the capability to deliver real power, reactive power and to absorb reactive power
on a utility grid. The sub-system can be operated in the same manner as a conventional rotating
generator except with enhanced capabilities for reactive power. Measurements demonstrated the
power quality from the plant in various operating modes was high quality utility grade power.

POWER PLANT ELECTRICAL SYSTEM

The electrical equipment included in a fuel cell installation has two main purposes. The first
function is the adaption of the fuel cell output to suit the requirements at the point of delivery. The
second function is the powering of all of the system auxiliaries and controls. The adaption of the
direct current produced by the Santa Clara fuel cells into the three phase alternating current required
by the utility is accomplished by solid state inverters and transformers with an efficiency approaching
98%. The switching of the current produces harmonics that are only acceptable at very low levels.
The present installation uses gate turn off thyristors (GTO?’s), typical of an industrial drive, with pulse
width modulated switching to minimize the lower order harmonics. There are four inverters arranged
in pairs. The two inverters in each pair are connected to phase shifted transformers so each pair is
electrically independent. The harmonics generated are well known and can be identified as (integral
multiples of two times the number of phases) + 1 (e.g. a simple three phase bridge produces (nx6)_+
1 orno.’s 5,7,11,13,17,19 etc.) The magnitude is inversely proportional to the harmonic number.
Advantage is taken of these relationships by using two inverters operated with a 30° phase shift to
produce a lower magnitude by eliminating (theoretically) the 5th and 7th harmonics. When the total
power to be inverted exceeds the capacity of two bridges, consideration can be given to another phase
shift to further reduce the harmonics level. The transformers are of “rectifier” construction, with
allowance for the harmonics that must be handled. They are also given special attention to minimize
the radiated noise for the benefit of the plant neighbors. Control is arranged to regulate the real power
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output by controlling both the fuel rate and the electrical output. It is also able to regulate the
imaginary power in magnitude and direction either for + VARs or for voltage control. Protection is
provided so that utility disturbance cannot damage the fuel cell installation, by blocking the inverter
firing for short periods. Protection is provided for the utility by conventional isolation in case of an
overcurrent malfunction. The power conversion equipment was supplied by ABB Industrial Systems,
Inc.

TYPES OF POWER QUALITY DISTURBANCES

A power quality problem is any disturbance manifested in voltage, current or frequency deviations
which result in failure of equipment. (3) A power disturbance may arise from several sources which
include falling tree limbs, lightning strikes, feeder and load switching, operation of non-linear devices,
and failure of a power system to maintain synchronous frequency. Power quality is a collection of
different event types such as interruptions, rms variations, transients, and harmonics. Voltage sags,
which can be caused by faults throughout the electrical transmission or distribution system, are the
most serious of these power quality events. They can lead to the undesired shutdown of unprotected
critical industrial processing equipment resulting in costly production interruptions. Another power
quality phenomena is an oscillatory transient caused by capacitor switching. As more capacitor banks
are added for power factor correction, transients during capacitor switching can get magnified. These
transients may cause high transient voltages that can cause the malfunction of equipment and
protective devices. Harmonic distortion is the non-linear distortion of a system characterized by the
appearance in the output of harmonics other than the fundamental component when the input wave
is sinusoidal. This is the result of connecting nonlinear loads such as adjustable speed drives, arc
furnaces, compact fluorescent lights, and rectifiers. This is dependent on system impedance and the
stiffiness of the voltage source. Most problems occur when power factor capacitors cause the system
to become resonant at a significant harmonic frequency. A harmonic-producing load can affect other
loads if significant voltage distortion is caused. The resulting voltage distortion is a function of both
the system impedance and the amount of current injected. The fact that the load current is distorted
does not always mean that there will be adverse effects on other power consumers. If distortion on
the voltage wave form exists, potential results include over-heating of transformers and motors,
premature operation of protective devices including fuses, and metering inaccuracies. IEEE Standard
519, (4) specifies limits for harmonic current distortion that can be injected into the system. These
limits are shown in Table 1. Values shown are in percent of “average maximum demand load
current” and are applicable to twelve-pulse rectifiers.

Table 2. Harmonic Current Limits for SCDP Fuel Cell Power Plant

SCR=ISC/IL h<11 11<h<17 17<h<23 23<h<35 h>35 TDD

<20% 5.66% 2.83% 2.12% 0.84% 0.42% 7.07%

Total Demand Distortion (TDD) a measure of part load harmonics to full load current is defined as:

Where: -

I;= magnitude of individual harmonic components
(rms amps)

h =harmonic order

I, = maximum demand load current (rms amps)
defined above




MEASUREMENT EQUIPMENT

The instrument used to monitor power quality conditions for this project is the BMI (Basic
Measuring Instruments) 7100 PQNode. It has the capability to measure rms variations (sags/swells),
high speed transients (switching impulse), waveshape faults (capacitor switching), and harmonic
distortions (FTT). Any disturbance on a voltage channel automatically cross-triggers all current and
voltage measurement channels for a complete three-phase analysis. Voltage sag and swell (rms)
disturbance recording is controlled by the following settings: threshold, hysteresis, cycles to trigger
(pickup time), cycles to end (dropout time), time interval for Min/Avg/Max computations, and
number of time intervals for each record. Voltage impulse disturbance in the 5kHz to IMHz
frequency range are sensed by peak detector circuits. Sub-cycle voltage disturbances are detected
by waveshape fault detection circuits. Voltage waveshape fault event data files contain two cycles
of captured waveform data, including one cycle of pre-triggered and one cycle of post-triggered
waveform. The instrument uses a patented Floating Window Algorithm that captures any distortion
on the voltage waveform including sub-cycle events. All disturbance events and steady state data are
time and date stamped. Data collected from the instrument can be correlated to operations in the City
of Santa Clara’s power system grid or operational changes inside the plant.

PLANT POWER QUALITY

The primary power quality issues of an inverter power source are voltage wave form
distortion, and current wave from distortion resulting from harmonics. The primary power conversion
issues are efficiency and the ability of the power source to operate (ride) through load disturbances
of short duration. The fuel cell power plants ability to inject variable amounts of volt-ampere reactive
(VAR) power independent of real power increases the concern about voltage wave form distortion.
During the operation of the fuel cell power plant, wave forms are continuously monitored. A typical
wave form at rated power output is shown in Figure 1. The total harmonic distortion (THD) is 1.15%
with the total odd and even components 1.02% and 0.53% respectively. This is excellent quality and
well within the IEEE 519 requirements. A trend plot of the voltage harmonics is presented in Fig. 2.
This shows the variation in the THD while the fuel cell plant was changing power output and other
operating parameters.
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‘While initial data at some of the operating power plant conditions shows compliance to the harmonic
limits of IEEE 519, as of the writing of this paper not all plant conditions have been tested and further
data is required to fully verify compliance. From an

st 7 aum 2 gag oichyrtangs, _ Thrgs Enac Doty operating stand point, the power plant has proven its
k= =] o capability to ride through short duration grid

- TN : -] disturbances without tripping off line. Figure 3 shows
AR ] a voltage sag on the City of Santa Clara Power System
b P, which was caused by an equipment failure. The
] failure was outside of the City’s service area but it had
affected the City’s grid by causing a voltage sag
lasting about 100mSec. On the 12KV feeder to which
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about 9.2 KV. This sag caused no upset with the
power plant output. Using conventional technology
we have demonstrated the fuel cell’s ability to
produce high quality utility grade power and deliver
it to a utility system with high reliability.
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MAKING THE GRID THE BACKUP:
UTILITY APPLICATIONS FOR FUEL CELL POWER

Sherri L. Eklof
Sacramento Municipal Utility District (SMUD)
Sacramento, CA

SMUD’s Advanced and Renewable Technologies (ART) Program (I)

Fuel cells are recognized as a versatile power generation option and accepted component of SMUD’s
ART Program. SMUD has received wide support and recognition for promoting and implementing
fuel cell power plants, as well as other innovative generation, based primarily on technological
factors. Current economic and technical realities in the electric generation market highlight other
important factors, such as the cost involved to develop a slate of such resources. The goal now is to
develop only those select quality resources most likely to become commercially viable in the near
future. The challenge becomes the identification of candidate technologies with the greatest potential,
and then matching the technologies with the applications that will help to make them successful.
Utility participation in this development is critical so as to provide the industry with case examples of
advanced technologies that can be applied in a way beneficial to both the utility and its customers. The
ART resource acquisitions provide the experience base upon which to guide this selection process,
and should bring about the cost reductions and reliability improvements sought.

SMUD’s Fuel Cell Experience

In 1994, SMUD completed the installation and energization of two 200 kW phosphoric acid fuel cells
(PAFC) within the District’s service territory. Both fuel cells are grid-connected with the utility. In
the first installation, the fue] cell is sited at the Kaiser Hospital in South Sacramento. The electricity is
sent to the SMUD grid while thermal energy is utilized by the hospital for hot water and space
heating. The second fuel cell, sited at SMUD’s Headquarters Annex building, generates electricity to
the grid with no use of the waste heat. Through these two projects, SMUD is gaining experience in
the installation, maintenance, and operation of grid-connected fuel cells. SMUD is now looking to
move forward in the utilization of fuel cell power in an uninterruptable power supply (UPS)
application. Our expectation and hope is to promote a new market niche in which fuel cell power can
be used in increasingly cost effective premium power applications.

The UPS Niche

An increasing number of high technology, as well as traditional, businesses are concerned about the
reliability and quality of their electricity, as well as an available backup to the normal power supply.
The standard UPS design practice is to assume that normal energy needs are supplied from the local
utility grid, with backup power during an outage provided by otherwise idle UPS equipment. The fuel
cell power plant offers an alternative in which the grid is put in the backup role, with the fuel cell
meeting the normal energy needs. This application provides the opportunity for compact, quiet, and
efficient fuel cells to fill a new market niche as a cost effective alternative for providing clean and
reliable power. To initiate this process, SMUD identifies customers who may be in need of premium
power, such as those who are planning either the purchase or replacement of a UPS system. The
utility-customer ties are strengthened as SMUD learns more about the energy needs of these
customers. Alternatives for meeting premium power needs are discussed, with some customers
enthusiastic about the development of a non-polluting source of generation to supply their power.
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Premium Power Demonstration Project

SMUD’s focus with regards to new technologies is to advance and promote select quality advanced
and renewable technologies by demonstration and experience. A current SMUD ART project is the
demonstration of a fuel cell in a premium power application, with the fuel cell as the primary source
of power and the grid providing the backup. There may be an additional opportunity to expand the
utility customer services to include operational support of UPS equipment provided to the customer.
The utility-grid configuration which allows operation of the fuel cell power plant independent from
the grid during normal system conditions is the Grid-Independent/Grid-Synchronized connection. (If)
The fuel cell is synchronized with, but not connected to, the grid. The output of the fuel cell serves the
dedicated customer load directly, and responds to load fluctuations. The fuel cell and the customer
load are both isolated from disturbances on the grid. A 1/4 cycle static switch will be installed to
transfer the load to grid power if the fuel cell shuts down or becomes otherwise unavailable.

Site Selection Factors
The following factors are important to the siting of the Fuel Cell Demonstration Project.

Customer Need - Customers who can benefit most from a premium power application have a strong
interest in power quality and reliability, and are generally aware of the potential impacts of grid
disturbances. Customers to consider first are those who have approached SMUD looking for help in
ensuring their critical loads were consistently met. In this assessment, knowledge of the customer
load is essential, with the more critical load best suited to be fed off a fuel cell dedicated to serving it.

Value to the Customer - Cost sharing, in the form of a premium energy rate to be paid by the
customer, is an expected and necessary component of this project. It is therefore important to work
with customers who both understand the benefit of being fed directly off a fuel cell, and are willing to
pay extra for the increased power quality and reliability.

Load Compatibility - With the project output limited to the rating of a single fuel cell, it is important
to match the magnitude of the dedicated load to the capability of the fuel cell, which tracks loads well
up to 200 kW. A high load factor is desirable.

Thermal Energy Use - A site-specific consideration is whether or not thermal energy from the fuel
cell is to be utilized, and in what application. This factor is important in defining the project scope,
cost, and benefits.

Customer Site Evaluations

Various project sites have been, and continue to be, considered by SMUD for locating a fuel cell
power plant in a UPS application. The factors listed above have been a guideline in this evaluation.

Medical Facility

Positron Emission Tomography (P.E.T.) is a sophisticated medical procedure used in examining and
imaging the heart, brain, and other organs. Through this process, a cyclotron converts non-radioactive
elements into positron-emitting radioactive isotopes, which are injected into the patient soon after
their production. The radioactive compound is distributed through the body, and the P.E.T. scanner
produces shows a video image that reveals information about the chemistry of the organ being
examined, useful in diagnosing heart disease, cancerous tumors, and Alzheimer’s Disease. (IiI)
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The P.E.T. Imaging Center, located in SMUD’s service territory, is a high tech medical facility which
performs these tests. The customer has informed SMUD of the criticality of maintaining a continuous
uninterrupted source of electric power to their equipment. Loss of power during this medical
procedure results in a loss of the test data, requiring a repeat of the test procedure with higher costs
and customer inconvenience. With the existing service off the distribution system, the facility has
experienced interruptions in power due to disturbances on the grid. The facility baseload is
approximately 50 kVA for the main distribution bus, and approximately 100 KVA for the transformer
serying the entire building load. The load factor is 30-40%. There are no plans for recovery and use of
the thermal energy at this site.

State Agency Computing Systems

There are existing dual utility feeds to maintain continuity of service to the critical computer and
HVAC load at this state agency. The critical loads are divided among three static transfer switches,
each of which switches between the two utility sources. In addition, an existing UPS consists of
batteries to backup the static transfer switch which serves the critical computer load; however, the
batteries are old and in need of replacement. Initial site monitoring has shown that this computer load
is approximately 400-415 kVA. The load factor is high with little fluctuation around-the-clock. The
batteries could be replaced with two fuel cells operating in parallel as the primary feed to the
computers. The grid would serve to backup to the fuel cell power plant through a 1/4-cycle transfer
switch. Additional monitoring is underway to investigate options for a third fuel cell to serve essential
cooling equipment. Heat transfer is an additional option under consideration.

University Computer Center

A university campus computer lab has been considered to be fed off a fuel cell, in order to ensure high
quality and reliability to the Iab, which operates 24 hours a day. This site also includes a thermal
application for recovery heat to heat the campus swimming pool. A downside is that the long distance
between the computer lab and the swimming pool results in the thermal sales estimate being
insufficient to cover the cost of the heat recovery system.

Administrative Data Center

The computer Joad at this facility is considered critical due to the great economic impact to the
business in the event of a loss of power. To further increase reliability, alternatives are being
considered beyond the existing motor generators with battery backup. Since the majority of outages
occur on the distribution system, a second utility feed would provide greater assurance that at least
one live utility feed would be available. A 12 kV automatic transfer switch (ATS) would tie into the
existing service transformers, and transfer between utility feeds as required to maintain service. Fuel
cell power to serve the'critical load was an alternative solution; however, the magnitude of load (in the
range of 800 kW) would require a multiple (four unit) installation.

The P.E.T. Fuel Cell Project

The P.E.T. Imaging Center was selected as the site for development of a demonstration project, with a
single fuel cell in a grid-independent UPS-type of premium power application. The customer sees
value in an increased level of reliability to ensure continuity of service to their high tech medical test
equipment. They are open and interested in the option of a fuel cell power plant to serve their facility.
Their strong interest in a increased level of reliability explains their willingness to contribute to the
project cost, via a cost sharing plan in the form of an increased energy rate.
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The following are current issues associated with this project. Work towards resolution of these issues
is ongoing, with fuel cell installation anticipated during the first or second quarter of 1997.

Load Fluctuations

Extensive site monitoring at the site shows high-magnitude fluctuations in the customer load that the
fuel cell would be required to handle. Work is ongoing to confirm the tolerance of the inverter in the
fuel cell power plant’s power module to load fluctuations. 1t is desirable that the fuel cell serve as
much load as possible, while still ensuring that the magnitude and duration of fluctuations in load is
within the fuel cell’s capability. The source of the load fluctuation has been isolated to the chiller fed
off the main electrical panel. While modifications to the chiller unit would reduce the magnitude of
spiking seen, it is not yet known whether the reduction would sufficiently reduce the spikes to a
magnitude within the fuel cell’s tolerance. Further investigation is ongoing in this area.

Point of Interconnection

The two alternative electrical interconnections for the fuel cell are either outside at the 480 V
transformer serving the entire building load, or inside the electrical room with possible reconfiguration
of the panel. Serving the entire facility at the 480 V transformer is the more desirable option;
however, there are a couple of complications which may instead require interconnection at the
customer’s electrical panel. In the event a determination is made that the fuel cell cannot tolerate the
starting current of the chiller, a reconfiguration of the electrical circuits would allow removal of the
chiller circuit from the fuel cell. The second complication is due to only two of the three service
meters at the site belonging to the P.E.T. Imaging Center, with the third feeding another tenant of the
building who may not be willing to pay the premium power surcharge. Either SMUD would agree to
apply the standard rate regardless of the increased reliability, or the interconnection in the electrical
room would have to be such that the meter in question is not served off the fuel cell.

Cost

A Department of Energy grant to buy down the capital cost of the fuel cell was necessary for project
approval, and an application has been submitted. Meanwhile, negotiations are underway with the
P.E.T. Imaging Center to agree on a premium power rate to cost-share the project expense. While the
fuel cell installation is not in itself cost effective, SMUD views it as a demonstration project which
presents the opportunity to gain experience and knowledge in applying a fuel cell to serve a dedicated
customer load. The project is to be installed via a turnkey bid with ONSI Corporation based on
SMUD specifications.
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DEVELOPMENT OF A 10 kW PEM FUEL CELL FOR STATIONARY APPLICATIONS

H. Barthels, J. Mergel, H.-F. Oetjen, V.M. Schmidt and U. Stimming
Institut fiir Energieverfahrenstechnik (IEV)
Forschungszentrum Jiilich GmbH
52425 Jiilich, Germany

Abstact

A 10 kW Proton Exchange Membrane Fuel Cell (PEMFC) is being developed as part of a long-
term energy storage path for electricity in the photovoltaic demonstration plant called PHOEBUS
at the Forschungszentrum Jilich,

Description of the System

The conversion of solar energy to electricity by photovoltaic modules is accompanied by an energy
management problem with respect to power fluctuations and non-synchronized use. This requires
the development of an integrated system that converts electricity into an appropiate energy carrier.
The storage of solar energy can be performed by water electrolysis producing pure hydrogen and
oxygen. The reconversion of the chemical energy into electricity via a fuel cell seems to be well
suitable for the long-term storage path. ’

The Forschungszentrum Jiilich GmbH (Research Centre) operates the PHOEBUS demonstration
plant comprising all important components for an autonomous all-year energy supply from solar
energy [1]. This plant provides electric energy for the Central Library of the Research Center. The
plant has now been operated for two years and the experimental experiences gave important
insights into the efficiency and operation of the system and its components (Fig.1). The system
configuration shows the sums of annual energy flows on the individual paths and the average
annual efficiencies of the individual components. In order to satisfy the requirements of
autonomous supply, the incoming solar energy of 280 MWh/a is expected to provide the
consumer with 17,6 MWh/a electric energy. Related to the solar-electric input of 28,8 Mwh/a an
overall plant effiency of 61 % can be obtained.

For short term electricity storage lead acid accumulators are connected via the DC bus and
DC/DC converters to the energy management system. On the long-term energy storage during
winter months a hydrogen quantity of 1820 m’ is required. For that the excess energy of the
summer months is converted into hydrogen and oxygen by water electrolysis at 7 bar system
pressure and transported via compressors to the high-pressure reservoirs. When solar energy
supply is not sufficient, the two gases are reconverted into electricity in the fuel cell, depending on
demand, and electric energy is fed into the DC bus.

An alkaline 26 kW electrolyser, equipped with highly efficient cells developed by the Research
Centre has been working for more than two years without any problems also under fluctuating
solar-specific conditions. An availability of 88 % was achieved.

PEM Fuel Cell Development ) .

In the beginning of the project an alkaline fuel cell of the Siemens BZA 4-2 type has been
integrated and reached its full electric power of 6.5 kW with an efficiency of 51 % (refered to the
upper heating value of hydrogen), increasing to 57 % at partial load. Experience showed,
however, that the alkaline fuel cell system is very sensitive to automatic operation due to its
complex design and liquid electrolyte (KOH). Therefore, the development of a PEMFC was
already begun in 1994 in cooperation with A.F. Sammer Corp./USA. The objective of this project
is to build two low power density 5 kW PEMFC stacks.
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In the present project phase a 2.5 kW stack is currently being tested in Jiilich and the
characteristics of cell voltage and power density as a function of current density is shown in the
Fig. 2, The PEMFC stack having 26 cells with 300 cm? electrode area works with pure H, (p = 0.4
MPa) and O, (p = 0.45 MPa) in dead end operation mode at 70 °C. The Pt loading at the anode
was 1.7 mg cm? and 4.3 mg cm® at the cathode. The humidification of the cell was performed
internally and a special system for draining the product water was developed. This system shows
satisfying performance. For an improved version of the stack some new cell components were
developed in Jiilich. Membrane electrode assemblies (MEAs) were fabricated by hot pressing of
gas diffusion electrodes (GDE GmbH, Frankfurt/M, Germany) onto Nafion™117 membranes. The
electrodes were impregnated with a Nafion™ solution with a loading of 1 mg cm? As
electrocatalyst 10 wt % Pt on Vulcan XC 72 was used with a final loading of 1 mg cm™ at each
electrode. MEAs were mounted in a four cell stack with the same materials as for the 2.5 kW
stack and tested under the same conditions. Fig. 3 shows cell voltage-current density plots for each
MEA in the small stack. At 0.7 V cell voltage 0.4 A cm® could be obtained which is an
improvement of 0.05 A cm™ even at lower catalyst loading compared to the average voltage of the
2.5 kW stack (see Fig. 2).
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DEMONSTRATION OF AN ON-SITE PAFC COGENERATION
SYSTEM WITH WASTE HEAT UTILIZATION
BY A NEW GAS ABSORPTION CHILLER

- Tatsuo Urata
Tokyo Gas Company, L'TD.
1-16-25 Shibaura,Minato-ku Tokyo, 105 Japan

Introduction

Analysis and cost reduction of fuel cells is being promoted to achieve commercial on-site phosphoric
acid fuel cells (on-site FC). However, for such cells to be effectively utilized, a cogeneration system
designed to use the hieat generated must be dévéloped at low cost.

Room heating and hot-water supply are the most simple and efficient uses of the waste heat of fuel
cells. However, due to the short room-heating period of about 4 months in most areas in Japan, the
sites having demand for waste heat of fuel cells throughout the year will be limited to hotels and
hospitals.

‘Tokyo Gas has therefore been developing an on-site FC and the technology Lo utilize the waste heat
of fuel cells for room cooling by means of an absorption refrigerator.

"The paper describes the results of fuel cell cogeneration tests conducted on a double effect gas ab-
sorption chiller heater with auxiliary waste heat recovery (WGAR) that Tokyo Gas developed in its
Energy Technology Research Laboratory (1).

The fuel cell WGAR system

The methods of recovering waste heat from a cell stack cooling system and using it for room cooling
being investigated by Tokyo Gas are shown in Table 1. The steam-driven double effect gas absorp-
tion refrigerator efficiently uses the waste heat from fuel cells; one unit needs to be installed exclu-
sively for the fuel cell for operation, and other devices are also needed. On the other hand, since the
hot-water driven absorption refrigerator has low efficiency and is normally installed jointly with a
large double effect gas absorption refrigerator, the investient cost will also increase.

WGAR'is equipped with a heat exchanger with auxiliary waste heat recovery in the weak solution
line between the high-temperature solution heat exchanger and low-temperature solution heat ex-

changer of the gas-fired double effect absorption chiller heater. The feature of WGAR are as fol-
lows:

1. Fuel cel! waste heat is utilized prior to city gas.

2. Since the fuel cell waste heat is not steam but water, the system is simple.

3. Its efficiency is higher than that of a hot-water driven absorplion refrigerator.

Tokyo Gas developed WGAR technology in 1994 and revealed it to the makers of gas absorption
chiller heaters, and in 1996 commercialized the technology jointly with each of the makers (Sanyo
Electric, Hitachi Lid. and Yazaki Sogyo).
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Table 1. Comparison of features of heat utilization methods
Heat recover |Heat output {Operable chiller Simplicity of system. Required

method temperature |jheater auxiliary equipment

Direct cell 160 C SDAC of ordinary |Special absorption chiller heater for

cooling water | water/steam |specification fuel cell is needed.

Direct steam |6 k steam SDAC of ordinary | Water treatment equipment for water
specification recovery is added.

Indirect steam|Maximum |SDAC of special | Steam generator is added.
Sk steam specification

hot water 90 C water |WDAC of ordinary |It will be installed jointly with a
specification double effect absorption chiller cooler,
hot water 90-120C |WGAR Simple

water

SDAC=Steam double effect absorption chiller heater
WDAC=Water-driven double effect absorption cooler chiller

Outline of test

The PC25C (inade by ONSI-TOSHIBA) equips a high grade heat option that allows the recovery of
high-temperature water below 120A¢ by exchanging heat with the cell cooling water. WGAR uti-
lizes this waste high-temperature water above 88°C. A cooling capacity device of 150
USRT(527kW) (inade by Hitachi) is used in WGAR. The electricity of the fuel cell is connected to
the grid. WGAR is used for air-conditioning the main building of the Fundamental Technology
Research Laboratory of Tokyo Gas. The test flow is shown in Fig. 1.

Temperature control of the high-temperature water is performed at the inlet of the fuel cell. As the
temperature of the high-temperature water rises, heat is discharged by means of a cooling module
via a heat exchanger. The temperature in the present test was set at 85C. WGAR is designed not to
perform heat exchange with the waste high-temperature water if the temperature of the waste high-
temperature water is low.

The present test was conducted o assess whether operation of the fuel cell is stable even during non-
steady state including refrigerator start-up, and to verify the effectiveness of the system,

Test results

Influence of fuel cell on operation
In the present system, the high-temperature water is generated by exchanging heat with the cell

cooling water of the fuel cell. The influence of a change in the operating state including start-up of
WGAR on the temperature of the cell cooling water of the fuel cell was examined.

As is evident from Fig, 2, the temperature of the high-temperature water dropped during the start-up
operation of WGAR, because the heat was taken from WGAR. As for the temperature of the high-
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Heat exchange

Auxiliary coolant

Fig. I FC-WGAR Test System

temperature water, the steady-state temperature varies with the solution temperature of WGAR, be-
cause the calorie output from the fuel cell is almost constant.

As for the heat output of the fuel cell, a slight temperature drop is observed in the cell cooling water,
but its influence on the operation of the fuel cell may be small. On the other hand, when stopping
operation of WGAR, the temperature of the high-temperature water rises, but almost no temperature
variation was observed in the fuel cell cooling water.

Also, the measurements taken during operation suggested that the operation of WGAR has no ad-
verse effect on the fuel cell.

Heat output efficiency of fuel cell

As for the high-temperature water heat efficiency of PC25C (L.HV, high-temperature water of fuel
cell inlet temperature: 85°C), a result exceeding 20% of the design value at 200 kW electric output
was obtained (Fig.3). When all heat is used in WGAR, the utilization efficiency of the energies of
electricity and heat added together was shown to be higher than 60%.
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Test results of WGAR

A test to evaluate the effectiveness of this system was started in the summer of 1996. The data for
two days when the aunospheric lemperature and the room-cooling load were almost equal are shown
below. .

Figure 4 shows the fuel cell waste heat input and gas consumption while using fuel cell waste heat.
Figure 5 shows gas consumption where fuel cell waste heat was not used. The variation of atmo-
spheric temperature and the room-cooling load were in similar condition.

Room-cooling load is about 60% of the rated load of WGAR, waste heat is used prior to city gas, and
all of the fuel cell waste heat is used. The reduction in city gas consumption was 360Mcal/day, and
the reduction ratio was 17%.
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Conclusion

Demonstration tests of cogeneration in which the high-temperature waste heat of fuel cells is utilized
in WGAR proved the stability and effectiveness of the system. Tokyo Gas will actively study the
introduction of this system.
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OPERATING A FUEL CELL USING LANDFILL GAS

C. E. Trippel, Northeast Utilities Service Company
J. L. Preston, Jr., and J. Trocciola, International Fuel Celis
Dr. R. Spiegel, U.S. Environmental Protection Agency

An ONSI PC25™, 200 kW (nominal capacity) phosphoric acid fuel cell operating on landfill gas
is installed at the Town of Groton Flanders Road landfill in Groton, Connecticut. This joint
project by the Connecticut Light & Power Company (CL&P) which is an operating company of
Northeast Utilities, the Town of Groton, International Fuel Cells (IFC), and the US EPA is
intended to demonstrate the viability of installing, operating and maintaining a fuel cell
operating on landfill gas at a landfill site. The goals of the project are to evaluate the fuel cell
and gas pretreatment unit operation, test modifications to simplify the GPU design and
demonstrate reliability of the entire system.

In 1992, the EPA contracted with IFC to design and build a landfill gas pretreatment unit (GPU)
that would allow landfill gas (LFG) to be used by a fuel cell. Upon successful demonstration of
the GPU, the fuel cell was installed at the Penrose Landfill in Los Angeles to demonstrate the
system operation. The energy recovery system operated for approximately 3 months, concluding
operations in February 1995. In order to verify operation on a different composition LFG and in
different climatic conditions, the energy recovery system was shipped to the East Coast.
Discussions between all parties resulted in the Town of Groton landfill being chosen as a site to
continue operation of the fuel cell and GPU system. The fuel cell and GPU are currently owned
by the EPA. CL&P is the funding source for the project and providing the engineering, design,
and construction for the installation as well as the operation and maintenance for the 12-18
month demonstration period. IFC is providing technical expertise for the operation of fuel cell
and GPU system. The Town of Groton is providing the site, the collected LFG and operation of
an existing landfill gas flare at no cost to CL&P.

The LFG is collected from a 45 acre closed landfill. Based on the estimated volume of solid
waste in the Groton landfill, a calculated 204 million cubic feet of LFG would be produced
annually. Prior to the installation of the fuel cell system at Groton, the LFG was collected and
burned in a flare at a rate of approximately 400 cubic feet per minute (cfim). The fuel cell
system uses a maximum of 80 standard cfm of landfill gas while the remaining gas continues to
be burned by the flare. Where landfill gas is emitted into the atmosphere without recovery and
use, methane has a global warming potential much greater than that of carbon dioxide. Some of
the non-methane constituents of LFG, such as hydrogen sulfide, are odoriferous and potentially
harmful to the environment.

The fuel cell emissions are primarily water vapor and carbon dioxide. Emissions of NO, and
S0,, which result from the combustion of LFG, are virtually eliminated. Due to its higher
efficiency, the quantity of CO, emitted from the fuel cell is less than the amount created through
combustion conversion electrical generators such as the combustion turbine and internal
combustion engine. A comparison of typical emission rates is as follows:

Typical Emission Rates (Ibs/kWhr)

Combustion Internal

Turbine Combustion Engine Fuel Cell
NOx 0.00153 0.00092 0.00001
SO, 0.00017 0.00012 0
CO, 1.96 1.37 - 0.96
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m Description at the Groton Landfill

The LFG is collected from the closed and capped landfill through a series of wells and is drawn
out of the landfill by the flare blower. This keeps about a 6 inch water column vacuum on the
collection system. A landfill gas compressor draws landfill gas from collection header and
compresses the gas to 40 psig for use in the GPU. Two hydrogen sulfide (E,S) absorbers, using
activated carbon as the absorbing medium, are installed on the suction side of the compressor to
remove the H,S from the gas stream prior to compression. A moisture separator prior to the H,S
absorbers removes any bulk moisture present in the gas. The H,S absorbers are installed in a
parallel/series arrangement where normal operation is in series but either absorber can be
removed from service while the other is in service. This is useful for carbon change out during
operation or testing the removal effectiveness of an individual absorber.

The gas is discharged from the gas compressor and into the GPU where moisture and VOC’s
including sulfides and balogenated compounds are removed. The GPU has dual clean up trains
so when one train is in service cleaning the gas the other is being regenerated with a portion of
the cleaned gas. The regeneration gas, in the quantity of 25 scfm, is combusted in an enclosed
flare. The cleanup train consists of an alumina plus mole sieve dryer vessel which removes the
moisture from the gas, a carbon vessel which absorbs hydrocarbons and VOC’s and a
refrigeration unit and heat exchanger which are used to caol the gas to 34° F prior to entering the
clean up train. The gas leaves the GPU consisting of methane, carbon dioxide, and trace
amounts of nitrogen and oxygen. The dew point of the gas is -20° F. The specific composition
of the Groton landfill gas leaving the GPU is as follows:

Methane - 57.1%
Carbon dioxide - 41.0%
Nitrogen - 1.5%
Oxygen - 0.4%

The fuel cell has been modified for operation on landfill gas to accept the higher flow rate
required because of the reduced methane content in the landfill gas. These modifications
include a larger fuel control valve and fuel control venturi plus resizing of two fixed orifices.
Minor madifications were also made to the control settings.

Site Layout

The attached site layout plan shows the equipment configuration. The total site encompasses an
area 43 feet wide by 135 feet long and is enclosed by a chain link fence. Located at the south
end of the site are the existing landfill gas flare and a newly installed underground storage tank
to collect condensate that comes from the landfill with the gas as well as from the GPU. The
GPU control room houses the GPU control panel, refrigeration unit purge air compressor,
nitrogen bottles for actuating the GPU pneumatic valves and project documentation. The GPU
flare is used to combust the regeneration gas. The gas pretreatment unit building is a pre-
engineered building with aluminum sided and insulated walls and roof. The space inside the
building is considered a Class 1, Division 2 location and all electrical equipment and fixtures are
explosion proof. Enclosed in the gas pretreatment unit building is the LFG moisture separator,
H.,S absorber vessels, gas compressor, GPU and refrigeration unit. A combustible gas detector
is used to monitor the interior atmosphere and ultimately shut down the gas compressor if gas is
detected. A compressed natural gas (CNG) bottle rack is required to supply start up burner fuel
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for the fuel cell and for the GPU flare. The fuel cell and cooling module are in the standard
configuration for a typical installation. A nitrogen bottle rack external to the fuel cell is used to
increase bottle capacity and facilitate bottle change out. The switchgear contains the
distribution bus and breakers for the fuel cell and all other site equipment. The step up
transformer takes the 480 volt power from the fuel cell output and increases it to 13,800 volts
for use on the utility grid. The equipment and site layout are designed for unmanned operation.
Remote data monitoring of the fuel cell and GPU controiler will be utilized.

Project Status

Construction was completed in mid June 1996 and system start up and testing is in progress at
the time of the submittal of this extended abstract in late August 1996. Prior to start up of the
fuel cell, the GPU was started and operated for 200 hours and gas quality suitable for fuel cell
operation was verified. Operation of the fuel cell at the Groton site on landfill gas has been
achieved with an output of 165 kW obtained to date. The power generated is enough to supply
over 100 homes and is fed into the local utility grid.. Continued testing and refinement of the
system is expected to achieve a continuous net fuel cell output of 140 kW,

Conclusion

The operation of fuel cells on landfill gas presents an opportunity to use a waste gas that is
harmful to the environment to generate electricity more cleanly and efficiently than other
methods currently used. The use of other bio gases, such as from waste water treatment plants
and livestock wastes, in fuel cells is possible as a result of the work performed using landfill gas
as a fuel. This project brings bio gas conversion using fuel cells one step closer to commercial
application.
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ELECTRICAL POWER SYSTEMS FOR DISTRIBUTED GENERATION

Thomas A. Robertson and Steven J. Huval
Stewart & Stevenson Services, Inc.
Houston, Texas

ABSTRACT

“Distributed Generation” has become the “buzz” word of an electric utility industry
facing deregulation. Many industrial facilities utilize equipment in distributed installations to
serve the needs of a thermal host through the capture of exhaust energy in a heat recovery steam
generator. The electrical power generated is then sold as a “side benefit” to the cost-effective
supply of high quality thermal energy.

Distributed generation is desirable for many different reasons, each with unique
characteristics of the product. Many years of experience in the distributed generation market
has helped Stewart & Stevenson to define a range of product features that are crucial to most
any application. The following paper will highlight a few of these applications. The paper will
also examine the range of products currently available and in development. Finally, we will
survey the additional services offered by Stewart & Stevenson to meet the needs of a rapidly
changing power generation industry.

SIGNTFICANT FEATURES FOR DISTRIBUTED GENERATION
Power generation systems must offer a broad range of power outputs and operating
characteristics to meet the various needs of prime power, peaking, peak shaving, and continuous
base-load operation. As well, they should be natural gas fueled for economy and offer dual fuel
capability for areas subject to gas curtailment. Systems must exhibit fuel efficiency, low
emissions, and low noise to avoid difficulty in permitting; in short, designed to be a “good
neighbor”. Portable or transportable systems allow for cost-effective relocation as power needs
change. Full-load factory testing avoids initial component failures and inadequate performance.
Modular packaging of the main unit and ancillary systems, including controls and switchgear,
equates to fast installation with minimal site work to bring power on line quickly, cost
effectively, and avoiding extensive site rework. Desirable features of distributed generation also
include:
e Unattended operation with full equipment protection and
provisions for remote dispatch and supervisory control.
e A small footprint allowing for installation flexibility and
parallel construction of permanent generating resources.
e High reliability and availability with first-class service
and replacement parts to maximize revenues for customer
satisfaction.
¢ Reduced line losses and disturbances, normally associated
with long transmission and distribution systems.
e High quality power suitable for “droop” mode operation in
parallel with the local utility, or “ Isochronous” operation
for isolated bus applications.
e  Fast power response for load-following applications.
¢ Flexible financing or leasing options for short term needs.
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TARGET MARKETS FOR DISTRIBUTED POWER

Most applications for distributed power are focused on electric and gas utility
installations. Applications in these areas include prime power/base-load, sub-station,
compressor, and large commercial equipment.

However, industrial applications present a unique set of requirements and opportunities
for distributed power. For many industrial and chemical process plants, the total power
consumption for a grassroots facility or the incremental power required for an expansion is less
than 20 megawatts (MW). Added to that fact, are the plants’ needs for large volumes of high
quality steam and hot water. The results is a nearly ideal fit for a distributed power installation.

Additional benefits can be realized by locating the power generation system “inside the
fence” at an industrial or chemical process plant. Support equipment normally associated with
power generation systems, such as feed-water treatment systems, plant and instrument air, blow-
down cooling water, and fire protection systems, can usually be found in industrial facilities.
This equipment can be expanded to support the power generation system, with substantially
lower capital expenditure than that required by new, dedicated facilities. Distributed power
generation systems can be an econormical alternative in such plants.

RECIPROCATING PRODUCTS

Generator sets are readily available in sizes ranging from ten kilowatt (kW) to ten MW,
in single- and tandem-drive configurations. Stewart & Stevenson’s broad range of power
generation products powered by reciprocating engines offer portability, low capital cost, fast
installation, reliable operation, and low maintenance. Our packages are built for indoor,
outdoor, and extreme climate conditions. Sound attenuating enclosures allow these units to meet
the most stringent noise requirements for installation near office areas. Yet, these enclosures
maintain unobstructed service access to speed repair and maintenance activities, preserving the
inherent high availability of the equipment. Our generator set utilize engines from well-known
manufacturers such as Generac, Detroit Diesel, Cooper-Superior, EMD, Waukesha, Ruston,
Krupp-MakK, and Mirrlees Blackstone. These units are available in an assortment of flexible
fuel systems configurations like: Natural gas, diesel, crude oil, pilot-ignited natural gas (PING),
and dual fuel ( natural gas/diesel). This assures availability of low cost fuels in virtually any
area of the world where is needed.

These units are widely varied for applications in both commercial and military
applications. Applications like: standby, blackstart, continuous base-load, cogeneration,
peaking, peak shaving, and ships’ service. The generator sets are available in trailer-mounted
configurations, as well as easily transportable units for conventional pad mounting. These units
are ideal for service as temporary power while constructing or repairing your power station.
You can even use our generator sets for permanent power, peak shavers, and standby power in
parallel with larger power plants.

GAS TURBINE PRODUCTS

Stewart & Stevenson has become the world’s leading supplier of power generation
system utilizing highly-efficient, reliable, and cost-effective “aero-derivative” gas turbines. As
the name implies, these engines derive their primary design characteristics from the airline
industry. These engines have benefited from several decades of extensive investment in
technology to improve efficiency, reliability, power density, reduced exhaust emissions, and

104



ROBERTSON ET AL
3-

noise. This resulted in improved cost through volume production and component commonality.
The gas turbines are available in sizes ranging from 500 kW to 52 MW.

Utilizing these “state-of-the-art” engines from well-known manufacturers, Stewart &
Stevenson has developed a broad range of packaged power systems ideally suited to all aspects
of distributed generation. Modular construction and a rigid “single-lift" baseplate with full-load
factory string testing assures completion of plant installation in as little as 30 days from receipt
of order. This significantly reduces project financing costs and provides almost immediate
revenue recognition. The inherent small size and high reliability of the turbine, combined with
the maintenance provisions incorporated into all Stewart & Stevenson gas turbine packages,
assures minimal interruption of power output and revenues. This high availability and fast
service/maintenance turn-around time is essential as distributed generation strive to prove itself
as suitable replacement for traditional central power stations and multiple-feed grid
interconnects.

Stewart & Stevenson gas turbine packages are installed around the world in virtually
every type of application. There are portable and permanent application located on land,
offshore platforms, and aboard ships of the U.S. and foreign Navies. These power plants
provide reliable power and fuel-efficient operation. Today, there are over 740 Stewart &
Stevenson gas turbine systems in operation worldwide.

All Stewart & Stevenson gas turbine equipment packages feature:

e Modular system construction with single-lift unitized package.

e  Full equipment enclosure with ample workspace around components:
large doors and removable walls for major equipment installation
and removal; built-in engine removal equipment.

¢  Fully redundant ventilation systems, lube oil cooling, and filtration

systems.

e Integral fire protection system.

e Oversized high efficiency generator.

¢ Uniform Building Code Zone Four Earthquake Level design.

EUEL CELL PRODUCTS

Stewart & Stevenson has achieved market dominance in engine driven products by
keeping an eye and an open mind. Especially toward new developments that hold the promise of
providing a product that better serves the needs of our customers. Often, this requires
undertaking a leadership role in developing and applying new technologies. Utilizing our
experience in power generation and customer knowledge base, assures new products are
properly introduced to the marketplace. The latest example of this “eye-to-the-future”
philosophy is our involvement in the development and commercialization of power plants
utilizing Molten Carbonate fuel Cells (MCFC).

The IMHEX® Team is a partnership consisting of M-C Power Corporation, the f